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Preface

The volume reviews the current knowledge and hypotheses on the evolution, origin, 
and function of the germline, embryonic, and specialized somatic syncytia and the 
formation and role of pathogen-induced and cancer-related syncytia. The first part 
of this volume describes the structure and function of germline syncytia and pres-
ents hypotheses on their ancient origin and evolution. It also describes the unusual 
features of insect somatic and germline syncytia, including accessory nuclei and 
spermatid bundles. The second part is devoted to the syncytia in insect embryogen-
esis and organogenesis, trophoblast and mammalian placenta formation, and the 
development of the carnivorous plant Utricularia. The third part reviews cell fusion 
in fungi and the consequences on multinucleate cellular compartments for protein 
synthesis and exemplifies how the genomic changes accumulated in the microor-
ganisms living in extreme environments could affect the evolution of uninuclear and 
multinuclear cells. It also discusses the role of somatic cell fusion in host defense 
and adaptation, and the origin and function of specialized somatic syncytia, such as 
osteoclasts and skeletal muscle. The fourth part describes pathogen (virus and 
nematode)-induced syncytia in humans, animals, and plants and reviews the differ-
ence between fusion with the plasma membrane versus endocytosis and virus infec-
tivity. It also describes current achievements and future directions in mathematical 
modeling of the formation of virally induced syncytia. The fifth part is devoted to 
the phenomenon of cell fusion in cancer and the role of syncytia and syncytial 
hybrid cells in pathological conditions. This illuminating volume should inspire 
scientists to study cellular and molecular aspects of syncytiogenesis in animals and 
plants and its relevance to the development and progression of diseases.

Houston, TX, USA  Malgorzata Kloc  
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Book Abstract

This book combines the most current information on the evolution, origin, structure, 
and functions of germline and somatic cell syncytia during embryogenesis and 
organogenesis. It also reviews pathogen-induced syncytia and the role of syncytial 
cells in cancer development. The book covers the following subjects: the germline 
syncytia, evolution, function, and structure; the syncytia in embryogenesis and 
development; the role of somatic cell fusion in fungi, specialized somatic tissues, 
host defense, and adaptation; the virus- and parasite-induced syncytia, and the syn-
cytia and circulating hybrid cells in cancer and other pathological conditions, and 
discusses how the genomic adaptations of microorganisms to extreme habitats may 
prompt evolution of mononuclear and multinuclear/syncytial cells. This book 
should provide the audience with a new perspective on the role of syncytia in 
embryogenesis, organogenesis, adaptation, host defense, and development of spe-
cialized tissues, and the importance of syncytia for pathogen–host interactions and 
cancer development.
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Chapter 1 
The Ancient Origin and Function 
of Germline Cysts 

Allan C. Spradling 

Abstract Gamete production in most animal species is initiated within an evolu-
tionarily ancient multicellular germline structure, the germline cyst, whose inter-
connected premeiotic cells synchronously develop from a single progenitor arising 
just downstream from a stem cell. Cysts in mice, Drosophila, and many other ani-
mals protect developing sperm, while in females, cysts generate nurse cells that 
guard sister oocytes from transposons (TEs) and help them grow and build a 
Balbiani body. However, the origin and extreme evolutionary conservation of germ-
line cysts remains a mystery. We suggest that cysts arose in ancestral animals like 
Hydra and Planaria whose multipotent somatic and germline stem cells (neoblasts) 
express genes conserved in all animal germ cells and frequently begin differentia-
tion in cysts. A syncytial state is proposed to help multipotent stem cell chromatin 
transition to an epigenetic state with heterochromatic domains suitable for TE 
repression and specialized function. Most modern animals now lack neoblasts but 
have retained stem cells and cysts in their early germlines, which continue to func-
tion using this ancient epigenetic strategy. 

1.1  Animals Evolved Special Germline Cells to Propagate 
a Complex Multicellular System 

Meiosis and sexual reproduction were key eukaryotic innovations established in 
single-celled protists long before the advent of metazoans. In animals, however, 
sexual reproduction was further modified by evolving a special cell type, germ cells, 
to protect the larger genome necessitated by multicellularity and to generate male 
and female gametes. Following fertilization, animals undergo a process of embry-
onic development to generate multiple somatic cell types that usually survive only 
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one generation. Somatic cells facilitate germ cell function and promote sophisti-
cated structures and survival strategies (Denis and Lacroix 1993; Strome and 
Lehmann 2007; Woodland 2016). 

Limiting meiosis and long-term reproduction to germ cells represents a highly 
successful specialization but one that imposes stringent developmental and evolu-
tionary challenges (Bergero et al. 2021). Each generation of reproductive cells must 
minimize and repair damage to their genomes and also reverse changes affecting the 
abundance and function of every other vital cellular organelle and substructure. For 
an animal species to persist long enough to enter the fossil record, hundreds of thou-
sands of generations are required, an impossible task unless germ cells on average 
in each generation manage to fully repair damage to both genome and cytoplasm. In 
addition to the burden of maintaining cellular immortality, the germ cell’s position 
as cellular and genomic gatekeeper ensures they will need to confront an endless 
succession of genomic and cellular parasites (review Russell et al. 2019). 

Germ cells across the animal kingdom share a large set of core germ cell genes 
(CGGs) such as Piwi, Vasa, Nanos, Tudor, and more than 20 others that help them 
accomplish these difficult tasks (Fierro-Constaín et al. 2017). Some CGG genes, 
such as those encoding cytoplasmic piwi-clade Argonautes, Vasa, and Tudor domain 
proteins, function in the cytoplasmic piRNA pathway to slice up transposable ele-
ment transcripts in perinuclear aggregates known as nuage (Lim and Kai 2007; 
Czech et al. 2018). Nuclear Argonautes like Piwi use piRNA guides (or individual 
targeting proteins) to zero in and silence TE and repetitive element transcription by 
causing nearby chromatin proteins to undergo SUMO modification by PIAS1/ 
Suvar2–10, followed by H3K9methylation by Setdb1/Egg (Seah et al. 2019; Ninova 
et al. 2020; review: Onishi et al. 2021). 

Germ cells employ other CGGs to regulate translation (Mercer et al. 2021), pos-
sibly to avoid compromising pluripotency by expressing transcription factors 
involved in somatic cell development. Frequently, germ cell mRNAs along with 
translation factors and regulatory proteins are packaged into phase-separated parti-
cles known as germ granules that allow their activity to be activated or repressed 
based on modifications of granule proteins and by alterations in their subcellular 
location (review: Seydoux and Braun 2006; Chiappetta et al. 2022). Other germ cell 
tasks, such as those involving organelle maintenance and preserving germline 
immortality, are just beginning to be understood (Lieber et  al. 2019; Chen et  al. 
2020; Samaddar et al. 2021). 

1.2  Animals Expanded the Protist Meiotic Program by 
Adding Germline Cysts 

Single-celled eukaryotes undergo an indefinite number of mitotic divisions before 
they enter meiosis, in response to environmental factors (Fig. 1.1a–c). For example, 
in Saccharomyces cerevisiae, nitrogen starvation or another deficit promotes 

A. C. Spradling
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Fig. 1.1 Animal germ cells added cysts between the GSC and meiosis. (a–b) Cell cycle and mei-
otic entry in eukaryotic protists (a) compared to animal germlines (b), showing the germline cyst- 
forming divisions c1–c4 downstream from the germline stem cell (GSC). Vertical dashed line 
indicates onset of meiosis: pS premeiotic S phase, L leptotene, Z zygotene, P pachytene, D diplo-
tene, Di diakinesis/dictyate. (c) The germline cyst program in Drosophila. CB cystoblast, nCC 
n-cell cyst, IB intercellular bridge, NC nurse cell, O oocyte. (d) A 16-cell Drosophila cyst in a 
growing follicle; c, d from de Cuevas et al. (1996). (e) An early mouse germline cyst. From Lei and 
Spradling (2016). (f) Drawing of a Drosophila germarium showing subregions 1–3. FSC follicle 
stem cell, forming cysts (light pink), earliest meiotic cysts (light tan), later cysts (tan). (g) Diagram 
of 16CC cyst fusome polarity (arrows); microtubule (MT) minus ends (arrowheads) focus on the 
initial cell, which becomes the oocyte (O). (h) Fusome (red) from a 16CC, green = IBs. The large 
fusome compartment indicated by the arrowhead is in the oocyte; from de Cuevas and Spradling 
(1998). (i) hts RNA is localized to the oocyte beginning early in region 2a, from Spradling et al. 
(1997). (h) BicD associates with the fusome beginning in early region 2a 16CCs (arrow). BicD- 
GFP (red), gcn germ cell nucleus, reproduced and adapted with permission from Paré and 
Suter (2000)

meiotic entry. Animal germlines, in addition to evolving CGGs, generated a novel 
cellular feature, the germline cyst, which always develops just after a germline stem 
cell (GSC) or primordial germ cell and just preceding entry into meiosis. Germline 
cysts are built from a single progenitor germ cell, ensuring that their cell’s genomes 
are virtually identical, thereby empowering cyst cells to act altruistically. The rea-
son germline cysts arose and have been conserved in animal germlines remain a 
major mystery, but one that has attracted surprisingly little study.

1 The Ancient Origin and Function of Germline Cysts
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1.3  Cysts Are Ancient and Are Built by a Conserved Process 

The ubiquitous presence of germline cysts in male germlines argues strongly that 
germline cysts arose at the time of animal origins. Similarly, female germline cyst 
production supports oocyte development in phylogenetically diverse species, 
including holometabolous insects (Table 1.1I) and mammals (Table 1.1O) (reviews: 
Telfer 1975; Pepling et al. 1999; Matova and Cooley 2001; Lu et al. 2017; Spradling 
et al. 2022). Like cysts in Drosophila and many other species, mouse cysts (Lei and 
Spradling 2016; Niu and Spradling 2022) develop into nurse cells as well as oocytes.

Studies in Drosophila still provide most of what we know about how cysts 
become polarized, which allows them to specify the oocyte, while the remaining 
cells, baring cyst breakage, become nurse cells. The fusome (“spindle-derived”), a 
cyst organelle built from mitotic spindles, new microtubules (MT), spectraplakin, 
actin, and ER vesicles, becomes polarized with MT minus ends focused on the ini-
tial cell (the future oocyte) as cysts develop (reviews, Hinnant et al. 2020; Spradling 
et al. 2022; Fig. 1.1g, h). In Drosophila, almost immediately after cyst completion, 
microtubule motor activity starts to directionally move mRNAs from nurse cells 
into the oocyte, where they become enriched beginning at the onset of meiosis 
(Fig. 1.1i, arrow; Spradling et al. 1997). Enrichment is blocked by mutations dis-
rupting the fusome, minus end-directed microtubule transport proteins like Dynein, 
the mRNA adaptor Egl, or the dynactin component BicD.  Consistent with early 
transport, high levels of BicD are found associated with the fusome, the site of 
polarized transport, in the first region 2a cysts (Fig. 1.1j, arrow; from Paré and Suter 
2000). Early cyst differentiation in Drosophila limits meiotic prophase entry to just 
the oocyte and its initial daughter, whereas in most insects, all cyst cells typically 
enter meiosis (Büning 1994). In the mouse, most cyst cells initially enter meiosis, 
and even the 80% fated as nurse cells behave like future oocytes until they are 
sequentially activated for transfer (Niu and Spradling 2022). By the time the follicle 
forms, however, nurse cells in both species have transferred centrosomes and organ-
elles into the oocyte to establish a new microtubule organizing center (MTOC) and 
formed a Balbiani body (Bb) (Cox and Spradling 2003; review Spradling et al. 2022). 

Other large animal groups modified the fate of cysts to generate telotrophic ova-
ries (Büning 1994; Świątek and Urbisz 2019; Kloc 2019), including nematodes, 
annelids, Heteroptera, and polyphagous beetles. These groups build syncytial ova-
ries that transport trophic material from distal nurse cells to oocytes through a com-
mon cytoplasmic core or individual trophic cords (Büning 1994; Gottanka and 
Büning 1993; Seidel et al. 2018). How the original cyst program is altered in telo-
trophic groups remains incompletely understood. Relatively few changes may be 
required, as Rhabditis SB347, a hermaphroditic nematode related to C. elegans, uses 
conventional germline cysts to produce sperm throughout adulthood (McCaig et al. 
2017). Some animals generate oocytes in panoistic ovaries that only use cysts in 
early developmental stages (see Büning and Sohst 1988; Gottanka and Brining 
1990) or that do not generate cysts at all in the female germline (e.g., Tworzydlo 
et  al. 2014). The true panoistic condition in the clearest cases appears to have 

A. C. Spradling
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resulted from secondary loss of cysts during evolution (Büning 1994). Nonetheless, 
animals whose female gametes utilize or are likely to utilize cysts and nurse cells 
can be seen to span most of animal diversity (Fig. 1.2). 

Germline cysts are formed by stereotyped cell cycle programs whose detailed 
characteristics have been conserved in multiple animal groups (Telfer 1975; King 
1970; Büning 1994). These features include the following: (1) A single cyst pro-
genitor known as a “cystoblast” divides multiple times with incomplete cytokinesis, 
to generate a persistent cluster of interconnected daughter germ cells. (2) Cyst divi-
sions are synchronous, at least initially, biasing cyst cell numbers to powers of two. 
(3) Cytokinesis is blocked by mitotic spindle remnants, presumably the midbody. 
(4) Rather than abscising, the arrested furrow converts into an intercellular bridge of 
characteristic appearance (Fawcett et al. 1959; Price et al. 2022). (5) Cyst intercon-
nections allow the sharing of cytoplasmic materials between cyst cells. (6) Cyst 
forming divisions may generate a persistent, asymmetric fusome (Fig. 1.1d, e).

Fig. 1.2 Phylogenetic diversity of animals with nurse cells and oocytes. A simplified phylogenetic 
tree of major animal phyla indicated by name and letter (A–O). An image of a cyst or of an oocyte 
with associated nurse cells from that group is also shown. o oocyte; nc nurse cell. Basal animals 
are above the dashed line, and bilateral animals are shown below. Red dashed lines indicate phyla 
with multipotent stem cells (neoblasts). See Table 1.1 for image citations and further information 

1 The Ancient Origin and Function of Germline Cysts
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Table 1.1 Groups and species in Fig. 1.2 

Group Species Citation (see References)

A. Sponges Haliclona 
ecbasis 

Reprinted from Fell (1968) with permission from Wiley. 
Choanocyte (stem cells) generate oocytes that engulf NCs as 
shown. Clonal origin of NCs plausible but unproven 

B. Ctenophores Pleurobrachia 
pileus 

Reprinted from Alié et al. (2011) with permission from 
Elsevier. Clonal origin of NCs plausible but unproven 

C. Cnidaria Hydra vulgaris Reprinted from Alexandrova et al. (2005) with permission 
from Elsevier. One of many 8-cell cysts depicted prior to 
competition, fusion, and oocyte selection. Note intercellular 
bridges 

D. Flatworms Fasciola 
hepatica 

Reprinted from Hanna et al. (2016) with permission from 
Elsevier. Each egg contains approximately 30 vitelline cells 
(V) and a single oocyte (Oc). Vitelline cells derive from 
separate stem cell 

E. Planaria S. mediterranea Reprinted from Issigonis et al. (2022) Fig. 1.3 under CC 
license. 8-cell male cysts are shown, which give rise to 32 
sperms. Use of cyst to generate yolkless oocytes plausible 
but unproven. Oocytes later fuse with yolk cells generated 
from independent stem cells during transport through the 
oviducts 

F. Rotifers Asplanchna 
brightwelli 

Reprinted from Bentfeld (1971) with permission from 
Springer Nature. Oocytes individually connected by 
intercellular bridges to syncytial tropic chamber of nurse 
cells 

G. Annelids Ophryotrocha 
labronica 

Reprinted from Brubacher and Huebner (2011) with 
permission from Elsevier. Initial cyst fragments to produce 
2-cell cysts (shown) with 1 NC and 1 oocyte 

H. Mollusk Agriolimax 
reticulatus 

Reprinted from Hill (1977) with permission from Springer 
Nature. An oocyte (O) with nurse cell (N) is shown 

I. Arthropods D. 
melanogaster 

Reprinted from Frydman and Spradling (2001). All oocytes 
develop from cyst with 15 nurse cells 

J. Nematodes C. elegans Reprinted from Gartner et al. (2008). Under CC license. 
Germ cells develop from GSCs, lineage not yet mapped, in 
telotrophic gonad, with most serving as nurse cells 

K. Echinoderms Asterias rubens Reprinted from Schoenmakers et al. (1981) with permission 
from Springer Nature. A cell nest with a young oocyte (yo) 
is shown 

L. Tunicate Oikopleura 
dioica 

Reprinted from Ganot et al. 2007 with permission from 
Elsevier. Developing oocyte shown with intercellular bridge 
(IB) connecting to polyploid nurse cells within the syncytial 
coenocyst 

M. Fish Danio rerio Reprinted from Liu et al. (2022) under a CC attribution 
license. Early developing ovarian germline cysts expressing 
Foxl2 and rec8a. See also Mytlis et al. (2022) 

N. Amphibian Xenopus laevis Reprinted from Kloc et al. (2004) with permission from 
Elsevier. A 16-cell germline cyst consisting of an unknown 
number of oocytes and nurse cells

(continued)

A. C. Spradling
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1.4  Early Metazoan Animals Also Use Cellular Cysts 
Downstream from Stem Cells 

Where did the intricate germline cyst program originate and how has it managed to 
persist more than 500 million years during the metazoan animal era? Studies of 
simple animals, such as hydra, planaria, and parasitic flatworms provide fascinating 
insights into this issue (Newmark and Sánchez 2022; Reddien 2022; Rozario et al. 
2022). These basal animals are thought to resemble early metazoan animals, and 
they display exceptional abilities at regeneration and somatic propagation, but little 
if any indication of aging. This group contains multipotent stem cells, “neoblasts,” 
that are not widespread in most animal groups today. Some neoblasts are able to 
generate both germline and somatic cell types, or rarely all cell types, as well as 
downstream stem cells with more limited outputs (Raz et al. 2021). Neoblasts are 
responsible for the extensive regenerative capacity of these species and for their 
ability to propagate somatically for extended periods by budding or fragmenting. 
Neoblasts express the same CGG genes as bilaterian animal germ cells (Reddien 
et al. 2005; Alié et al. 2011; Reddien 2018; Siebert et al. 2019). Moreover, many 
types of neoblasts begin differentiation by generating cysts of interconnected cells 
that are similar to germline cysts in Drosophila. Thus, animal germline cysts may 
have arisen originally within animals whose lifestyle was based heavily on flexible, 
multipotent stem cells. 

1.5  Multipotent Stem Cells Use CGGs to Control 
Transposable Elements 

Study of Hydra stem cells and planarian neoblasts have provided insight into their 
properties (David 2012; Zeng et al. 2018; Siebert et al. 2019; Issigonis et al. 2022). 
For example, Hydra interstitial stem cells (ISCs) produce gland cells, neuroblasts 
generating neural cells, nematoblasts producing nematocysts, and two germ stem 
cell types supporting either sperm or oocyte development (Bosch and David 1987; 
Nishimiya-Fujisawa and Kobayashi 2012; David 2012). CGG genes in hydra, like 
in animal germ cells, regulate transposon activity. The Hydra Piwi proteins Hywi 
and Hyli are strongly expressed in ISCs, GSCs, and oogenic cells (Lim et al. 2014). 
ISC-derived germ cells contain nuage containing these Piwi proteins, where they 

Table 1.1 (continued)

Group Species Citation (see References)

O. Mammal Mus musculus Reprinted from Niu and Spradling (2022). A germline cyst is 
shown containing one oocyte (o) and several nurse cells (nc). 
Oocyte-specific expression of the Nobox gene is already 
evident prior to completion of cyst breakdown

Note: for complete details of sources, see References

1 The Ancient Origin and Function of Germline Cysts
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likely support a ping-pong cycle. Both Hywi and Hyli contain symmetrical dimethyl- 
modified arginine residues that are known to aid in Piwi localization to nuage and 
that support piRNA loading. In planaria, both Piwi-1 and Piwi-2 genes are required 
for oocyte production (Kimoto et al. 2021). 

The Piwi proteins carry out similar functions in somatic stem cells and their 
downstream derivatives, as shown by studies using Hydra lacking the interstitial 
cell linage (Teefy et al. 2020) and also in the sea anemone, Nematostella vectensis 
(Praher et al. 2017). Somatic piRNAs predominantly target transposable elements, 
and knockdown of hywi in epithelial cells increases TE expression levels in somatic 
cells. Functions of CGGs including Piwi proteins were likewise found in both 
somatic and germline multipotent stem cells in the ctenophore Pleurobrachia pileus 
(Alié et al. 2011). These studies show that in basal animals, piwi genes and piRNAs 
function to control TEs in both germline and somatic stem and downstream cells, as 
well as other possible tasks. 

1.6  Hydra ISCs Give Rise to Somatic Cnidoblast Cells Using 
a Pathway Like the Germline Cyst 

If basal neoblast stem cells and their downstream cysts were predecessors of the 
animal germline cyst, then many of the details of cyst formation should match the 
properties deduced in previous germ cell studies. Hydra ISCs produce nematocysts, 
a major cell type used for food capture, using cysts similar to those GSCs use to 
produce gametes. ISCs divide asymmetrically with compete cytokinesis to self- 
renew while generating a founder nematoblast. The nematoblast then divides 2, 3, 
or 4 times synchronously and with incomplete cytokinesis, to generate intercon-
nected cysts of 4, 8, or 16 nematoblasts joined by intercellular bridges  (IBs). 
Although the exact pathway of interconnections was not reported, drawings suggest 
that nematoblast cysts are organized in a largely linear manner, with most cells hav-
ing two IBs. 

Electron microscopic studies of the nematoblast cysts revealed that cytokinesis 
is blocked by bundles of filaments that appear to derive from mitotic spindle rem-
nants (Fawcett et al. 1959). As development proceeds, the filaments gradually disap-
pear from the arrested furrows, which convert into intercellular bridges 
indistinguishable in appearance from those in animal germ cells. Cytological evi-
dence of cytoplasmic sharing also becomes evident, since advanced nematoblast 
cyst cell bridges show evidence that endoplasmic reticulum likely passes between 
cells (Fawcett et al. 1959). ER is also found in the Drosophila fusome, which passes 
through the germline cyst. While there are four recognized nematocyte subtypes, 
each cyst only produces a single type (David 2012). Thus, current knowledge of 
cyst formation in basal animals is consistent with and supports the idea that animal 
germline cysts are derived from these precursors.
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1.7  Germline Cysts in Hydra and Planaria Downstream 
from Male GSCs Also Parallel Their Function 
in Advanced Animal Testes 

In Planaria, neoblasts and developing germ cells express and require multiple CGG 
genes and many other genes that are associated with germ cell development in 
diverse animals (reviewed in Issigonis and Newmark 2019). Neoblasts and germ 
cells display distinctive germ cell characteristics such as a chromatoid body, nuage, 
and gene expression associated with germ granule production in other systems. 
Neoblasts that are specialized as male germline progenitors generate spermatogo-
nial cysts (Farnesi et al. 1977; Issigonis and Newmark 2019). Cyst progenitor cells 
undergo three rounds of synchronous division with incomplete cytokinesis to gener-
ate eight cell spermatogonial cysts. They subsequently enter meiosis and undergo 
synchronous spermiogenesis to form cysts of 32 spermatids. Hydra male germline 
development takes place in cysts of 32 interconnected cells (Littlefield 1985; Munck 
and David 1985). 

1.8  Female GSCs Develop into Clusters That Generate 
Oocytes and Either Differentiate or Acquire Nurse Cells 

Female germline cysts in basal animals support the production of oocytes that can 
reach very large size (David 2012). Hydra contain a subset of ISCs that are restricted 
to oocyte production (Littlefield 1991) and that produce both oocytes and nurse 
cells. In Hydra vulgaris, eight cell cysts are initially formed in which two central 
cells containing three IBs soon become larger and show a distinctive nuclear mor-
phology compared to six outer cells with one or two IBs (Miller et  al. 2000; 
Alexandrova et  al. 2005). Female germ cells enter meiosis in the cyst stage and 
occupy a large “egg patch” containing many of the initial interconnected germ cell 
groups that compete with each other as they rapidly grow and fuse. Only one of the 
central cells from one cyst continues to expand and ultimately differentiate as an 
enormous oocyte, while all the other cells, numbering in the thousands, are engulfed 
in the oocyte cytoplasm as nurse cells. 

Following fusion with the oocyte cytoplasm, nurse cells transfer their cytoplas-
mic contents to the oocyte. However, their nuclei and nuclear envelope remain 
largely intact even as their DNA is cleaved to a smaller size (Technau et al. 2003). 
In some species, only after the oocyte is fertilized are the nurse cell nuclei expelled 
and turn over outside the embryo. Thus, like nurse cells in Drosophila and mouse, 
hydra nurse cells remain for an extended period as small remnant cells, consisting 
largely of a partially degraded nucleus. Further study will be required to determine 
if they turn over by a process of “developmental cell death” mediated by somatic 
cells (Lebo and McCall 2021), like mouse and Drosophila remnant nurse cells.
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Developing female germ cells in Planaria interact extensively with somatic 
cells, and eggs are nourished by a separate lineage of yolk cells (Khan and Newmark 
2022; Issigonis et al. 2022). This style of yolk production is characteristic only of 
planarians and parasitic flatworms and is associated with gonad-like yolk glands 
that supply yolk cells to oocytes as they move along the oviduct. Stem cells likely 
support yolk cell production, but these have not been characterized. 

1.9  Cysts May Be Needed to Synchronize Downstream Cells 
and Modify Their Cell Cycles 

In Drosophila, cyst mitotic synchrony depends on regulated cyclin degradation on 
the fusome (Lilly et al. 2000; Ohlmeyer and Schüpbach 2003). The fact that a physi-
cal structure shared between all cyst cells catalyzes cell cycle progression probably 
explains the precise synchrony observed in germline cysts. Most but not all insect 
groups with cysts are thought to contain a fusome-like structure (Büning 1994). It 
would be worthwhile to study whether cyst-based cell cycle synchrony and somatic 
cell development downstream of neoblasts are equally precise and to investigate 
their structural bases. 

1.10  Drosophila Female GSC Daughters Become 
Epigenetically Modified Within Cysts Like 
Pre- blastoderm Nuclei in the Syncytial Embryo 

The chromatin state of one broadly potent stem cell, the Drosophila female GSC, 
was recently found to be largely open and free of repressive chromatin (DeLuca 
et al. 2020; Pang et al. 2023). HP1c levels, a marker of H3K9me2/3 binding and of 
heterochromatin, are lower in GSCs and mitotic germline cysts compared to older 
germ cells (Fig. 1.3a). Chip-seq studies using purified GSC DNA showed that the 
GSC genome contains very little Polycomb-related H3K27me3 repressive marks, 
even within Polycomb domains (Fig. 1.3b, GSC 2C). This open state contrasts with 
somatic follicle cells (Fig. 1.3b, FC 2C, 16C) or follicular nurse cells (Fig. 1.3b, 
NC 512C).

The open nature of GSC chromatin was functionally validated using heat shock- 
GFP (hs-GFP) reporters inserted at more than 100 diverse, known genomic sites 
defined by MiMIC transposons. Some hs-GFP insertions at repeat-rich pericentro-
meric sites could be activated in GSCs and germline cysts, but not in germ cells 
following meiotic entry (Fig.  1.3a‘). This suggests that expression-repressing 
H3K9me3-rich heterochromatin forms prior to the onset of meiosis, likely through 
the action of Setdb1/Egg (Clough et al. 2014). Repressing repeat-rich sequences in 
heterochromatin would reduce non-allelic recombination that might contribute to 
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Fig. 1.3 Chromatin changes in germline cysts and germ cells downstream from the GSC resemble 
changes from the zygote during early embryonic development. (a) Immunofluorescence staining 
of the H3K9me3-binding heterochromatin protein HP1c (magenta) shows relatively low levels of 
heterochromatin in the stem cell and mitotic (cyst forming) region of a Drosophila germarium (see 
Fig. 1.1f). (a′) Functional analysis of chromosome repression using hsp70-GFP reporter genes. 
Examples of GFP expression among over 100 analyzed reporter insertions located either in euchro-
matin (left) or in pericentric heterochromatin (right) with or without heat treatment are shown (Pang 
et al. 2023). (b) Chip-seq results showing levels of H3K27me3 on Drosophila chromosome 3R, 
comparing germline stem cells (GSC), nurse cells (NC 512c), and follicle cells (FC 2c, 16c). The 
type of chromatin present in each chromosome subregion is shown by a color code below, includ-
ing centromeric heterochromatin enriched in Hp1 (blue), Polycomb (PcG) domains (green), active 
chromatin (pink), and black chromatin (black) as described in DeLuca et al. (2020). (c) Summary 
of the Drosophila female germ cell generational cycle, diagramed to indicate when chromatin 
exists in an open state (pink, open), when heterochromatin is forming (blue, HET), and when 
Polycomb domains become repressive (green dashed lines) as somatic cells are specified. Two 
repeating cycles of stem cell chromatin differentiation occur each generation. The pre-blastoderm 
embryo undergoes 14 syncytial mitotic cycles downstream from the zygote, giving rise to pole 
cells at cycle 9 and somatic cells beginning at cycle 14 (cellular blastoderm). Similarly, four cyst- 
forming cell cycles downstream from an adult GSC lead to heterochromatin formation, oocyte, and 
nurse cell specification and to nurse cell PcG repression and somatic differentiation after follicle 
formation. Above, diagrams illustrate the germ cell chromatin state during these periods. b, c 
modified from DeLuca et al. (2020; Pang et al. 2023)

the sterility of egg germline clones (Clough et al. 2014). Transgenes in Polycomb 
domains express GFP following heat shock in GSCs but are not activated after fol-
licle formation in polyploid nurse cells, a change that depends on the Polycomb 
H3K27me3 methylase E(z) (DeLuca et al. 2020). Thus, Drosophila nurse cells after 
follicle formation differentiate as a somatic cell (but only after nurse cells would 
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have turned over in most groups), contradicting the view that germ cells sequestered 
by germ plasm in an early embryo never give rise later to somatic cells. 

A similar but more thoroughly studied transition from an undifferentiated state 
takes place downstream from the zygote in the preblastoderm embryo. The zygote 
undergoes 14 rapid, synchronous divisions in a syncytial state. At division 9, the 
pole cells separate and establish the embryonic germline (Seydoux and Braun 
2006). The remaining nuclei undergo four slower additional cell cycles before 
establishing the cellular blastoderm. Prior to completing the last divisions, a series 
of steps establishes heterochromatin (Seller et al. 2019). Subsequently, during early 
embryonic development, many cells repress Polycomb domains as part of somatic 
cell differentiation. Thus, germ cells downstream from the female GSCs and the 
Drosophila zygote both undergo heterochromatin formation, followed by somatic 
differentiation (Fig. 1.3a). In both instances, these changes occur in the syncytial 
context of a germline cyst or syncytial embryo. 

1.11  Cysts and Syncytia May Have Evolved to Limit 
Germline Parasites 

The ubiquity of germline cysts in male germlines is thought to result from the high 
vulnerability of this process, including its haploid stages, to selfish elements. Cysts 
are likely to suppress meiotic drive elements by ensuring product sharing within 
cysts of developing sperm (Braun et al. 1989). They also may share small RNA- 
based defenses synthesized during the primary spermatocyte stages against drive 
elements. 

The primary function of cysts or syncytia is likely to be defending early differen-
tiating cells from a different threat-TE activation. The germline movement of the P 
element has been studied in individual males in a manner that allows “clusters” of 
identical mutants caused by premeiotic transposition to be identified. Transposition 
prior to or at the GSC state would produce a cluster of identical mutations in at least 
5% of sperm, whereas transposition during cyst stages would generate smaller clus-
ters and single insertions thereafter. In a P element mutagenesis screen involving 
more than 15,000 male parents, clusters of 2 identical  insertions were observed 
in about 5% of 8276 transposition events, but clusters larger than 2 were not detected 
(Karpen and Spradling 1992; Pang et al. 2023). Thus, P elements rarely transpose in 
germ cells from the zygote to the GSC stage but start to move during the final cyst 
divisions. 

This suggests that potent stem cells such as neoblasts and germline stem cells 
utilize a novel mechanism to repress transposon activity in addition to employing 
CGG genes encoding piRNA pathway genes. This currently unknown mechanism 
allows such stem cells to be highly resistant to transposon activity even without the 
high heterochromatin levels that are characteristic of more differentiated cells. We 
suggest that this stem cell-specific system is capable of even higher levels of 
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suppression than are observed in downstream cells, consistent with the ability of 
potent stem cells to propagate genomes over evolutionary time scales (Pang et al. 
2023). The system is likely to be incompatible with differentiation into either gam-
etes or most somatic cells, explaining the transitions observed in Fig. 1.3c. 

Moreover, the chromatin changes taking place downstream from potent stem 
cells that are needed to establish heterochromatin-mediated TE protection may tem-
porarily pose significant vulnerability to TE activation. During early embryogene-
sis, a period where chromatin is transitioning from the pluripotency of the zygote, 
some TEs, such as the I element retrotransposon, are capable of increased move-
ment (Lavige and Lecher 1982). In both Drosophila and mammals, early embryo-
genesis is a time of increased transposon transcription (Scherer et al. 1982; Percharde 
et  al. 2018), and in mammals exit from the pluripotent state likely also involves 
changes in transposon mRNA methylation (Chen et al. 2021). Thus, during the pro-
cess of epigenetic remodeling downstream from GSCs and zygotes, the potential of 
TEs to increase their activity may have led to the selection and maintenance of a 
cyst or syncytial stage that provide more effective defenses to mitigate this threat. If 
unrestrained, either P or I elements can kill germ cells and cause sterility. 

How would the sharing of materials between cells enhance TE suppression under 
these conditions? Sharing of defensive molecules such as piRNAs among all the 
interconnected cyst or syncytial cells is likely to provide a stronger and more diverse 
TE and parasite defense than if each cell defended itself independently. During an 
epigenetic transition, TE movement is elevated, but only a minority of cells will 
experience any individual new insertion. The production and sharing of primary 
piRNAs by a few cells in the cluster might allow the other cells to jumpstart the ping 
pong cycle to gain a head start in defense against the active element. The ability to 
share new piRNAs targeting other genome regions altered by element activity, for 
example, repeat copy number changes or local chromosome rearrangements, might 
help all the cells react faster and more effectively by targeting the most critical 
endogenous elements, genes, and chromatin regions for heterochromatization. 
When TEs become activated, including previously inactive elements, the identity 
and location of the threat may be difficult for a cell to identify accurately. Because 
of the genetic similarity of cystocytes, vulnerable sites in one cell are likely to 
require defense in others. Thus by mechanisms known and unknown, groups of 
interconnected cells likely provide an advantage that has proved sufficiently valu-
able to conserve germline cysts and equivalent mechanisms throughout the history 
of animal life (Pang et al. 2023). 

1.12  Concluding Thoughts 

Drosophila and many other animal lifecycles have two points of epigenetic simplic-
ity followed by genomic specialization and production of new cell types (Fig. 1.3c). 
However, even in animals like Drosophila, GSC and zygote chromatin probably 
differ in ways that assist them to play different roles. GSCs must prepare a new 

1 The Ancient Origin and Function of Germline Cysts



16

generation of immortal germ cells, early assistance to patterning the embryo, and, at 
least in higher insects, engender one simple somatic cell type, the differentiated fol-
licular nurse cell. In contrast, zygotes lay the epigenetic groundwork to generate 
hundreds of different cell types and diverse tissues. These somatic cells will build 
all the structures on which the survival of another animal generation depends, 
including a complex nervous system. 

Is the amazing lifestyle of basal animals based on totipotent and  multipotent 
stem cells confined to the members of those groups that continue to thrive today? As 
summarized here, it seems likely that their legacy has been preserved in germ cell 
lineages throughout animals, which continue to maintain cysts and syncytial states. 
However, when responding to tissue damage, some somatic cells can diversify their 
output and, at least in a few species, even produce new germ cells, like somatic 
neoblasts. Neuroblasts that generate complex programs of neural and glial cell pro-
duction might also still use mechanisms derived from basal animals. Overall, how-
ever, most animals seem to have left the Eden-like state where basal animals lived 
simple lives of near immortality. By gaining the capacity for great complexity, some 
species have even learned to contemplate whether evolution has done them a favor 
by this transition. 
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Chapter 2 
Female Germline Cysts in Animals: 
Evolution and Function 

John L. Brubacher 

Abstract Germline cysts are syncytia formed by incomplete cytokinesis of mitotic 
germline precursors (cystoblasts) in which the cystocytes are interconnected by 
cytoplasmic bridges, permitting the sharing of molecules and organelles. Among 
animals, such cysts are a nearly universal feature of spermatogenesis and are also 
often involved in oogenesis. Recent, elegant studies have demonstrated remarkable 
similarities in the oogenic cysts of mammals and insects, leading to proposals of 
widespread conservation of these features among animals. Unfortunately, such 
claims obscure the well-described diversity of female germline cysts in animals and 
ignore major taxa in which female germline cysts appear to be absent. In this review, 
I explore the phylogenetic patterns of oogenic cysts in the animal kingdom, with a 
focus on the hexapods as an informative example of a clade in which such cysts 
have been lost, regained, and modified in various ways. My aim is to build on the 
fascinating insights of recent comparative studies, by calling for a more nuanced 
view of evolutionary conservation. Female germline cysts in the Metazoa are an 
example of a phenomenon that—though essential for the continuance of many, 
diverse animal lineages—nevertheless exhibits intriguing patterns of evolutionary 
innovation, loss, and convergence. 

2.1  Introduction 

In sexually reproducing organisms, female gametes provide a cytoplasmic environ-
ment that is competent to initiate the development of a complex, multicellular 
organism. Eggs are therefore complicated cells, and the process of making an egg 
(oogenesis) is a complicated business—one that is necessary for the ongoing 
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existence of sexually reproducing species. As such, oogenesis has long been a topic 
of fascination and insight for biologists. 

In animals, the premeiotic stages of gametogenesis often include a syncytial 
stage, or cyst, in which germline precursor cells are interconnected by micrometre- 
scale channels variously known as intercellular bridges, cytoplasmic bridges, or 
ring canals. Such syncytia were first described in histological studies of the late 
nineteenth century and confirmed by electron microscopic observations in the 1950s 
(reviewed by Dym and Fawcett 1971). They are a near-universal feature of animal 
spermatogenesis (Pepling et  al. 1999; Guo and Zheng 2004; White-Cooper and 
Bausek 2010) and are also widespread in oogenesis, among species separated by 
hundreds of millions of years of evolution (Giardina 1901; Gondos 1973; Telfer 
1975; Pepling and Spradling 1998). Female germline cysts are often described as 
conserved, universal, or even ubiquitous features of oogenesis (though a few excep-
tions may be noted) perhaps because they are present in most traditional model 
species commonly studied by developmental biologists (e.g. Drosophila melano-
gaster, Caenorhabditis elegans, Danio rerio, Xenopus laevis, Mus musculus). 

The degree of conservation of metazoan female germline cysts has clear implica-
tions for efforts to elucidate general functions of such cysts. In this review, I survey 
key groups of animals, to clarify that while cysts are a common theme in animal 
oogenesis, they are neither ubiquitous nor as conserved as is often assumed. 

2.2  Oogenic Cysts in Drosophila melanogaster: 
The Standard Model 

The development and structure of oogenic germline cysts were first described at the 
ultrastructural level in fruit flies (Drosophila melanogaster; Koch et al. 1967), and 
this species remains the most thoroughly studied example of the phenomenon. It is 
therefore helpful to begin with a summary of cyst development in female fruit flies, 
to begin introducing core themes and terminology that recur with varying degrees 
of conservation and innovation in other taxa. 

In flies, embryonic primordial germ cells (PGCs) give rise to germline stem cells 
(GSC) that persist through adulthood at the distal ends of ovarioles: the functional 
units of each ovary. GSCs divide asymmetrically to self-renew and produce a 
germline- cyst precursor: a cystoblast (Wieschaus and Szabad 1979; Lin and 
Spradling 1993). Figure 2.1a summarizes the steps by which a cystoblast generates 
a 16-cell cyst in D. melanogaster. Each undergoes a series of synchronous mitotic 
divisions in which cytokinesis is incomplete, leaving a syncytium of cystocytes 
interconnected by cytoplasmic bridges. The cystogenic mitoses follow a consistent 
branching geometry and asymmetrically partition a membranous, spectrin-rich 
organelle, the fusome. Asymmetric distribution of the fusome results in a polarized 
cytoskeletal network that connects all cystocytes (Deng and Lin 1997). The minus 
ends of microtubules in this network are localized to one of two cystocytes at the 
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Fig. 2.1 Oogenic cyst formation in fruit flies and house mice. In both species, cystogenic mitoses 
are initially synchronous, resulting in cysts containing 2n cystocytes, where n is an integer. (a) 
Drosophila melanogaster—Synchrony is maintained in the fruit fly through 4 divisions, resulting 
in 16-cell cysts with a consistent branching geometry. The cytoskeleton of cysts in D. melanogas-
ter is polarized, with microtubule minus ends in a central cell (shaded black) which is the presump-
tive oocyte. The remaining 15 cells differentiate as nurse cells, become polyploid via incomplete 
endocycles, and supply the oocyte with macromolecules and organelles. The overall direction of 
cytoplasmic transport is from lighter-shaded cells to the darker ones. (b) In the mouse, cysts begin 
to fragment after about three cystocyte mitoses, and synchrony of divisions is lost. Within each 
cyst, the most-central cell accumulates centrosomes, setting up polarized transport of cytoplasmic 
contents from less-connected (lighter) cystocytes to the most-connected cell in the cyst. The less- 
connected cells do not become polyploid, but do function as nurse cells, eventually undergoing 
programmed cell death. Each cyst fragment is thought to produce a single oocyte, which associates 
with somatic granulosa cells to form a primordial follicle
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centre of the branching structure (possessing four intercellular bridges and the larg-
est share of the fusome). This cell is the presumptive oocyte (de Cuevas and 
Spradling 1998).

The remaining cystocytes differentiate as nurse cells, which will undergo 
genomic amplification via endocycles (Dej and Spradling 1999) and support the 
early growth and patterning of the oocyte. As the oocyte enters vitellogenesis, nurse 
cells ultimately undergo a programme of developmental cell death and are scav-
enged by surrounding phagocytic follicle cells (Lebo and McCall 2021). 

2.3  Of Mice and Flies: Apparent Conservation 
of Female Cysts 

In the house mouse, Mus musculus, the cyst phase of female gamete development is 
restricted to late embryogenesis and the perinatal period, between days E10.5 and 
P5 (Pepling et al. 2007). In key respects, female cyst development in mice is remark-
ably like that in D. melanogaster (Fig. 2.1b). As in flies, murine cyst development 
begins with a few synchronous, incomplete mitotic divisions, which generate early 
cysts with up to eight cystocytes (Lei and Spradling 2013). By E12.5, cysts begin to 
fragment stochastically, and their early mitotic synchrony is lost. Continued asyn-
chronous mitoses combined with death of certain cystocytes result in maturing cysts 
that do not typically contain a fixed number of cells (Lei and Spradling 2013). 
Though cyst fragmentation is not a feature of cyst development in flies, other sig-
nificant aspects of cyst development appear to be well conserved in these two spe-
cies. As in the fly, mouse cystocytes initially enter meiosis, but then diverge into 
separate nurse-cell or oocyte fates (Lei and Spradling 2016; Niu and Spradling 
2022). Murine nurse cells transfer much of their cytoplasm into presumptive oocytes 
and then undergo programmed cell death via a molecular mechanism that mirrors 
that of nurse cells in D. melanogaster (Niu and Spradling 2022). Mitochondria, 
Golgi elements, and centrioles transported from nurse cells, and those endogenous 
to the presumptive oocyte, coalesce to form a Balbiani body near the oocyte nucleus 
(Pepling et al. 2007). It is not entirely clear whether functional cytoplasmic connec-
tions between cystocytes are essential for female fertility in mice, but disrupting 
cyst formation or stability alters the development of oocytes and impairs fertility 
(Greenbaum et  al. 2009; Soygur et  al. 2021; Ikami et  al. 2021; Niu and 
Spradling 2022). 

Given such similarities between distantly related animal species, and the appear-
ance of a similar cyst stage in oogenesis of most animal phyla, many authors have 
proposed that syncytial cysts are an evolutionarily conserved feature of oogenesis. 
Presumably then, there also must be conserved functions for cysts in oocyte devel-
opment (Pepling et al. 1999; Greenbaum et al. 2011; Lu et al. 2017; Bauer et al. 
2021; Spradling et al. 2022).
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Certainly, in metazoan spermatogenesis, a syncytial cyst stage is universal—or 
nearly so (Fawcett et al. 1959; Dym and Fawcett 1971; Guo and Zheng 2004; White- 
Cooper and Bausek 2010). In experimentally tractable species, functional roles for 
spermatogenic syncytia have been demonstrated, which solve challenges particular 
to sperm development. One example is the likely benefit of sharing gene products 
among interconnected spermatocytes and spermatids. In males, spermatogenic cysts 
persist through and beyond meiosis and therefore permit sharing of gene products 
between haploid spermatocytes. Such sharing would compensate for the lack of 
hemizygous genes carried on sex chromosomes in species where males are the het-
erogametic sex (Braun et al. 1989). More generally, sharing would buffer against 
stochastic variations in gene expression (Guo and Zheng 2004) and possibly also 
protect against the production of sperm carrying selfish genes that result in meiotic 
drive or segregation distortion (LeGrand 1997). 

In female animals, however, meiotic progression in oocytes is arrested in pro-
phase I prior to maturation (maintaining diploidy), and cysts do not persist beyond 
this meiotic arrest. Thus, buffering variable gene expression would be less crucial in 
oogenesis than in spermatogenesis, and evolutionary conservation of cyst function 
should therefore derive from different selective pressures. Several functions have 
been proposed over the years. Perhaps the most obvious is facilitating the resource- 
intensive growth of oocytes via cytoplasmic transfer from a subset of cystocytes 
(nurse cells) (Pepling and Spradling 2001; Lei and Spradling 2016). A second 
hypothesis with experimental support is that cysts play a role in organelle biogene-
sis and organization. This role also encompasses the selection and transfer of high- 
quality organelles to presumptive oocytes, with nurse cells (destined for programmed 
cell death) effectively serving as disposal sites for damaged or dysfunctional organ-
elles and other subcellular structures (Cox and Spradling 2003; Pepling et al. 2007; 
Lei and Spradling 2016). Third, recent studies have shown that in mice, as in other 
animals, the development of a cytoskeletal network throughout the cyst is essential 
for the subsequent organization of mitochondria, Golgi components, and germ 
granules into a Balbiani body (Niu and Spradling 2022; Spradling et al. 2022). To 
assess the generality of these hypotheses, a broader view of the conservation and 
prevalence of female germline cysts are in the animal kingdom is essential. An 
exhaustive overview would require a book. In what follows, I highlight only a few 
particularly informative clades. 

2.4  Cyst Evolution in Hexapods: A Case Study 

2.4.1  Ovariole Diversity in Hexapods 

There is more information about female cyst development in hexapods than in any 
other animal group. Much of the terminology used to describe oogenic cysts arose 
through studies of these invertebrates. Because our understanding of hexapod 
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phylogeny at the ordinal level is also relatively secure (Misof et al. 2014; Tihelka 
et al. 2021), this group makes a useful case study to examine the evolutionary his-
tory of female germline cysts in animals. As we will see, statements to the effect that 
female germline cysts are conserved “from Drosophila to mice” (Spradling et al. 
2022) or “from fruit flies to mammals” (Greenbaum et al. 2011) are difficult to sup-
port, as this trait is not even a conserved feature of the female germline among 
insects themselves. The literature on female germline cysts in hexapods has been 
thoroughly reviewed in the past (Telfer 1975; Štys and Biliński 1990; Büning 1993, 
1994; Heming 2003) and arguably needs to be revisited. While much work has been 
conducted in the decades since publication of these works, all remain excellent 
overviews of cyst evolution, whose central insights still largely hold true. 

In most insects (though among basal hexapods only in the japygid Diplura), the 
ovaries are subdivided into functional units called ovarioles (Heming 2003). 
Figure 2.2a provides a schematic view of ovariole structure (top right) and summa-
rizes the broad categories of cysts found in hexapods. Mitotic germline precursors 
(germline stem cells and/or cystoblasts) and their immediate descendants are found 
distal to the oviduct, adjacent to the terminal filament. This region of the ovariole 
is known as the germarium. As oocytes differentiate and begin vitellogenesis, they 
move towards the oviduct, are enclosed by an epithelial layer of follicle cells to 
form follicles, and enter the vitellarium, where they will complete their develop-
ment and become chorionated. Brandt (1874) categorized ovarioles as panoistic or 
meroistic, depending on whether the germ lineage produces oocytes only or oocytes 
and nurse cells, respectively. In panoistic ovarioles, each follicle contains an indi-
vidual oocyte, as no nurse cells are formed in the germarium. If cysts are produced 
in a panoistic ovariole, these fragment to release oocytes one by one. Meroistic 
ovarioles were further subdivided into two types (Gross 1901) depending on the 
organization of nurse cells: polytrophic, in which individual cysts (an oocyte plus 
connected nurse cells) are segregated into follicles as discrete units, or telotrophic, 
in which nurse cells remain in the germarium but stay connected to oocytes via 
elongated cytoplasmic bridges known as trophic cords (Heming 2003). 

Ovariole types reflect the presence or absence, and type, of germline cysts they 
contain. As such, the terms just described also apply to cyst types. The remainder of 
Fig. 2.2a schematically illustrates these cyst categories among hexapods. The red- 
shaded cysts are meroistic, exhibiting linear or branched arrangements, which 
reflect differences in partitioning of cytoplasmic bridges during cyst-generating 
mitoses. In many panoistic ovarioles, oocytes are produced directly from germline 
precursors by complete cytokinesis, and cysts are not formed (blue-shaded cells). 
This acystic mode of panoism has been termed “primary” panoism, in that it is 
almost certainly the ancestral condition in insects (Štys and Biliński 1990; see 
below). Some other panoistic hexapods do produce cysts, however, in which all 
cystocytes differentiate as oocytes (purple-shaded cyst). Such “secondary” or “neo-” 
panoism is a derived condition that has independently evolved from meroism in 
several lineages (Štys and Biliński 1990; Heming 2003).
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Fig. 2.2 Cyst types and their phylogenetic distribution in the Hexapoda. (a, top right) Schematic 
illustration of an insect ovariole. Grey-shaded areas in follicles represent oocytes for panoistic or 
telotrophic meroistic ovarioles or cysts for polytrophic meroistic ovarioles. (a, top left and bottom) 
Cyst types, with presumptive oocytes or nurse cells indicated by shading of the nucleus, as indi-
cated in legend at top. Colours of cyst types correspond to panel b. (b) Cladogram of the hexapods, 

(continued)
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with Remipedia as an outgroup (Giribet and Edgecombe 2019). Names of major (supraordinal) 
clades are in black text. Text and branch colours correspond to the most common cyst/ovariole 
types in a group: blue, primary (acystic) panoistic; plain red, polytrophic meroistic; underlined red, 
telotrophic meroistic; purple, secondary (cystic) panoistic. Grey text indicates groups in which no 
cyst type predominates. (References: Štys and Biliński 1990; Büning 1993, 1994; Heming 2003, 
and see main text). Grey branches and nodes indicate that the most parsimonious ancestral state is 
unclear. *: Linear rather than branched cyst organization. Topology of the tree is based on Giribet 
and Edgecombe (2019) (Entognatha, Remipedia); Wipfler et al. (2019) (Paleoptera, Polyneoptera, 
Paraneoptera); Johnson et  al. (2018) (Paraneoptera); Tihelka et  al. (2021) (Eumetabola). The 
Psocodea are grouped with the Paraneoptera by a dashed line to indicate that some analyses (e.g. 
Johnson et al. 2018) place them as the sister lineage of the Holometabola

2.4.2  Phylogenetic Context: Female Cysts Are Not Ancestral 
Features of Insect Oogenesis 

Figure 2.2b summarizes the phylogenetic distribution of cyst types (Štys and 
Biliński 1990; Büning 1994; Kubrakiewicz et al. 2012) on a cladogram of hexapods 
compiled from recent phylogenetic analyses (Misof et al. 2014; Johnson et al. 2018; 
Wipfler et al. 2019; Giribet and Edgecombe 2019; Tihelka et al. 2021). Remipedia— 
likely the crustacean sister group to the hexapods (Giribet and Edgecombe 2019)— 
is included as an outgroup. Branch and text colours in the cladogram correspond to 
those used to illustrate different cyst types in Fig. 2.2a. 

Cyst types in the early-branching hexapods are quite variable: linear (unbranched) 
meroistic cysts occur in the Collembola and campodeid Diplura (red text, Fig. 2.2b), 
whereas the Protura have linear panoistic cysts (purple text, Fig. 2.2b), and japygid 
Diplura exhibit non-cystic (primary) panoism (blue text, Fig. 2.2b). This situation is 
ambiguous regarding the ancestral mode of oogenesis in the hexapoda overall. 
Bilinski (1994) proposed that primary (non-cystic) panoism was ancestral to the 
hexapods, with linear meroism evolving independently in a monophyletic group of 
Entognathans and subsequent transition to secondary (cystic) panoism in the 
Protura. This view is somewhat supported by primary panoism in the Remipedia, 
but the branchiopod crustaceans, which are consistently meroistic (Jaglarz et  al. 
2014a, b), also have close affinity with the hexapods (Misof et al. 2014; Giribet and 
Edgecombe 2019). Additionally, current phylogenies propose that the Entognatha 
are paraphyletic as indicated in Fig. 2.2b (Wipfler et al. 2019; Giribet and Edgecombe 
2019) or phylogenetically unresolved (Tihelka et al. 2021), which would imply a 
more complex story of lineage-specific evolutionary trends. Overall, the plasticity 
of the existence and type of cysts at the base of the hexapod tree is itself a message 
about the degree to which these traits are conserved. 

Despite the ambiguous situation in basal hexapods, for the Insecta sensu stricto, 
primary panoism (i.e. acystic oogenesis) is clearly the ancestral state (Büning 1993, 
1994; Bilinski 1994; Heming 2003). Among the earlier-branching insects—the 
Archaeognatha, Zygentoma, Paleoptera, and Polyneoptera—primary (acystic) 
panoism predominates (Gottanka and Büning 1990) (blue branches and text, 
Fig. 2.2b). More recent studies have confirmed primary panoistic oogenesis in key 
lineages (Tworzydlo et  al. 2014; Ramos et  al. 2020; Sekula et  al. 2022). Thus, 

J. L. Brubacher



31

though cysts are characteristic of the “higher” insects, such as D. melanogaster 
(Diptera), cystic oogenesis in these insects is derived from primary panoism 
(Fig.  2.2b). Unfortunately, the acystic nature of oogenesis in basally branching 
insects is obscured in the literature by the fact that, as noted above, the term “panois-
tic” applies to both cystic and acystic modes of oogenesis, and is often used without 
further elaboration. 

The primary panoistic polyneopteran orders are not as speciose as many eume-
tabolan orders; thus, one might argue that meroism is intrinsically adaptive—a 
superior mode of oogenesis. Such a view would be tenuous, however, as acystic 
oogenesis is used by some of the most successful insects on the planet, in terms of 
population size and geographic distribution: dragonflies (Odonata), locusts 
(Orthoptera), cockroaches, and termites (Blattodea). The extant members of these 
clades represent lineages that have used this mode of oogenesis for some 450 mil-
lion years, since the initial diversification of the Insecta (Giribet and Edgecombe 2019). 

Although there are polyneopteran lineages in which oogenesis includes a cyst 
stage, these are exceptions rather than the norm. The distinctive characteristics of 
female cysts in mayflies, earwigs, and stoneflies, respectively, suggest independent 
evolutionary origins of cysts in each of these orders. Although Fig. 2.2b’s summary 
of the phylogenetic relationships is not universally accepted, plausible alternatives 
(e.g. paraphyly of the Paleoptera, with Ephemeroptera as the sister group of ptery-
gotes other than Odonata—Sharma 2019; Tihelka et  al. 2021) do not alter this 
conclusion. 

In mayflies (Ephemeroptera), oogenic cysts are meroistic, with multiple nurse 
cells nourishing a single developing oocyte. These cysts are unique to this order, 
however, in that they are linear (like those of basal hexapods) but have a telotrophic 
organization—which is otherwise only found in eumetabolan groups (Gottanka and 
Büning 1993). 

Among female earwigs (Dermaptera) examined to date, ovarian follicles contain 
two-cell meroistic cysts consisting of a single nurse cell and oocyte (Yamauchi and 
Yoshitake 1982). In “higher” dermapteran families, the two-cell units form directly 
via a single mitotic division of a progenitor cystoblast (Tworzydło et  al. 2010). 
Basal families exhibit a more complicated process, however, in which eight-cell 
cysts form via three synchronous mitotic divisions and later fragment into the final 
two-cell units (Yamauchi and Yoshitake 1982; Tworzydło et  al. 2010; Núñez- 
Pascual et al. 2023). Earlier reviewers differ as to whether meroism arose indepen-
dently in the Dermaptera (King and Büning 1985) or as a synapomorphy uniting the 
Dermaptera with the Eumetabola (Štys and Biliński 1990). Given the unique frag-
mentation of these cysts, and the fact that current molecular phylogenies do not 
place Dermaptera as a sister group to the Eumetabola (Wipfler et al. 2019; Tihelka 
et al. 2021), the independent origin of meroism in this lineage seems more likely. 

The stoneflies (Plecoptera) produce branched cysts that fragment into smaller 
clusters, from which individual oocytes detach. Gottanka and Büning (1990) found 
no evidence of nurse cells in Nemoura sp. Heming (2003) suggested that plecop-
teran panoistic cysts were derived from a meroistic condition, but the original paper 
and Büning’s later reviews (1993, 1994) clearly interpreted them to have arisen 
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independently from the primary panoistic condition. As with the dermapteran cysts 
then, those of the stoneflies are distinctive enough that it seems most parsimonious 
to conclude these evolved independently of eumetabolan cysts. The alternative 
hypothesis, that plecopteran and dermapteran cysts share a common evolutionary 
origin, would require a secondary “re-loss” of cysts in the remaining polyneopteran 
orders, as the Plecoptera are a sister to that clade. 

2.4.3  Diversity of Cyst Types in Eumetabolan Insects 

Meroistic cysts with branching geometry are clearly ancestral to the Eumetabola 
(Büning and Sohst 1990). Büning (1993) described the “basic type” of such cysts as 
having similar characteristics to those of D. melanogaster—namely, construction 
from 2n cystocytes (n =  the number of synchronous mitotic divisions that estab-
lished the cyst) of which one differentiates as an oocyte, while the rest become 
polyploid nurse cells. While the polytrophic meroistic condition is widespread 
among the Eumetabola, substantial variations on this theme occur between and 
within several orders of this group. Neo- or secondary panoism occurs in the 
Thysanoptera (Pritsch and Büning 1989; Tsutsumi et al. 1995), and also in some 
families of the Neuroptera, along with fleas (Siphonaptera) and boreid scorpionflies 
(Mecoptera) (Štys and Biliński 1990; Heming 2003). The latter two orders are not 
included in Fig. 2.2b. 

Telotrophic ovarioles have also evolved from polytrophic ones in several eume-
tabolan taxa: they are near-universal in the Hemiptera (true bugs, hoppers, and 
aphids). Among beetles (Coleoptera), the suborder Polyphaga is telotrophic, 
whereas the Adephaga retain polytrophic ovarioles. Finally, among the closely 
related orders of the Neuropterida, the Raphidioptera (snakeflies) and alderflies 
(Sialidae: Megaloptera) possess very similar telotrophic ovarioles, in contrast to the 
secondarily panoistic (cystic panoistic) dobsonflies and fishflies (Megaloptera: 
Corydalidae) and the polytrophic meroistic lacewings (Neuroptera). The organiza-
tion of nurse cells in the germarium differs substantially between the hemipteran, 
polyphagan, and Sialis-type telotrophic ovarioles, most likely reflecting separate 
evolutionary origins for these types (Büning 1993; Rübsam and Büning 2017). 
These differences include the mitotic activity and synchrony of nurse cells, the par-
tial or complete union of cysts to form a common mass of nurse cell nuclei, and the 
ploidy of nurse cells. All are significant modifications of the “basic” meroistic cyst 
plan described above. 

The presence of Sialis-type telotrophic ovarioles in the Sialidae (Megaloptera) 
and Raphidioptera is intriguing, as these taxa do not form a monophyletic clade in 
recent phylogenetic analyses of the Neuropterida (e.g. Song et  al. 2018; 
Vasilikopoulos et al. 2020). Thus, Heming (2003) proposed four separate evolution-
ary origins of telotrophy in the Eumetabola. Since that time, however, Sialis-type 
ovarioles have also been described in beetles of the family Hydroscaphidae (subor-
der Myxophaga) (Büning 2005), along with significant similarities between the 
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early stages of ovariole development in the Sialidae and Polyphaga (Trauner and 
Büning 2007). Such affinities complicate our understanding of the evolutionary 
story of telotrophy (Rübsam and Büning 2017). The difficulties involved in clearly 
determining the relative degree of evolutionary conservation, innovation, conver-
gence, and parallelism from the extant patterns of cyst types in the Eumetabola 
emphasizes the variability of cyst architecture in this group. 

In summary, while cystic oogenesis is clearly a conserved aspect of eumetabolan 
oogenesis, the specifics of female germline cysts in this group differ among and 
within major taxa. Variations on the theme include reversions to panoism and elabo-
rations of the polytrophic meroistic pattern into a variety of telotrophic types. When 
we consider cyst evolution in the hexapods as a whole, the picture that emerges is 
one of evolutionary plasticity, in which cysts are a robust strategy for egg produc-
tion, but not one that is essential to oogenesis itself or uniform in its 
manifestations. 

2.5  Diversity of Female Germline Cysts in Other 
Animal Lineages 

2.5.1  Overview 

It is difficult to gauge the actual prevalence of female germline cysts across the full 
range of animal diversity. The early stages of oogenesis, in which cysts occur, may 
be restricted to developmental stages that have not yet been thoroughly investigated 
in certain animal lineages. Even where cysts are relatively accessible to examina-
tion, confirming their presence requires the observation of intercellular bridges— 
typically by electron microscopy, which remains a laborious approach that is not 
well suited to surveying large volumes of tissue or large numbers of specimens. As 
such, one should not be too eager to interpret the absence of evidence for cysts in a 
given clade as evidence of their absence. The near-universality of male germline 
cysts, and their remarkable similarity across disparate taxa, means that the cytologi-
cal machinery and developmental processes required to build cysts in the germline 
are available in essentially all animals (Fawcett et al. 1959; Dym and Fawcett 1971; 
Guo and Zheng 2004; White-Cooper and Bausek 2010). Finally, female germline 
syncytia have been described in many major animal phyla, including non- bilaterians 
(Eckelbarger and Hodgson 2021; Chaigne and Brunet 2022). Thus, the preponder-
ance of evidence suggests that oogenic cysts have a long evolutionary history in 
animals; indeed, the lack of cysts at the root of the insect tree is generally under-
stood to indicate a secondary loss of cysts from an earlier ancestral arthropod lin-
eage (Büning 1993—see in particular the caption for Fig. 5). 

However, as the above discussion of hexapods should demonstrate, finding 
female cysts in a few species of a lineage does not necessarily mean that such cysts 
are a conserved feature of the group in question, let alone animals overall. Thus, we 
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need to maintain a broad perspective on this phenomenon. A comprehensive over-
view of female cysts across animal phyla is well beyond the scope of this review, but 
a few comments on taxa of interest are in order. The pattern of variability evident in 
hexapods extends to the metazoans overall. 

2.5.2  Non-bilaterian Phyla: Sponges and Cnidarians 

In their recent overview of invertebrate oogenesis, Eckelbarger and Hodgson (2021) 
note that while “nurse cells” have been described in various sponge species, in the 
sponge literature, this term typically refers to cells that are not clonal germline sib-
lings of presumptive oocytes in a meroistic cyst (e.g. Maldonado 2007). For exam-
ple, in the calcareous sponge Paraleucilla magna, oocytes obtain nutrients by 
phagocytosing vesicles secreted by adjacent follicle-like choanocytes and pinaco-
cytes, which have thus been referred to as nurse cells. However, female germline 
cysts do not form in this species, though spermatogenic cysts do (Lanna and Klautau 
2010). Cytoplasmic bridges have observed to form between oocytes and “nurse 
cells” in demosponges and presumably play a role in oocyte nourishment. However, 
these connections appear to arise via transient fusion of non-clonal cells, rather than 
the formation of a clonal germline syncytium (Kaye 1991; Maldonado and Riesgo 
2009). In glass sponges (Hexactinellida) oocytes differentiate from archaeocytes 
that are already interconnected by cytoplasmic bridges in groups called congeries 
(Leys and Ereskovsky 2006). The overall pattern for sponges is that female germ-
line cysts—to the extent that they form at all—are of a different sort than those of 
other Metazoa. 

Among some Cnidarians, oogenesis includes syncytial stages produced by fusion 
of germline cells. For example, in Hydra vulgaris (Hydrozoa), presumptive female 
germ cells differentiate from patches of interstitial cells of the ectodermal layer. Of 
these germline cells (numbering in the hundreds to thousands per patch), a few 
dozen receive cytoplasm from the rest via the formation of transient cytoplasmic 
connections. The sacrificial nurse cells then disconnect, embark on a process of 
programmed cell death, and are phagocytosed by the growing oocyte. Ultimately, 
only a handful of oocytes survive. These then fuse to form a single cell, in which 
one nucleus will persist (Alexandrova et al. 2005). This process shares similarities 
with meroistic oogenesis in other animals, but the temporary fusions between germ 
cells are a noteworthy difference. For example, the transience of these intercellular 
connections would seem to preclude the formation of a stable cytoskeletal network 
throughout the interconnected cells, which has been proposed as fundamental to the 
function of meroistic cysts (see introduction in Niu and Spradling 2022). 

The process of syncytial oogenesis observed in Hydra (Hydrozoa) is not neces-
sarily widespread among cnidarians. Early records of “nurse cells” exist for a vari-
ety of species in the Scyphozoa, but more recent ultrastructural work has 
demonstrated that these are not classical nurse cells, in the sense of being germline 
cells that connect to oocytes via cytoplasmic bridges (Eckelbarger 1994; Eckelbarger 
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and Hodgson 2021). The situation is largely similar in the Anthozoa. For example, 
in the emerging cnidarian model species, the starlet sea anemone Nematostella vec-
tensis, vitellogenic oocytes arise and begin growth asynchronously in the gastroder-
mis. They enter vitellogenesis individually, bulging into the mesoglea but retaining 
contact with specialized groups of gastrodermal cells (trophocytes) known as tro-
phonemata. Despite the close contact between oocytes and the trophocytes, cyto-
plasmic connections are not established (Eckelbarger et  al. 2008). This mode of 
oogenesis appears to be widespread in anthozoan corals, although trophonemata 
have not yet been described in all orders (Shikina and Chang 2016; Lauretta 
et al. 2018). 

2.5.3  Annelids 

Aside from the hexapods, female germline cysts are best documented in the seg-
mented worms, the Annelida (earthworms, leeches, polychaetes, and relatives). This 
literature has expanded rapidly in recent years, particularly for the oligochaetes and 
leeches (Clitellata). The review in this book series by Świątek and Urbisz (2019) 
gives a detailed overview of female cysts in clitellates, helpfully examining not only 
structural features, but also developmental details. As with hexapod cysts, there are 
common traits to be found in those of annelid clades—especially the Clitellata—but 
cysts are neither universal nor homogeneous in this phylum. 

At least one example of acystic, panoistic oogenesis has been described in the 
basal clitellate Capilloventer australis (Świątek et  al. 2016). However, meroistic 
female cysts are the norm among clitellates, and their organization is quite similar 
(Świątek and Urbisz 2019; Świątek et al. 2020; Urbisz et al. 2020, 2021; Ahmed 
et al. 2021). Cyst architecture differs notably from that of meroistic insects, in that 
all cystocytes connect via a single bridge to a common cylindrical core of shared 
cytoplasm, the cytophore. This arrangement is also found in other phyla, including 
the nematodes (Gibert et al. 1984; Gumienny et al. 1999), oribatid mites (Liana and 
Witaliński 2012), and the spoon worms (Echiura; annelid relatives of the clitellates; 
Leutert 1974). Within a typical clitellate cyst, only one or a few cystocytes differen-
tiate as oocytes, with the rest functioning as nurse cells. Nurse cells do not appear to 
become polyploid, although their DNA content has been quantified in only 
Enchytraeus albidus (Urbisz et al. 2017). Clitellate cysts have been categorized into 
seven distinct types, though these retain the basic structure just described and vary 
mostly in the number of cystocytes per cyst (from 16 to thousands), the branching 
or linearity of the cytophore, and the synchrony or lack thereof in the cystogenic cell 
divisions (Świątek and Urbisz 2019). 

In contrast to the clitellates, polychaete annelids are more variable in their modes 
of oogenesis. Female germline cysts are less commonly reported in polychaetes 
than in clitellates, though detailed ultrastructural investigations of oogenesis remain 
infrequent in this group (Eckelbarger 2005; Eckelbarger and Hodgson 2021). 
Meroistic cysts have been reported in several species (Anderson and Huebner 1968; 
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Heacox and Schroeder 1981; Eckelbarger 1992), of which the dorvilleid 
Ophryotrocha labronica has received the most attention (Emanuelsson 1969; 
Brubacher and Huebner 2009, 2011). The cysts of O. labronica are reminiscent of 
those found in earwigs (see above), in that they consist of two-cell units (a polyploid 
nurse cell and an oocyte) produced by fragmentation of a larger parental cyst. These 
parental cysts differ in significant ways from typical polytrophic meroistic cysts of 
insects, however, in that cystocyte proliferation is asynchronous, cyst size is indeter-
minate, and oocytes differentiate from peripheral cystocytes rather than centrally 
located ones (Brubacher and Huebner 2011). In addition to these scattered examples 
of meroistic cysts, panoistic cysts have been conclusively documented in more than 
one species of the Nereidae, including the model polychaete Platynereis dumerilii 
(Fischer 1974, 1975; Dhainaut 1984). 

2.5.4  Vertebrates 

Cyst development in mice is described above and in Fig. 2.1, and similar cysts have 
been identified in other mammalian species (reviewed in Gondos 1973; see also 
Lechowska et al. 2012). Aside from mammals, oogenic cysts have been studied in 
some detail in the African clawed frog Xenopus laevis (Kloc et al. 2004), zebrafish 
Danio rerio (Marlow and Mullins 2008), and the Japanese medaka (Oryzias latipes; 
Nakamura et al. 2010). In these non-mammalian cases, cysts are apparently panois-
tic. However, mice were also considered to be panoistic until quite recently (e.g. 
Lechowska et al. 2012), as oocytes and nurse cells in the house mouse are indistin-
guishable by routine examination. It has taken careful, elegant work to demonstrate 
that most mouse cystocytes function as nurse cells (Lei and Spradling 2016; Soygur 
et al. 2021; Niu and Spradling 2022). Mouse nurse cells can be identified by their 
ultimate fate, which is programmed cell death by a non-apoptotic mechanism, simi-
lar to that seen among nurse cells in flies (Lebo and McCall 2021; Niu and 
Spradling 2022). 

Spradling et al. (2022) seem to raise the possibility that female germline cysts in 
Xenopus may be meroistic rather than panoistic, implying that studies of apoptosis 
in the germline of female frogs (Kloc et al. 2004) may have missed cell death by 
other mechanisms—and therefore the cryptic presence of nurse cells. Kloc and 
coworkers used the TUNEL assay to detect programmed cell death, which, in mice, 
seems not to capture programmed death of nurse cells as effectively as other tech-
niques. However, TUNEL does robustly label the developmental cell death of nurse 
cells in flies. It is noteworthy that Kloc and coworkers not only found very few 
TUNEL+ cells in Xenopus ovaries but also noted no correlation of TUNEL positiv-
ity with particular stages of oogenesis and observed that most TUNEL staining was 
in somatic cells. In particular, TUNEL+ cells were especially rare in older cysts 
(Kloc et al. 2004). Taken together, these findings are consistent with a genuine lack 
of programmed cell death in the Xenopus oogenic cysts. Similarly, in three species 

J. L. Brubacher



37

of frogs of the genus Rana, degeneration of germ cells was examined histologically 
in all stages of oogenesis and found to be quite rare (Ogielska et al. 2010). 

While Nakamura et al. (2010) noted cell death among cystocytes of the medaka 
on the basis of condensed (DAPI-stained) chromatin, their study did not quantify 
this phenomenon or note its correlation with particular stages of cyst development. 
Thus, it is difficult to assess whether cysts in this species are panoistic or meroistic. 
Elkouby and Mullins (2017) found cystocyte death to be relatively scarce in zebraf-
ish ovaries and concluded that most likely, cysts in these fish are more similar to 
(panoistic) Xenopus cysts than to those of mice. In certain sturgeons, however, there 
is some evidence to suggest transfer of cytoplasmic materials among cystocytes, 
and cystocyte death seems to be relatively frequent—though such assessments have 
been qualitative. As such, at least some authors have concluded that cysts in these 
basal, ray-finned fish are meroistic (Żelazowska and Fopp-Bayat 2017). 

Overall, female germline cysts are widespread in vertebrates. The technical dif-
ficulties involved in studying cyst development in vertebrates (Spradling et al. 2022) 
and the cytological similarity of presumptive oocytes and nurse cells—even in 
authentically meroistic species like mice—make it difficult to draw conclusions 
about the relative abundance of meroism and panoism. It does, however, appear that 
both types of cysts occur in this phylum, which has implications for the conserva-
tion of cyst function, to be discussed below. 

2.5.5  Major Taxa in Which Female Cysts Have Not 
Been Described 

Notwithstanding the inherent difficulty of proving the absence of a phenomenon, 
there are notable clades of animals in which female germline cysts have not been 
described, despite substantial research interest in oogenesis (Chaigne and Brunet 
2022). These include the acoels (a basal bilaterian order; Laumer et al. 2019) and 
the diverse, highly successful molluscs. Although Chaigne and Brunet list the 
Platyhelminthes as a phylum in which female germline cysts do occur, this appears 
to be a case of mistaken identity; the work cited to support that conclusion is a 
description of meroistic cysts in the polychaete annelid, Diopatra cuprea (Anderson 
and Huebner 1968; Huebner and Anderson 1976). Ironically, these authors list the 
Platyhelminthes as a phylum in which the existence of spermatogenic cysts is 
uncertain, though male cysts are well documented in planarians (Franquinet and 
Lender 1972, 1973; Farnesi et al. 1977; Issigonis and Newmark 2019). 

Female germline cysts have not (yet) been described in flatworms despite a sub-
stantial amount of ultrastructural investigation (reviewed by Gremigni 1997; 
Eckelbarger and Hodgson 2021). Beyond the lack of direct visual confirmation of 
cysts, in a quantitative investigation of the early differentiation of female germ and 
yolk cells in the planarian Schmidtea mediterranea, Issigonis et al. (2022) found no 
evidence of synchronized mitoses in the ovaries. Conversely, mitotic synchrony was 
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commonplace in the testes, where cysts are known to form. The lack of synchrony 
in the female germline, though not definitive, is consistent with the absence of 
female germline cysts in this species. 

Chaigne and Brunet also include echinoderms (sea stars, sea urchins, and rela-
tives) as a phylum with female germline cysts, citing Chia (1968) to support this 
conclusion. While Chia did describe cytoplasmic bridges occurring between vitel-
logenic oocytes and somatic follicle cells in the sea star Leptasterias hexactis, these 
are not clonal germline cysts, nor does their proposed function of transferring yolk 
granules match that of “authentic” female cysts. In their extensive survey of inver-
tebrate oogenesis, Eckelbarger and Hodgson (2021) did not note the presence of 
cysts or intercellular bridges in the Echinodermata. As with other phyla, use of the 
term “nurse cell” in the older literature on echinoderm oogenesis does not refer to 
germline cells that are connected to oocytes by cytoplasmic bridges. Careful elec-
tron microscopists, who would have been well acquainted with the phenomenon of 
germline cysts, did not note their presence in studies of other echinoderms 
(Anderson 1974). 

2.6  Concluding Thoughts: The Function(s) of Female 
Germline Cysts 

There is certainly a sense in which female germline cysts are a “conserved” aspect 
of animal oogenesis, in that they are a recurrent trait in many metazoan lineages. 
However, the occurrence of this theme in popular model species obscures the sig-
nificance of acystic oogenesis in the animal kingdom. Furthermore, oogenic cysts 
are a plastic trait that has been lost and regained in more than one branch of the 
animal tree. Among other implications, the apparent loss of female germline cysts 
at the base of the Insecta, and their re-appearance in Eumetabola, means that the 
similarities between cysts of flies and mice cannot be traced back to a common 
ancestor without interruption (they are not synapomorphies). Instead, these simi-
larities are the result of evolutionary convergence—or perhaps large-scale parallel-
ism if we take the conserved programme of spermatogenic cyst development as the 
“raw material” from which female cyst types converged (Abouheif 2008; 
Pearce 2012). 

Convergence suggests that there may be intrinsic selective advantages to particu-
lar cyst types in particular situations. Certainly, functional studies of meroistic cysts 
in flies and mice underline the importance of cysts to female fertility in these spe-
cies and more broadly. Nevertheless—because convergent or parallel evolution nec-
essarily involves the evolution of similarity from difference—the functional roles of 
cysts in particular lineages cannot be universal. 

Above, I noted three hypotheses that have been proposed to explain why cysts 
are prevalent in animal oogenesis (Niu and Spradling 2022; Spradling et al. 2022):
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 1. That female cysts support oocyte growth, via cytoplasmic transfer from 
nurse cells

 2. That female cysts facilitate the selection and organization of high-quality 
organelles

 3. That female cysts establish a cyst-wide cytoskeletal network, which plays an 
essential role in patterning developmental axes in the oocyte 

The distinction between meroistic and panoistic female cysts is crucial in assessing 
the generalizability of the first two of these hypotheses: each depends on the sup-
portive behaviour of nurse cells in oogenesis, and therefore they apply only to 
meroistic cysts (Lu et al. 2017; Peterson and Fox 2021). The first hypothesis requires 
the biosynthetic activity of nurse cells. This role is almost self-evident in meroistic 
cysts, particularly in cases where nurse-cell polyploidy or expansion of the nurse 
cell population (as in a telotrophic ovariole) increases the output of the nurse cells. 
However, this “provisioning hypothesis” can be extended beyond the supply of 
nutrients and organelles to include protective molecules, such as small RNAs that 
inhibit the activity of transposable elements (see discussion in Niu and Spradling 
2022). The second hypothesis requires the death of nurse cells, which makes them 
a convenient site to sequester both potentially hazardous metabolic activity 
(Tworzydlo et al. 2020; Urbisz et al. 2022) and damaged cellular materials—such as 
defective mitochondria (Lieber et al. 2019; Chen et al. 2020). 

Panoistic cysts, in which all cystocytes will become viable oocytes, have no 
nurse cells to provide such services. Thus, though the first two hypotheses may 
point towards widespread, real benefits of meroistic cysts, they do not do so for 
cysts in general. Furthermore, alternatives to germline cysts have evolved that 
accomplish these functions in acystic lineages. For example, parasitic platyhelmin-
thes such as tapeworms (an acystic group) have become prodigious egg producers 
by outsourcing yolk production to a separate organ: the vitellarium (Scholz et al. 
2009; Egger et al. 2015). In the acystic, panoistic firebrats (Thermobia domestica), 
oocytes autonomously produce functional Balbiani bodies, from which dysfunc-
tional mitochondria are eliminated (Tworzydlo et al. 2016). 

The third hypothesis—that cysts facilitate axis patterning in oocytes—does 
apply to both panoistic and meroistic cysts. In branching cysts of the type found in 
flies, mice, and Xenopus, regardless of meroism or panoism, cystocyte divisions are 
asymmetric in their partitioning of pre-existing cytoplasmic bridges and associated 
cytoskeletal elements, such as the fusome (de Cuevas and Spradling 1998; Kloc 
et al. 2008; Bilinski et al. 2017; Niu and Spradling 2022). In each Xenopus cysto-
cyte, the Balbiani body is asymmetrically located on the side of the cell facing the 
cytoplasmic bridge that formed in the mitotic division that gave rise to that cell. This 
asymmetry coincides with the future animal-vegetal axis of the oocyte and embryo 
(Kloc et al. 2004; Bilinski et al. 2017). Again, however, cysts are not essential for 
the establishment of developmental axes. Animals with acystic oogenesis also pro-
duce polarized oocytes, though it is not yet known whether this initial asymmetry 
prefigures embryonic axes (Tworzydlo et al. 2017). Furthermore, other animals— 
even some with oogenic cysts—do not specify embryonic axes until after 
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fertilization, making patterning of the oocyte unnecessary. In Caenorhabditis ele-
gans hermaphrodites, for example, oocytes develop in a cryptically meroistic cyst 
similar to those of clitellate annelids, as noted above (Gibert et al. 1984; Gumienny 
et al. 1999). However, specification of the embryonic axes is not prefigured in the 
oocytes of this species, but is instead determined by the location of the centrosome 
delivered by the sperm at fertilization (Reich et al. 2019). 

Certainly, animals have evolved modes of oogenesis in which female germline 
cysts play central and essential roles. However, oogenic cysts are not as widespread 
in the animal kingdom as their male equivalents, which are nearly universal and 
much more uniform in their organization and development (White-Cooper and 
Bausek 2010). As such, the “seemingly whimsical occurrence” (Telfer 1975) and 
variability of female cysts over the animal evolutionary tree may be best explained 
by different degrees of selective pressure on germline cysts. In the male germline, 
strong selective pressure preserves the cyst-generating developmental programme, 
which is then available to be co-opted and modified in the female germline—where 
selection is evidently more relaxed. Going forward, there is much fascinating work 
to be done and surely more surprising insights to emerge, as we explore which 
apparently conserved aspects of oogenesis are non-negotiable for the continuation 
of a species, which are convergent adaptations to particular life history strategies, 
and which are the result of evolutionary happenstance. 
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Chapter 3 
Germline and Somatic Cell Syncytia 
in Insects 

Malgorzata Kloc, Wacław Tworzydło, and Teresa Szklarzewicz 

Abstract Syncytia are common in the animal and plant kingdoms both under nor-
mal and pathological conditions. They form through cell fusion or division of a 
founder cell without cytokinesis. A particular type of syncytia occurs in invertebrate 
and vertebrate gametogenesis when the founder cell divides several times with par-
tial cytokinesis producing a cyst (nest) of germ line cells connected by cytoplasmic 
bridges. The ultimate destiny of the cyst’s cells differs between animal groups. 
Either all cells of the cyst become the gametes or some cells endoreplicate or poly-
ploidize to become the nurse cells (trophocytes). Although many types of syncytia 
are permanent, the germ cell syncytium is temporary, and eventually, it separates 
into individual gametes. In this chapter, we give an overview of syncytium types and 
focus on the germline and somatic cell syncytia in various groups of insects. We 
also describe the multinuclear giant cells, which form through repetitive nuclear 
divisions and cytoplasm hypertrophy, but without cell fusion, and the accessory 
nuclei, which bud off the oocyte nucleus, migrate to its cortex and become included 
in the early embryonic syncytium.
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3.1  Types and Origin of Syncytia and Giant Cells 

Syncytia are a common feature of multicellular organisms under natural and patho-
logical conditions (Kloc et al. 2022a). Syncytia derive from cell fusion (the “real” 
syncytia) or incomplete divisions of the founder cell (Kloc et  al. 2004, 2008; 
Spradling et al. 2022, in this volume). The fusing cells can be the same (homotypic 
syncytia) or a different type (heterotypic syncytia) (Oren-Suissa and Podbilewicz 
2007; Steinberg et al. 2010). Depending on the behavior of fusing cell nuclei, the 
syncytia can be divided into heterokaryotic and synkaryotic. In heterokaryotic syn-
cytia, the homotypic or heterotypic nuclei remain separate within the common cyto-
plasm forming binuclear or multinuclear syncytium (Strom and Bushley 2016). In 
synkaryotic syncytia, the nuclei fuse resulting in a mononuclear syncytium (Berndt 
et al. 2013). In some syncytia derived from incomplete divisions, the participating 
cells differ in the stage of differentiation and/or have a different fate (Kloc 2019; 
Spradling et al. 2022). Interestingly, in Drosophila, the positioning and movement 
of multiple nuclei within the syncytium are highly coordinated and regulated, and 
the nuclear movement depends on pulsed cytoplasmic flows coupled with synchro-
nous divisions (Donoughe et al. 2022; Padilla et al. 2022). In contrast, in the cricket 
Gryllus bimaculatus, during blastoderm formation, the nuclear movements do not 
depend on cytoplasm flow, their directions are asynchronous, and the movement 
speed and cycle length depend on the local density of nuclei (Donoughe et al. 2022). 
An interesting phenomenon in insect and other invertebrate oogenesis and early 
embryogenesis is the formation of accessory nuclei, which bud off the oocyte 
nucleus (Fig. 3.1a–d). In some insects, they remain attached to the oocyte nucleus, 
but in others, they migrate to the periphery of the oocyte (Fig.  3.1e) and future 
embryo. Accessory nuclei contain coilin and small ribonucleoproteins (snRNPs) 
and are believed to deliver these compounds to the early embryo (Biliński and Kloc 
2002; Jaglarz et al. 2008). Syncytia can be either permanent or temporary struc-
tures, which eventually cellularize (separate) into individual cells. Some syncytia 
polyploidize or endoreplicate DNA enhancing transcriptional activity. A separate 
category is the giant cells. Giant cells can be of syncytial origin or form through the 
hypertrophy of the cytoplasm combined with the polyploidization or endoreplica-
tion of DNA. Like syncytia, giant cells occur both under natural and pathological 
conditions (Kloc et al. 2022b). Additionally, there are multinuclear coenocytic cells, 
which derive from sequential nuclear divisions without cytokinesis or fusion 
(Ondracka et al. 2018; Xu et al. 2022). 

3.2  Insect Germline Syncytia 

In insects, like in many other invertebrates and vertebrates, female and male germ 
cells derive from the progenitor cells (Kloc et al. 2004, 2008; Spradling et al. 2022, 
in this volume; Yoshida 2016). The incomplete divisions (with partial or incomplete 
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Fig. 3.1 Accessory nuclei in insect oocytes. (a–e) Matsucoccus pini (Hemiptera, Coccomorpha: 
Matsucoccidae). (a, b) Oocyte nucleus surrounded by accessory nuclei. (c) Formation of accessory 
nucleus by budding off the nuclear envelope of oocyte nucleus. (d) Accessory nuclei translocate to 
the cortical ooplasm. (e) Accessory nuclei at the periphery of the oocyte. White spheres in the 
oocyte cytoplasm are lipid droplets. a, d, e Light microscopy, scale bar = 20 μm, b, c Transmission 
electron microscopy, scale bar = 1 μm. Black arrowheads accessory nuclei, fc follicular cells, m 
mitochondrion, oc oocyte, on oocyte nucleus

cytokinesis) of progenitor cells result in syncytium (cyst or nest) of cells connected 
by intercellular bridges. The incomplete or complete cytokineses of germline stem 
cells depend on the ESCRT-III protein Shrub (Mathieu et al. 2022; Matias et al. 
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2015). After progressing through the consecutive stages of gametogenesis within 
syncytium, eventually, the germ cells separate to form individual gametes. In some 
animals, including insects, some of the cells in the germline syncytium do not 
develop into gametes but form specialized cells which support germ cell/gamete 
development (Kloc 2019). 

3.2.1  Syncytia in Spermatogenesis 

Most of the studies on insect spermatogenesis have been done in Drosophila. 
Drosophila testes contain two subpopulations of stem cells: germline stem cells 
(GSCs) and somatic cyst stem cells (CySCs). Divisions of CySCs produce cyst 
cells, which encapsulate and support the development of germ cells (Zoller and 
Schulz 2012). Asymmetrical division of GSC results in another GCS and a precur-
sor of the gonioblast. Gonioblast undergoes four divisions with incomplete cytoki-
nesis. The result is the cyst of 16 spermatogonia (SGs) connected by intercellular 
bridges (ring canals). The signaling between the members of the cyst is coordinated 
by the fusome  (or polyfusome), a membranous/cytoskeletal structure which 
branches within the bridges (Frappaolo et al. 2022; McKearin 1997). The cyst of 16 
spermatogonia enters the S phase, followed by the prolonged G2 phase. 
Spermatogonia grow in volume, prepare for entry into meiosis, and become sper-
matocytes. Spermatocytes divide meiotically, with incomplete cytokinesis, forming 
the cyst of 64 spermatids connected by intercellular bridges. Mitochondria of early- 
post- meiotic spermatids migrate toward the nucleus and wrap around each other 
into a giant (6 micrometers in diameter) structure, the nebenkern (Chen and Megraw 
2014; Sawyer et al. 2017; Vedelek et al. 2016). The nebenkern provides a structural 
platform for sperm tail elongation. It contains a testes-specific protein Spermitin 
(Sprn) of unknown function, which contains Pleckstrin homology-like (PH) domain 
related to Ran-binding protein 1 (Chen and Megraw 2014). Spermatids enter the 
final differentiation program, spermiogenesis, to become functional gametes (sperm 
cells). Spermatid nuclei and cytoplasm shrink, and they lose most organelles. The 
nebenkern splits in half to surround the elongating axoneme and the acrosome 
forms. In the final step, the cyst individualizes into separate mature sperm cells, 
which migrate to the seminal vesicles (Fabrizio et al. 2012, 2020; Frappaolo et al. 
2022). The terminal differentiation, elimination of organelles, and individualization 
of sperm cells involve apoptotic enzymes (caspases) and proteasome proteolytic 
activity but without cell death (Huh et al. 2004). Caspase activation during this pro-
cess is facilitated by the F-box protein Nutcracker, which interacts with a Cullin-1- 
based ubiquitin ligase complex (SCF): Cullin-1 and chaperone protein Skp (Bader 
et al. 2010). In Drosophila, like in other animals, including mammals, during sper-
matogenesis, nearly a quarter of newly formed spermatogonia are eliminated 
through the programmed cell death that removes damaged or excess cells. When 
some of the cells within a 2–16 cell cyst require elimination, the neighboring cyst 
cells remove them through phagoptosis. Recent studies showed that the phagoptotic 
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ability of the cyst cells is facilitated by the transmembrane phagocytic receptor 
Draper (Drpr), which is the ortholog of mammalian Jedi/LRP/MEGF10. These cells 
produce endosomes and lysosomes, which acidify neighboring spermatogonia lead-
ing to the fragmentation and degradation of their DNA, which is followed by dead 
cell removal (Zohar-Fux et al. 2022). 

The described above scenario of spermatogenesis differs between different insect 
groups. For example, the number of divisions and thus spermatids in the cyst differ. 
Some flies usually have 32 spermatids per cyst; particular species of coccids may 
have 16, 32, or 64 spermatids; and caddis flies have 128 spermatids, while most but-
terflies, moths, and beetles have 256 spermatids per cyst (Phillips 1970; 
Robison 1990). 

The most fascinating examples of spermatogenic syncytia are those found in 
scale insects. These insects produce motile sperm bundles. Each bundle is sur-
rounded by a specialized cell (ensheathing cell) (Fig. 3.2a) derived from the cyst 
wall. While in the male reproductive tract, the cytoplasm and the nucleus of the 
ensheathing cell are discarded, and the sperm bundle becomes surrounded only by 
a double layer of membranes (Fig. 3.2b, c). The spermatozoa lack acrosome, mito-
chondria, centrioles, and flagellum. Each spermatozoon in the bundle is delineated 
lengthwise by a sheet of microtubules (Fig. 3.2b, c), which allow the sperm bundle 
to move in the female reproductive tract. Additionally, the whole bundle can propel 
forward and rotate through the coordinated motion of its spermatozoa (Robison 
1966, 1990; Ross and Robison 1969). Interestingly, in some scale insects, the sperm 
bundle penetrates the ovariole (i.e., the structural subunit of the ovary—for details, 
see the chapter by Brubacher in this volume). Sperm bundles enter the specialized 
cell located at the base of the ovariole (termed vestibular cell) (Fig. 3.2d, e), where 
they wait for the oocyte to complete its growth (Niżnik 2007; Robison Jr. 1990). It 
has been suggested that this unusual behavior of scale insect spermatozoa is related 
to the lack of micropylar openings in egg capsule. Consequently, the sperm needs to 
penetrate the oocyte before the formation of eggshell (Szklarzewicz et al. 2022).

Interestingly, the lepidopteran insects produce two types of sperm cells: eupy-
rene sperm cells, which have nuclei and fertilize eggs, and apyrene sperm (parasp-
erm, anuclear sperm), which do not contain DNA. Although the apyrene sperm is 
smaller than regular sperm, in butterflies and moth, it consists of >85% of all sperm. 
Both eupyrene and apyrene sperm derive from the bipotential spermatocytes. The 
eupyrene versus apyrene fate of spermatocyte depends on a hemolymph factor acti-
vated before or after pupation. The shift of spermatocyte toward apyrene fate 
depends on meiotic prophase shortening and inhibition of a meiotic lysine-rich pro-
tein synthesis (Friedländer 1997). Although it remains, unknown what is the exact 
role of apyrene sperm, it seems that it may help in sperm motility and dissociation 
from the sperm bundles, and/or by filling the spermatheca reduce female receptivity 
for re-mating (Friedländer 1997; Konagaya et al. 2020). Yang et al. (2022a) showed 
that eupyrene sperm development depends on methyltransferase BmHen1, which 
modifies Piwi-interacting RNAs (piRNAs) involved in silencing and control or 
transposable elements in the germ cells (Tóth et  al. 2016). Recently, Yang et  al. 
(2022b) showed that eupyrene spermatogenesis in the silkworm moth Bombyx mori 
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Fig. 3.2 Syncytia in spermatogenesis. (a–e) Icerya purchasi (Hemiptera, Coccomorpha: 
Monophlebidae). (a) Sperm bundle surrounded by a somatic cell. (b, c) Sperm bundle surrounded 
by two membranes. (d) Previtellogenic ovariole (longitudinal section). Note the vestibular cell 
surrounding the sperm bundle (arrow). (e) Sperm bundle (arrow) inside the ovariole. a-c, e TEM, 
scale bar = 2 μm, d LM, methylene blue, scale bar = 20 μm. Arrow sperm bundle, white arrow-
heads microtubules, white asterisk sperm nucleus, double arrow double layer of membranes, en 
nucleus of the ensheathing cell, fc follicular cells, fn follicular cell nucleus, m mitochondrion, oc 
oocyte, on oocyte nucleus, tc trophocyte, tn trophopcyte nucleus, vc vestibular cell (courtesy of 
Sylwia Niżnik, Jagiellonian University, Kraków, Poland)
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(Bm) depends on the BmPMFBP1 (Bombyx mori-specific version of polyamine- 
modulated factor 1 binding protein 1). Their bioinformatic analysis indicates that 
BmPMFBP1 is not homologous to mammalian PMFBP1. The BmPMFBP1 defi-
ciency resulted in abnormal eupyrene but normal apyrene sperm bundles and pre-
vented the release of eupyrene sperm bundles. This finding indicates that at least in 
the silkworm, the development of these two sperm types is regulated by differ-
ent genes. 

3.2.2  Syncytia in Oogenesis 

The formation of cysts during insect oogenesis follows a similar pattern to the for-
mation of male cysts (see Sect. 3.2.1). The progenitor cell of female germ cells 
(termed cystoblast) undergoes a series of synchronous incomplete mitotic divisions 
leading to the formation of syncytia termed clusters of cystocytes (Fig.  3.3a, b) 
(Bilinski et al. 2017). The number of cycles of divisions is genetically determined 
and species-specific, for example, in Drosophila melanogaster and most dipterans, 
the initial cystoblast undergoes four rounds of divisions resulting in the formation 
of 16 cystocytes (Fig. 3.3c). In butterflies, the cystoblast divides three times which 
leads to the formation of eight cystocytes, while in certain dermapterans, cystoblast 
divides only once to generate a simple two-cell cyst (Fig.  3.3d) (Büning 1994; 
Tworzydło et  al. 2010). However, in some carabid beetles and scale insects, the 
number of cystocytes does not reflect the number of cell divisions. This is probably 
caused by the loss of synchrony of cystocyte divisions (Jaglarz 1992; Szklarzewicz 
1998). As a result of incomplete cytokinesis, the cystocytes are connected by inter-
cellular bridges (for details, see the chapter by Brubacher in this volume). Bridges 
are filled with amorphous, electron-dense fusomal material. The fusomal material 
of all bridges fuse, forming a polyfusome, which integrates all the cystocytes within 
the cluster (Fig. 3.3b) (Büning 1994; Szklarzewicz 1997). According to Storto and 
King (1989), the polyfusome coordinates the divisions and affects the determination 
of the oocytes. In the polytrophic ovariole (for the detailed organization of insect 
ovariole types and their distribution among insect taxa, see the chapter by Brubacher 
in this volume), in each cluster, only a single oocyte forms, while the remaining 
cystocytes become trophocytes (i.e., cells responsible for the synthesis of RNA for 
the future embryo) (Fig. 3.3c, d). In the telotrophic ovariole, even 50% cystocytes 
may become oocytes. After completion of the differentiation of cystocytes into 
oocytes and trophocytes, the polyfusome vanishes. Simultaneously, intercellular 
bridges increase the diameter and thickness of the wall, which is related to their 
function—the transport of macromolecules (mainly RNAs) and organelles from the 
trophocytes to the developing oocyte (Büning 1994). The ovarioles retain their syn-
cytial character until the end of the oocyte growth (Fig. 3.3c–e).
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Fig. 3.3 Syncytia in oogenesis. (a, b) Orthezia urticae (Hemiptera, Coccomorpha: Ortheziidae). 
(a) Cysts containing interconnected cystocytes (encircled). (b) Polyfusome in the center of the 
cyst. (c) Tachypeza sp. (Diptera: Hybotidae). Ovarian follicle in the polytrophic ovariole (longitu-
dinal section) (courtesy of Szczepan Biliński, Jagiellonian University, Kraków, Poland). (d) Doru 
lineare (Dermaptera: Forficulidae). Ovarian follicle in the polytrophic ovariole (longitudinal sec-
tion). (e) Marchalina hellenica (Hemiptera, Coccomorpha: Marchalinidae). Telotrophic ovariole 
(longitudinal section). a, c–e LM, methylene blue, scale bar = 2 μm, d TEM, scale bar = 10 μm. 
Black asterisk intercellular bridge, cc cystocyte, cn cystocyte nucleus, fc follicular cells, m mito-
chondrion, oc oocyte, on oocyte nucleus, pf polyfusome, tc trophocyte, tn trophopcyte nucleus 

3.3  Insect Somatic Cell Syncytia 

3.3.1  Epithelial Syncytia 

In insects, a common strategy to repair injured epithelium is the formation of giant 
polyploid cells, which contain more than the diploid copy of chromosomes. Usually, 
the cell size increases in parallel with the polyploidization level. Polyploidization 
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occurs by endoreplication of DNA, cell fusion, or both. The wound-induced poly-
ploidization (WIP), accompanied by cell growth, is a conserved healing strategy in 
invertebrates and vertebrates. During wound repair, an increased cell size compen-
sates for cell loss. One of the advantages of forming giant polyploid cells instead of 
increased cell proliferation for tissue repair is lowering the possibility of cancer 
formation through uncontrolled cell divisions (Bailey et  al. 2020; Losick and 
Duhaime 2021; Nandakumar et  al. 2020). In Drosophila, the polyploid cells are 
generated within a few days after mechanical puncture. The post injury endoreplica-
tion in the epithelium is regulated by the protooncogene Myc (Bailey et al. 2020). 
Another pathway involved in polyploidization, cell fusion, and syncytium forma-
tion during wound healing is Hippo and its effector Yorkie which regulate cell pro-
liferation and apoptosis (Besen-McNally et al. 2021; Losick et al. 2013). Kakanj 
et al. (2022) recently showed that during wound healing in Drosophila, the forma-
tion of the multinucleated syncytium depends on the mTORC1-regulated autophagy. 

Another example of giant polyploid epithelial cells is those involved in the pro-
duction of male pheromone in the goldenrod gall fly Eurosta solidaginis. Males of 
E. solidaginis produce an incredibly high amount of sex pheromone. One male 
emits 70-85 μg of pheromone (tens-hundreds of times more than other insects) 
within 24 hrs, which requires super large cells for its production. These cells, located 
in the abdominal pleura, are 60–100 larger than equivalent epithelial cells in females 
and are the largest animal epithelial cells even recorded (Yip et al. 2021). They are 
multinucleated (>20 nuclei per cell), and each nucleus contains many nucleoli, indi-
cating increased transcriptional activity. The polyploidization probably occurs via 
endoreplication (Yip et al. 2021), but there is no information if the cell fusion is also 
involved in the formation of these giant cells. Recent studies of Drosophila brain 
cells suggest that the increased cell size and ploidy of the long-lived cells, such as 
neurons and glial cells, can play a protective role against oxidative stress related to 
the accumulation of age-related damage (Nandakumar et al. 2020). This study also 
showed that only some of all polyploid cells derive from cell fusion, while the 
majority arise from the endoreplication of DNA. 

In summary, it seems that cell fusion and/or polyploidization of somatic cells can 
not only increase synthetic capacity but also better protect from cell death. 

3.3.2  Multinucleated Giant Cells in Insect Immune Response 

The traditional view divides the immune system into innate and adaptive. According 
to this division, the role of innate immune cells is to prevent pathogen entry and 
rapid elimination of those already internalized. The innate immune response is char-
acteristic of invertebrates, including insects. It is antigen nonspecific, responds only 
to a small fraction of pathogens, and is short-lived and evolutionary older. In con-
trast, the vertebrates, besides innate immunity, developed more sophisticated, adap-
tive responses, which, through somatic recombination, can respond to nearly all 
encountered pathogens. Additionally, the adaptive immune cells can memorize 
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pathogen encounters. Such immunological memory allows for rapid and enhanced 
response to the reoccurring encounter with the same or similar pathogen. Although 
immunological memory was traditionally viewed as a trait of the adaptive immune 
system, thus, absent in invertebrates, recent studies showed that the innate immune 
cells could also memorize pathogen encounters (Kloc et al. 2023). Studies of innate 
immunological memory showed that some insect species develop lifelong protec-
tion against a wide range of pathogens and that pathogen recognition can be highly 
specific, indicating that insect immune cells can have immunological memory 
(Cooper and Eleftherianos 2017). A fascinating phenomenon related to immuno-
logical memory is transgenerational immune priming (TgIP). In TgIP, immune pro-
tection acquired by an insect is transferred to its offspring (López et al. 2014; Moret 
2006). Although it is currently unknown what is the mechanism of TgIP, it seems 
that some unknown factor transferred within the egg transmits memory of pathogen 
encounter to the developing immune cells of the offspring (López et al. 2014) and/ 
or induces the production of antimicrobial peptides in the hemolymph (Moret 2006). 

Insects’ body cavity (hemocoel) is filled with hemolymph, containing several 
types of immune cells (hemocytes). Hemocytes derive from the hematopoietic 
organ called a lymph gland through the proliferation of the prohemocytes (Grigorian 
et al. 2011). Hemocytes common for most insect species are plasmatocytes, granu-
locytes, and coagulocytes. Oenocytoids occur in Coleoptera, Lepidoptera, some 
Diptera, and some Heteroptera. Spherulocytes and adipohemocytes occur in 
Lepidoptera and Diptera. The main functions of hemocytes are phagocytosis, encap-
sulation of parasites too large to phagocytose, wound healing, coagulation, secre-
tion of mucopolysaccharides, and other factors. Hemocytes are necessary for insect 
immunity. Experimental elimination of hemocytes from Drosophila larvae dramati-
cally increases susceptibility to bacterial infection (Rosales 2017). 

Discovered recently is a novel subtype of insect hemocytes, the multinucleated 
giant hemocytes (MGHs). These cells are engaged in the anti-parasitic immune 
response (Cinege et  al. 2020, 2022). For example, in the ananassae subgroup of 
Drosophilidae, such as D. ananassae, D. pallidosa, D. atripex, D. pseudoanassae, 
D. bipectinata, D. malerkotliana, and D. parabipecinata, the MGHs encapsulate 
and kill eggs and larvae of parasitotic wasps, but do not participate in phagocytosis. 
MGHs form through the fusion of parasite-induced mononuclear and multinuclear 
hemocytes (Márkus et  al. 2015). In Drosophila melanogaster that does not have 
MGHs, the encapsulation and killing of the parasite are performed by the lamello-
cytes (hemocytes formed in response to parasite entry) and melanization, which 
generates reactive oxygen species (Nappi et al. 2009). In Drosophila ananassae, the 
MGHs develop within 72 hrs after oviposition of wasp eggs; they are highly mobile 
and express a high level of transcripts encoding hemolysin-like proteins and pore- 
forming toxins of prokaryotic origin, which may facilitate the elimination of the 
parasite (Cinege et  al. 2022). Studies of MGHs development in drosophilid 
Zaprionus indianus showed that they form both inside and outside of the lymph 
gland through cell fusion accompanied by nuclear divisions (Cinege et al. 2020). 
The MGHs have many similarities to mammalian macrophage-derived 
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multinucleated giant cells formed in the inflammatory granulatomas (Kloc et  al. 
2022a, b; Márkus et al. 2015). 

Another example of a giant but non-syncytial mononuclear cell is a mosquito 
megacyte formed in response to Plasmodium infection (Barletta et  al. 2022). 
Megacytes form from the granulocytes in response to the Toll signaling pathway 
triggered by the Plasmodium. Mosquito Anopheles gambiae responds to Plasmodium 
infection by recruiting megacytes to the midgut surface. Megacytes release 
hemocyte- derived micro vesicles (HdMv) that activate the mosquito’s complement- 
like system, destroying the parasites (Anderson 2000; Barletta et al. 2022). 

3.3.3  Muscle Cell Syncytia 

Cell fusion during development and regeneration of muscle syncytia has been thor-
oughly studied in invertebrates and vertebrates (Kim et al. 2015; Luo et al. 2022; 
Petrany and Millay 2019; Rout et al. 2022; Whitlock in this volume). Among insects, 
Drosophila, in which 60% of the genome is conserved with humans, is a well- 
established model to study muscle formation and regeneration. During embryogen-
esis the mononuclear myoblasts fuse into multinucleated syncytia (muscle fibers). 
In the insect’s life cycle, muscle syncytia first develop during embryogenesis and 
second time during metamorphosis. Fusing myoblasts make contact and fuse using 
the fusogenic synapse (fusion restricted myogenic adhesive structure (FuRMAS), 
also called a podosome-like structure (PLS)) rich in adhesion molecules surround-
ing the F actin center (Rout et  al. 2022). Fusogenic synapse was discovered in 
Drosophila, but it also occurs in fusing mammalian myoblasts and other cell types. 
During fusion, one of the fusing partners forms actin-based protrusions, which push 
on the partner’s cell membrane evoking actomyosin-based mechano-response. 
Forces generated by the pushing and resisting membranes engage the transmem-
brane proteins (fusogens), which induce the formation of the fusion pores and, 
eventually, unify the membranes (Brukman et  al. 2019; Kim and Chen 2019). 
Drosophila, like other holometabolic insects, have larval and adult stages. During 
metamorphosis, larval tissues formed during embryogenesis are replaced by adult 
tissues and organs. The body muscles of Drosophila larva are syncytia containing 
between 4 and 24 nuclei. The larva also has syncytial visceral muscles surrounding 
the midgut, which contain partially fused binuclear cells and multinuclear syncytia 
(Kim and Chen 2019). The pro-muscle clusters of the body muscles precursor cells 
express the bHLH protein Lethal of Scute (L’sc) under the control of the Receptor 
Tyrosine Kinase (RTK) pathway. The RTK, Ras, and Notch signaling limit the 
expression of L’sc to one cell only, which becomes the muscle progenitor cell. The 
muscle progenitor cell divides into two founder cells (FC) or one FC and one adult 
muscle progenitor cell (AMP). The muscle identity of the progenitor cells depends 
on the expression of muscle-specific proteins regulated by the cytoplasmic 
membrane- associated protein Numb that prevents Notch-mediated inhibition. The 
other cells of the pro-muscle cluster become the fusion-competent myoblasts 
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(FCMs). The fate of FCMs is determined by the Notch-mediated inhibition and 
transcription factors Lame duck and Tramtrack. The FCs undergo several rounds of 
fusion, forming different types of syncytial muscle. FC expressing a LIM- 
homeodomain protein Apterous forms lateral transverse muscle, while FC express-
ing myogenic basic helix-loop-helix protein Nautilus forms visceral muscle (Deng 
et al. 2017). 

Adult Drosophila contains flight muscle syncytia which have ~1000 nuclei and 
resemble mammalian skeletal muscle. Flight muscles derive from the myogenic 
precursor cells located in the wing imaginal disc which is set up during embryogen-
esis. During metamorphosis, some larval muscles remain and serve as a template for 
dorsal longitudinal muscles (DLM). DLM fuse with the migrating toward them 
myoblasts, which are derived from the precursor cells of the wing disc. The flight 
musculature also contains a subpopulation of satellite cells that regenerate muscle 
after the injury. 

Another subset of adult muscle is the testes muscles, which derive from precur-
sor cells located in the genital imaginal disc. In contrast to the flight muscle, they do 
not migrate but fuse in situ in the genital imaginal disc (Kim and Chen 2019; Rout 
et  al. 2022). Studies of Drosophila testes muscle development showed that the 
founder cell (FC)-like myoblasts express Dumbfounded (Duf) and Roughest (Rst), 
and the fusion-competent myoblast (FCM)-like cells mainly express Sticks and 
stones (Sns) (Kuckwa et al. 2016). Duf, Rst, and Sns are cell adhesion molecules 
from the immunoglobulin superfamily (Klapper et al. 2002). Duf expressed in the 
FCs attracts clusters of myoblasts for the subsequent fusion (Ruiz-Gómez et  al. 
2000). Rst is involved in cell sorting before apoptosis, fusion during muscle devel-
opment, and axonal pathfinding (Apitz et al. 2004). Sns interacts with the Type IIa 
receptor-like protein tyrosine phosphatases (RPTP) Lar during cell fusion and neu-
romuscular junction development (Bali et al. 2022; Kocherlakota et al. 2008). 
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Chapter 4 
Reshaping the Syncytial Drosophila 
Embryo with Cortical Actin Networks: 
Four Main Steps of Early Development 

Rebecca Tam and Tony J. C. Harris 

Abstract Drosophila development begins as a syncytium. The large size of the 
one-cell embryo makes it ideal for studying the structure, regulation, and effects of 
the cortical actin cytoskeleton. We review four main steps of early development that 
depend on the actin cortex. At each step, dynamic remodelling of the cortex has 
specific effects on nuclei within the syncytium. During axial expansion, a cortical 
actomyosin network assembles and disassembles with the cell cycle, generating 
cytoplasmic flows that evenly distribute nuclei along the ovoid cell. When nuclei 
move to the cell periphery, they seed Arp2/3-based actin caps which grow into an 
array of dome-like compartments that house the nuclei as they divide at the cell 
cortex. To separate germline nuclei from the soma, posterior germ plasm induces 
full cleavage of mono-nucleated primordial germ cells from the syncytium. Finally, 
zygotic gene expression triggers formation of the blastoderm epithelium via cellu-
larization and simultaneous division of ~6000 mono-nucleated cells from a single 
internal yolk cell. During these steps, the cortex is regulated in space and time, gains 
domain and sub-domain structure, and undergoes mesoscale interactions that lay a 
structural foundation of animal development. 

4.1  Introduction 

Beneath the plasma membrane, a thin protein network forms the cell cortex. The 
cortex is mostly made of actin cytoskeletal networks. These networks can focus at 
specific structures, e.g. cell adhesion complexes (Harris and Tepass 2010), or form 
broad cortical domains based on polymerization of filamentous actin (F-actin) and 
F-actin linkage to the plasma membrane (Svitkina 2020; Chugh and Paluch 2018). 
Non-muscle myosin II (“myosin”, hereafter) pulls on F-actin to contract such 
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domains. In contrast, the Arp2/3 protein complex binds F-actin and nucleates 
branched actin networks to expand cortical domains. These myosin- and Arp2/3- 
based actin networks are induced by the signalling of distinct Rho family small G 
proteins (Banerjee et al. 2020). Various components of the cell can activate or inhibit 
these signalling pathways, and such changes are often coupled with membrane traf-
ficking. For example, internal centrosomes can induce new cortical domains by pro-
moting F-actin growth and/or membrane exocytosis, as occurs at the immune 
synapse or the leading edge of migratory cells (Kopf and Kiermaier 2021). Once 
formed, cytoskeletal networks pull and push on a variety of subcellular components. 
For example, a major effect of cortical contractility is on the bulk cytoplasm: uni-
form cortical contraction and cytoplasmic counter pressure produces a spherical cell 
shape during mitotic cell rounding (Kelkar et al. 2020), whereas non-uniform corti-
cal contraction can constrict a portion of the cell inward and displace cytoplasm to 
other regions which bulge outward, e.g. during cytokinesis (Sedzinski et al. 2011) 
and bleb-based cell migration (Bodor et  al. 2020). During health and disease, 
dynamic cortical changes control cell division (Sugioka 2022), cell movement 
(Bodor et al. 2020), cell–cell fusion (Lee and Chen 2019), and cell–cell interactions 
(Lecuit et al. 2011). 

Early animal embryos are superb models for studying the control and effects of 
cortical actin networks. It is important to understand the cell cortex in naturally 
evolved contexts, and probing the first steps of animal development has special 
appeal. The large cells of early embryos are also ideal for microscopy and can be 
manipulated with a variety of approaches. Such studies reveal fundamental behav-
iours of the cell cortex. For example, studies of the one-cell C. elegans embryo have 
shown how a cell can polarize through centrosome-induced flow of the cortical 
actomyosin network to one pole and resulting counter flow of cytoplasm to the 
opposite pole (Gubieda et al. 2020; Munro et al. 2004). Analyses of frog and starfish 
blastomeres have revealed cortical feedback loops that generate dynamic waves of 
cytoskeletal activity associated with embryo cleavage (Michaud et al. 2021; Bement 
et al. 2015). Compaction of the mouse embryo also involves cortical waves of acto-
myosin (Maître et al. 2015), and cell–cell adhesion is reinforced by microtubule- 
based redistribution of cortical F-actin from the apical cell surface to cell–cell 
contacts (Zenker et al. 2018). 

Early Drosophila embryogenesis is a special case, since the first 3 hours of devel-
opment occur within a syncytium (Blake-Hedges and Megraw 2019; Schmidt and 
Grosshans 2018; Sokac et al. 2023; Lv et al. 2021; Sullivan and Theurkauf 1995; 
Mazumdar and Mazumdar 2002; Schejter and Wieschaus 1993b). The one-cell 
embryo develops outside the mother and is encased within an egg shell. For a single 
cell, its ~0.5 mm by ~0.2 mm size (Markow et al. 2009) is huge! Its ovoid shape 
exposes a broad plane of embryo surface, allowing detailed imaging of the cell cor-
tex. Much of syncytial development is directed by maternally supplied gene prod-
ucts (Vastenhouw et  al. 2019), which can be manipulated by Drosophila genetic 
approaches, optogenetics, and injections of chemical inhibitors. The syncytium is 
also pre-patterned with molecular distributions that direct gastrulation and later 
stages of embryogenesis (Stathopoulos and Newcomb 2020).
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Here, we review four main steps of syncytial development, starting with the first 
nuclear divisions and ending with formation of the blastoderm epithelium. Two of 
these steps, nuclear redistribution along the embryo long axis and nuclear division 
at the embryo periphery, involve networks of conserved molecular players that 
dynamically reshape the syncytium. Two additional steps, pole cell formation and 
cellularization, involve specialized factors that coopt cytoskeletal machinery to 
form mono-nucleated cells at specific locations and times. For all four steps, we 
review the induction and regulation of cortical actin networks, the structural organi-
zation of the networks, and how the networks function with each other and addi-
tional cell components to reshape the syncytial embryo. 

4.2  Axial Expansion: Spreading Nuclei Along the Anterior– 
posterior Axis of the Embryo 

4.2.1  General Context 

During the early stages of syncytial Drosophila development, nuclei and their asso-
ciated centrosomes undergo nine rounds of synchronous division away from the cell 
cortex (Blake-Hedges and Megraw 2019; Lv et al. 2021). Nuclei within the embryo 
are individually associated with centrosomes which generate microtubule-based 
mitotic spindles for nuclear division. Otherwise, the inner depths of the early 
embryo are mainly populated by yolk. However, a three-dimensional mesh of 
F-actin has been reported throughout the embryo (Von Dassow and Schubiger 
1994), and F-actin accumulates at mitotic spindles of the dividing nuclei (Telley 
et al. 2012; Von Dassow and Schubiger 1994). Additionally, the posterior pole con-
tains the germ plasm, a heterogeneous composite of phase-separated molecular con-
densates that ultimately distinguishes the germline from the soma (Dodson and 
Kennedy 2020). 

As early embryogenesis begins, the periphery of the one-cell embryo is relatively 
homogeneous (Schmidt and Grosshans 2018), with the possible exception of the 
posterior pole which has a distinct actomyosin network during oogenesis 
(Doerflinger et al. 2022). Microtubules form a thick network close to the plasma 
membrane and organize an interconnected system of endoplasmic reticulum (ER) 
and Golgi membranes (Frescas et al. 2006). Actin and myosin form a thinner fibrous 
network closely associated with the plasma membrane (Von Dassow and Schubiger 
1994; Royou et al. 2002). 

During nuclear division cycles 4–6, a process called axial expansion spreads 
nuclei from an initial anterior cluster to become evenly distributed along the 
anterior- posterior axis of the embryo (Blake-Hedges and Megraw 2019; Lv et al. 
2021). Axial expansion is ultimately required for an even distribution of mono- 
nucleated cells across the embryo (Royou et al. 2002). The process is dependent on 
contraction of the actomyosin cortex and involves mutual repulsion of mitotic 
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spindles. Elegant embryo extract studies have shown the control of nuclear distanc-
ing and arrangement by astral microtubule repulsion (Telley et al. 2012; De-Carvalho 
et al. 2022), but this mechanism is insufficient to redistribute nuclei from an initial 
semi-spherical cluster to a distribution that spans the full length of the ovoid embryo. 
This section focuses on the actomyosin cortex and its role in redistributing inter-
nal nuclei. 

4.2.2  The Role and Regulation of an Embryo-Wide 
Actomyosin Network 

For axial expansion, cortical myosin accumulation is key. The myosin network is 
first induced as a band that encircles the short axis of the embryo above the anterior 
cluster of nuclei (Fig.  4.1). This band assembles and disassembles with the cell 
cycle, with a maximum accumulation at interphase (Royou et al. 2002). The level of 
recruited myosin and width of the band both increase from cycle 4 to cycle 6, as 
axial expansion of the nuclei occurs (Royou et  al. 2002; Deneke et  al. 2019). 
Indicating the requirement of the induced myosin networks, embryos lacking myo-
sin activity fail to disperse the nuclei (Wheatley et al. 1995). As the myosin network 
forms, its contraction is evident from the cortex indenting (Royou et al. 2002) and 
from cortical flow (Deneke et al. 2019). Myosin turnover and redeployment are also 
important for axial expansion to occur (Von Dassow and Schubiger 1994). Further 
studies have shown how cortical myosin moves the internal nuclei and how the 
internal nuclei pattern cortical myosin.

Deneke et al. (2019) found that the localized cortical contraction induces cyto-
plasmic streaming that disperses the nuclei. Cytoplasmic streaming, detected by the 
movement of yolk granules, tightly correlates with myosin network contraction and 
nuclear dispersal. As a band of myosin contracts above the group of nuclei, the 
cytoplasm and nuclei move away from the site in a common flow. As the myosin 
network grows from cycles 4–6, so does the intensity of the cytoplasmic flows. And 
when the myosin network becomes uniformly distributed over the embryo cortex 
after cycle 6, the cytoplasmic flows subside. Optogenetic induction of a uniform 
distribution of myosin before cycle 6 also blocks the cytoplasmic flows (Deneke 
et al. 2019), indicating that localized myosin accumulation is needed to displace the 
cytoplasm. Thus, contraction of the band of cortical myosin around the nuclei leads 
to an internal flow of cytoplasm and nuclei towards the anterior and posterior of the 
one-cell embryo. From cycles 4–6, this repeated effect evenly distributes nuclei 
along the anterior–posterior axis, and when cortical myosin levels subside during 
mitosis, inter-spindle repulsion would additionally contribute to the nuclear spread 
(Telley et al. 2012; De-Carvalho et al. 2022) (Fig. 4.1). During cycles 6–9, when 
myosin repeatedly accumulates with a uniform distribution and when cytoplasmic 
flows are minimal (Deneke et  al. 2019), the nuclear distribution progressively 
expands  toward the cortex (Foe and Alberts 1983), presumably due to mitotic 
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Fig. 4.1 Axial expansion of the early nuclear distribution. During nuclear division cycles 4–6, 
actomyosin network contractions promote cytoplasmic flows leading to even spreading of nuclei 
along the embryo. During interphase, signals from the inner cluster of nuclei promote actomyosin 
activity at the cortex. Cortical flow and inward contraction of the actomyosin network displace 
cytoplasm and nuclei. During mitosis, the actomyosin network disassembles, and nuclei are dis-
tanced by repulsions among mitotic spindles. These steps repeat, with broadening of the nuclear 
distribution coupled with broadening of the induced actomyosin network. As more nuclei accumu-
late, they induce stronger actomyosin activity and stronger cytoplasmic flow  results in more 
nuclear spread. See main text for details

spindles repelling each other throughout the inner volume of the syncytium (Telley 
et al. 2012, De-Carvalho et al. 2022). 

The cycles of cortical myosin assembly and disassembly are entrained with the 
cell cycle. This role of the cell cycle was shown by cell cycle inhibitors blocking the 
cyclic accumulations of cortical myosin (Royou et al. 2002). A biosensor of phos-
phorylation by the kinase Cdk1 and de-phosphorylation by the phosphatase PP1 
revealed oscillations in the activities of these cell cycle regulators during the syncy-
tial divisions. During mitosis, there is high Cdk1 activity and low PP1 activity, and 
as nuclei exit mitosis, Cdk1 activity decreases, and PP1 activity increases (Deneke 
et  al. 2019, 2016). In addition to providing temporal information, this phospho- 
regulatory mechanism also provides spatial information, as PP1 activity emanates 
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from where the nuclei are found (Deneke et al. 2019). Higher PP1 activity precedes 
Rho small G protein activation which is followed by myosin assembly (Deneke 
et al. 2019), and Rho kinase activity is required for cortical myosin accumulation 
and contraction (Royou et al. 2002). Thus, cortical recruitment of myosin is depen-
dent on signalling timed by the cell cycle and positioned by the anterior cluster of 
nuclei. In this way, the nuclei direct their own dispersal by repeatedly inducing 
cortical myosin contraction and cytoplasmic flow. The link between PP1 activity 
and Rho small G protein activation remains unknown. 

Additional factors regulate the cycles of cortical myosin assembly. For example, 
the centrosomal protein CP190 is required for recruitment of myosin to the cortex 
and for axial expansion (Chodagam et al. 2005). Another factor needed for the corti-
cal myosin accumulation and axial expansion is the ubiquitin ligase Cul-5. Loss-of- 
function mutants of Cul-5 have no effect on the oscillatory activities of PP1 and 
Cdk1, suggesting it acts downstream or independently of this cell cycle regulation. 
The mutants do display reductions to Rho small G protein activation, cortical myo-
sin accumulation, and cytoplasmic flow, defects attributed to abnormally high activ-
ity of the non-receptor tyrosine kinase Src (Hayden et al. 2022). How Src affects 
Rho and myosin activation is unclear, and whether the regulation is linked to the cell 
cycle or is constitutive remains to be determined. 

In summary, the repeated recruitment of myosin to the one-cell embryo cortex is 
important for generating cytoplasmic flows that spread nuclei along the anterior- 
posterior axis for axial expansion. Cell cycle signals emanate from the internal clus-
ter of nuclei to induce each period of cortical myosin recruitment. Through this 
coordination of biochemical signalling and physical effects, the internal nuclei con-
trol the cortical contractions that displace them. Additional factors promote the 
myosin accumulation but remain incompletely understood, and the nuclear disper-
sion also involves physical repulsion between mitotic spindles. 

4.3  Pole Cell Budding: Separating Mono-nucleated 
Germline Cells from the Syncytial Soma 

4.3.1  General Context 

After axial expansion, nuclei that arrive at the posterior pole come into proximity to 
germ plasm and bud from the syncytium as mono-nucleated primordial germ cells, 
also known as pole cells (Foe and Alberts 1983; Schejter and Wieschaus 1993b) 
(Fig. 4.2). During earlier oogenesis, cytoplasmic determinants of the germline are 
recruited below the posterior cortex of the egg to form the germ plasm (Mahowald 
2001). After nuclei of the one-cell embryo are carried by cytoplasmic flows to the 
posterior cortex, they use their centrosomal microtubule arrays and associated 
dynein motor activity to integrate with the germ plasm (Lerit and Gavis 2011). At 
nuclear division cycle 10, the resulting pole cell nuclei then cellularize individually, 
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Fig. 4.2 Budding and cleavage of mono-nucleated primordial germ cells (pole cells). At nuclear 
division cycle 10, a posterior actomyosin network promotes the separation of pole cells from the 
syncytial soma. Throughout most of the embryo, actomyosin contraction is restrained. At the pos-
terior end of the embryo, actomyosin activity is promoted by the germ plasm. Myosin accumulates 
at the base of the budding pole cell and the bud furrow constricts. As the pole cell separates from 
the syncytium, an anaphase furrow divides it into two mono-nucleated cells. See main text 
for details 

thereby separating the germline from the syncytial soma (Strome and Lehmann 
2007). This cellularization process produces a cluster of round pole cells at the pos-
terior tip of the much larger syncytium (Blake-Hedges and Megraw 2019). The pole 
cell cluster remains at the posterior surface until it is internalized with the posterior 
mid-gut invagination during gastrulation (Dansereau and Lasko 2008). Many fac-
tors contribute to pole cell formation (Dansereau and Lasko 2008; Wilson and 
Macdonald 1993). Here, we will focus on the regulation and roles of cortical acto-
myosin networks. 

4.3.2  The Roles and Regulation of Local Actomyosin Networks 

The posterior cluster of pole cells forms through two types of myosin-based cleav-
age: one that asymmetrically divides the pole cell from the syncytial soma and 
another that symmetrically divides the pole cell (Cinalli and Lehmann 2013) 
(Fig. 4.2). After an initial budding of the cortex envelopes a pole cell nucleus, the 
first cleavage furrow, called the bud furrow, separates the pole cell from the rest of 
the syncytial embryo. At anaphase, a second cleavage furrow, called the anaphase 
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furrow, forms perpendicular to the cell base and divides the pole cell in two (Cinalli 
and Lehmann 2013; Warn et al. 1985). 

Specific factors control the budding and cleavage of pole cells. A key trigger is 
centrosome arrival at the one-cell embryo cortex. Normally, nuclei move from the 
interior to the cortex with associated centrosomes (Blake-Hedges and Megraw 
2019). However, inhibition of DNA synthesis de-couples this translocation, with 
centrosomes dividing and moving to the cortex on their own, and disrupted nuclei 
remaining deep within the embryo. The arrival of these centrosomes alone is suffi-
cient to trigger pole cell formation (Raff and Glover 1989). Reciprocally, disruption 
of centrosome integrity perturbs pole cell formation (Lerit et al. 2017). Initial bud-
ding of a pole cell involves assembly and expansion of an actin-rich cell surface cap 
through unknown mechanisms (Warn et al. 1985). The bud furrow that separates the 
pole cell from the syncytium requires a specific protein called Germ cell-less 
(Cinalli and Lehmann 2013), and the subsequent anaphase furrow seems to be 
directed by the mitotic spindle, similar to the division of mono-nucleated cells 
(Cinalli and Lehmann 2013; Lehner 1992; Mishima 2016). Germ cell-less was dis-
covered as a posteriorly enriched protein required for pole cell formation (Jongens 
et al. 1992). Cinalli and Lehmann (2013) not only discovered that Germ cell-less is 
required for the bud furrow but also that the level of Germ cell-less expression 
directly correlates with the speed of bud furrow constriction. Additionally, the 
myosin- enriched bud furrow requires Rho signalling and downstream effectors. 
Specifically, RhoGEF2 is localized to the bud furrow and is needed for its constric-
tion (Padash Barmchi et al. 2005), as are Rho1 and Rho kinase (Cinalli and Lehmann 
2013), as well as the formin Diaphanous (Dia) (Afshar et  al. 2000) and Anillin 
(Field et al. 2005). Overall, the combination of a nucleus-associated centrosome and 
germ plasm-associated Germ cell-less protein promotes pole cell cleavage from the 
syncytium via Rho signalling of actomyosin activity. How Germ cell-less protein 
promotes the bud furrow remains unclear, but crosstalk with centrosome regulation 
is evident (Lerit et al. 2017). 

As germline nuclei form pole cells at the posterior, somatic nuclei have moved to 
the periphery of the rest of the embryo but only induce transient cortical compart-
ments (discussed in the next section). There is the potential for these transient com-
partments to fully separate from the syncytium, but this is normally prevented. 
Restricting Germ cell-less to the germ plasm is important since ectopic expression 
of Germ cell-less throughout the syncytium increases the contraction of the tran-
sient compartments (Cinalli and Lehmann 2013). Depletion of Steppke, an Arf- 
guanine nucleotide exchange factor (GEF), also results in elevated myosin activity 
that excessively constricts the bases of the transient syncytial compartments (Lee 
and Harris 2013). At the anterior pole, depletion of Steppke results in the full cleav-
age of mono-nucleated somatic cells from the syncytium, a pronounced effect that 
might involve the unique geometry and/or specific protein localization of the pole. 
Reciprocally, over-expression of Steppke inhibits the normal cleavage of pole cells 
from the posterior pole (Lee et al. 2015). Normally, global expression of Steppke 
seems to prevent mono-nucleated cells from budding at ectopic sites, and local 
Germ cell-less activity allows pole cells to overcome this inhibition at the posterior 
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pole, an example of pattern formation through the coupling of global inhibition and 
local activation (Fig. 4.2). 

In summary, centrosome-associated nuclei arrive at the posterior pole, join the 
germ plasm, reshape the cell cortex, and separate from the syncytium as a cluster of 
mono-nucleated cells that become the germ line. The arrival of somatic nuclei to the 
rest of the syncytial cortex results in distinct cortical remodelling. 

4.4  The Syncytial Blastoderm: Repeated Cortical 
Compartmentalization for Dividing Somatic Nuclei 

4.4.1  General Context 

From nuclear division cycles 10–13, somatic nuclei divide at the one-cell embryo 
periphery in close association with the cell cortex (Fig. 4.3). After axial expansion 
completes, nuclei progressively move to the embryo periphery by microtubule- 
based propulsion (Baker et  al. 1993; Blake-Hedges and Megraw 2019; Lv et  al. 

Fig. 4.3 Forming dome-like compartments for dividing nuclei of the syncytial blastoderm. At 
nuclear division cycle 10, somatic nuclei begin dividing in close association with the one-cell 
embryo cortex. Assembly of a dome-like compartment for a dividing nucleus begins with centro-
some induction of an expanding actin cap and cell cycle induction of a surrounding actomyosin 
network. As the cap grows against the actomyosin network, it induces a smooth and circular acto-
myosin boundary which restrains cap growth in the embryo surface plane. With continued growth, 
the cap buckles to form a dome-like compartment. The actomyosin network is fenestrated with 
many actin caps and appears to promote swelling of the caps by constricting toward the embryo 
interior and generating cytoplasmic counterforces. Each dome-like compartment houses a mitotic 
spindle to attach it to the cortex and to prevent collisions with neighbouring spindles. See main text 
for details
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2021). At cycle 10, an unknown trigger induces close association of most nuclei 
with the cortex. As the nuclei gain cortical association, they use their centrosomal 
microtubule networks to divide the previously continuous endoplasmic reticulum 
among them. In this way, each nucleus organizes its own endomembrane system 
within the syncytium (Frescas et  al. 2006). The cell cortex also gains a domain 
structure linked to nuclear positioning. An actin cap forms above each nucleus, and 
an embryo-wide actomyosin network assembles between and around all of the caps 
(Foe et al. 2000). Plasma membrane compartmentalization is evident from minimal 
lateral exchange of membrane components between neighbouring caps (Mavrakis 
et  al. 2009). Each actin cap grows into a dome-like compartment that remains 
basally open. These compartments form synchronously as embryo-wide arrays with 
structural analogy to cardboard egg trays. Neighbouring compartments ingress in 
close association. The close apposition of their sides forms pseudocleavage furrows. 
As these furrows ingress, actomyosin localizes at their base and maintains an 
embryo-wide network that integrates across the compartments (Foe et  al. 2000; 
Zhang et al. 2018). The compartments form temporarily to house dividing nuclei. 
By providing attachment sites for spindles and preventing the collision of neigh-
bouring spindles, the compartments prevent aberrant nuclear fusions and maintain 
nuclei at the embryo periphery, where they will ultimately form the first embryonic 
epithelium of mono-nucleated cells. The compartments partially regress after each 
nuclear division cycle and then reform with a doubling of number for the next 
nuclear division cycle (Sullivan and Theurkauf 1995; Schejter and Wieschaus 
1993b). In addition to housing nuclei, the compartmentalization also restricts the 
diffusion embryonic patterning factors across the syncytium (Daniels et al. 2012). 
As discussed in this section, growth of the dome-like compartments is directed by 
the centrosome and driven by pathways of actin network growth and membrane 
delivery. Biophysical interactions further coordinate the caps, spindles, and embryo- 
wide actomyosin network.

4.4.2  Induction and Growth of an Actin Cap 

Signals from the centrosome are key for inducing the actin cap of each nucleus 
(Fig. 4.3). Actin cap growth and disassembly are synchronous with the cell cycle 
(Warn et al. 1984). At anaphase, actin accumulation is initiated above the centro-
some at each pole of the mitotic apparatus (Karr and Alberts 1986). Showing the 
sufficiency of centrosomes to induce the caps, induction of actin accumulations 
occurs above centrosomes even when they migrate to the embryo periphery without 
nuclei (Raff and Glover 1989). The requirement of centrosomes is evident from 
analyses of mutants with compromised centrosome integrity (Megraw et al. 1999; 
Vaizel-Ohayon and Schejter 1999). With loss of the core centrosome component 
Centrosomin, actin accumulation is diminished at nascent caps, and later compart-
ments are fragmented (Vaizel-Ohayon and Schejter 1999). A mutant allele affecting 
a specific domain of Centrosomin separates its role in building the mitotic spindle 
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from its role in inducing actin caps, with only the latter disrupted. This domain was 
found to bind a protein called Centrocortin, which localizes to both the centrosome 
and the actin cortex and is needed for inducing the actin caps. Thus, Centrocortin 
seems to be specifically involved in signalling from the centrosome to the actin cap 
(Kao and Megraw 2009). Another candidate for mediating signalling from the cen-
trosome to the actin cortex is the protein Scrambled, which also associates with both 
locations, and is needed for actin accumulation at the caps (Stevenson et al. 2001). 

A major contributor to the growth of an actin cap is the Arp2/3 complex, acti-
vated downstream of a conserved small G protein signalling pathway. A dedicator 
of cytokinesis (DOCK) family GEF, Sponge, and its adaptor protein, Engulfment 
and Cell Motility (ELMO), both localize to the surface cap and sides of the dome- 
like compartment, and are both required for cap growth into the compartment 
(Postner et al. 1992; Zhang et al. 2018; Schmidt et al. 2018). Rac-GTP also accumu-
lates at the cap and compartment sides, and this accumulation requires Sponge 
(Zhang et al. 2018), consistent with the small G protein specificity of DOCK3 and 
DOCK4 (Kukimoto-Niino et al. 2021), the predicted human orthologs of Sponge 
(Flybase). An effector of Rac-GTP is the Scar/WAVE complex, which binds and 
activates the Arp2/3 network for F-actin assembly (Rottner et al. 2021). Both Scar 
and components of the Arp2/3 complex localize to the surface cap and sides of the 
dome-like compartment, and are needed for growth of the cap into the compartment 
(Zallen et al. 2002; Stevenson et al. 2002; Zhang et al. 2018). Rac-GTP promotes 
the cap localization of Scar, and Sponge is also required for the cap localization of 
Scar and Arp2/3 (Henry et  al. 2022). Arp2/3 seems to induce puncta of F-actin 
across the cap (Jiang and Harris 2019), suggestive of a growing cortical domain 
composed of interconnected actin asters (Svitkina 2020). It is tempting to speculate 
that these cortical domains grow in coordination with new membrane addition: new 
portions of plasma membrane and new actin asters might be added in concert to 
expand the domain of a cap. However, F-actin turnover during cap expansion must 
also be taken into account (Cao et al. 2010). 

Additional regulators of Arp2/3 networks affect growth of the cap. Specifically, 
the proteins Coronin and Cortactin localize across the early cap, and with cap 
growth, Cortactin becomes uniquely localized to the cap periphery (Xie et al. 2021). 
Sponge is needed for the accumulation of both proteins (Henry et al. 2022), and 
Coronin is needed for the peripheral localization of Cortactin (Xie et  al. 2021). 
Accumulation of F-actin in the cap relies more on Coronin at earlier stages and 
more on Cortactin at later stages, and both proteins are needed for caps to attain 
normal areas (Xie et al. 2021). As the caps bend inward, the sides of the resulting 
dome-like compartments also differentiate into sub-domains with additional com-
ponents (Schmidt and Grosshans 2018). How elaborations to the cortex affect the 
transformation of a 2D actin cap into a 3D dome-like compartment will be impor-
tant to investigate further. 

The expanding cap is also a composite of Arp2/3-based actin asters and Dia- 
based actin bundles. The formin Dia is needed for full cap growth and proper forma-
tion of a dome-like compartment (Afshar et al. 2000; Cao et al. 2010; Jiang and 
Harris 2019). Although most strongly localized to cortical actomyosin networks by 
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Rho small G protein signalling (Afshar et al. 2000; Grosshans et al. 2005), Dia also 
localizes to the cortex of the expanding actin cap, a domain with relatively low Rho- 
GTP (Jiang and Harris 2019). Dia localizes to actin bundles at the base of inward 
folds that criss-cross the cap surface, and growth of Arp2/3 networks in between the 
bundles appears to push them apart as the cap grows. Thus, the bundles seem to 
provide cap sub-structures that may coordinate local Arp2/3 network expansions for 
overall cap growth (Jiang and Harris 2019). Notably, the Arp2/3-dependent actin 
asters form independently of Dia, and the Dia-based actin bundles form indepen-
dently of Arp2/3 (Jiang and Harris 2019), and the separate networks appear to com-
plete for actin monomers (Xie et al. 2021). The kinase Par-1 is specifically required 
for the Dia-based actin bundles, Dia localization to the bundles, and overall cap 
growth. Providing another potential link between the centrosome and cap, Par-1 
localizes to both the centrosome and the Dia-based bundles of the cap (Jiang and 
Harris 2019). 

Membrane trafficking is also an important contributor to growth of the dome-like 
compartment. From cycles 10–13, pseudocleavage furrows ingress more and more 
deeply, and during each cycle they ingress rapidly (Holly et al. 2015). This ingres-
sion requires expansion of the cortical actin cytoskeleton coupled with delivery of 
membrane from internal stores. The small G proteins RalA and Rab8 are required 
for transport of internal membrane to supply the growing furrows (Holly et al. 2015; 
Mavor et al. 2016). Each protein has been linked to the exocyst complex that tethers 
exocytic vesicles to the plasma membrane (Wu and Guo 2015). RalA localizes to 
the plasma membrane and is required for recruitment of the exocyst and Rab8 
(Holly et  al. 2015). Rab8 additionally localizes to a vesicle population partially 
overlapping with recycling endosomes and Golgi mini-stacks and requires the exo-
cyst for plasma membrane localization (Mavor et al. 2016). The small G protein 
Arf1, a Golgi regulator, is also needed for furrow growth as well as the proper struc-
ture of Golgi mini-stacks. Arf1 localizes most strongly to Golgi mini-stacks and at 
lower levels to other internal membranes and the plasma membrane. ASAP, an Arf1 
GTPase activating protein (GAP), is similarly required for furrow growth and for 
Arf1 localization at the Golgi. Intriguingly, ASAP localizes strongly to the plasma 
membrane, suggesting it may promote the recycling of Arf1-GDP back to the Golgi 
for activation and function, although ASAP also undergoes a dramatic redistribution 
to the nuclear matrix during mitosis (Rodrigues et al. 2016). Another key regulator 
of intramembrane trafficking is Nuclear-fallout, an ortholog of arfophilins which 
bind and function with both Arf5 and Rab11 (Hickson et al. 2003). Nuclear-fallout 
cycles between the cytoplasm and a pericentrosomal localization associated with 
recycling endosomes (Rothwell et al. 1998; Riggs et al. 2003). It is needed for form-
ing the dome-like compartments (Rothwell et al. 1998) and for trafficking to the 
pseudo-cleavage furrow from internal membranes (Rothwell et al. 1999). To do so, 
Nuclear-fallout cooperates with Rab11 which it binds through a conserved motif 
(Riggs et al. 2003). The centrosomal localization of Nuclear-fallout relies on micro-
tubules and dynein and occurs specifically when pseudocleavage furrows form dur-
ing the cell cycle (Riggs et  al. 2007). This cell cycle-dependent localization of 
Nuclear-fallout is controlled by phospho-regulation downstream of Cdk1 and Polo 
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kinase (Brose et al. 2017). Thus, Nuclear-fallout is spatially and temporally linked 
with centrosome induction of the dome-like compartments. It will be interesting to 
learn how the effects of Nuclear-fallout integrate with those of other trafficking 
regulators, such as RalA, Rab8, and Arf1, and with the induction of cortical Arp2/3 
actin networks. Additionally, endocytosis is associated with formation of the com-
partments (Sokac and Wieschaus 2008; Rikhy et  al. 2015) and is substantially 
increased as the compartments regress (Sokac and Wieschaus 2008). 

4.4.3  Coupling Cap Growth with the Mitotic Spindle 

Growth of the dome-like compartment is closely coupled with assembly and length-
ening of the mitotic spindle, both locally and across the embryo. Nascent actin caps 
are roughly circular as they form over each centrosome at anaphase and telophase 
(Sullivan and Theurkauf 1995; Schejter and Wieschaus 1993b). After centrosome 
duplication at interphase, continued surface expansion of the cap is needed for full 
separation of the two centrosomes (Cao et al. 2010), and excessive expansion of a 
cap leads to an abnormal increase in centrosome separation (Sommi et al. 2011). 
Indicating that these effects are physical, centrosomal microtubules associate 
closely with the cortex of the actin cap (Cao et al. 2010; Sommi et al. 2011). By 
interphase, the caps have transformed into shallow and circular dome-like compart-
ments. As the compartments continue to ingress, DE-cadherin-based adhesion 
between neighbouring compartments transforms the circular compartments into 
hexagonal compartments (Dey and Rikhy 2020). From metaphase to anaphase, each 
compartment then elongates in concert with lengthening of the mitotic spindle 
(Sullivan and Theurkauf 1995). These elongations present a potential challenge: 
there might not be enough embryo surface area for all compartments to expand 
simultaneously. This crowding problem is avoided since the formation, expansion, 
and regression of the dome-like compartments occurs in waves across the embryo 
in response to a dynamic cell cycle signalling network (Deneke et al. 2016). Because 
of these waves, mechanical properties differ across the interconnected cortex of the 
one-cell embryo at any one time. Over time, neighbouring regions expand and con-
tract in coordination, and the embryo cortex displays so-called yo-yo motions, with 
nuclei moving from their original positions and then returning. Analyses of 
Kinesin-5 and Map 60 mutants indicated that spindle elongation is required for 
regions to expand, and actin networks are needed for the return movement, possibly 
due to elasticity of the network, to cell cycle-dependent induction of actomyosin 
networks, or to both effects (Lv et al. 2020). It remains unclear how these move-
ments might affect diffusing signals of embryo pre-patterning, but mixing effects 
may be minimized by both the nucleus-associated endomembrane networks (Frescas 
et al. 2006) and the pseudocleavage furrows (Daniels et al. 2012).
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4.4.4  Coupling Cap Growth with the Surrounding 
Actomyosin Network 

An interconnected actomyosin network surrounds and separates the actin caps and 
then localizes to the basal rims of the dome-like compartments as an embryo-wide 
network. Like pre-cycle 10, the broad actomyosin network assembles and disas-
sembles with the cell cycle. Cortical myosin appears at the start of telophase (Royou 
et  al. 2002), just after actin caps begin to grow (Sullivan and Theurkauf 1995, 
Schejter and Wieschaus 1993b). It accumulates maximally at interphase and pro-
phase, as dome-like compartments arise, and it disassembles to a minimum by 
metaphase (Royou et al. 2002), when the compartments are at their deepest (Sullivan 
and Theurkauf 1995, Schejter and Wieschaus 1993b). 

Strikingly, myosin perturbations that disrupt either earlier axial expansion or 
later cellularization do not prevent formation of dome-like compartments of the 
syncytial blastoderm (Royou et al. 2004). With diminished myosin activity, a com-
partment seems to form by an expanding cap growing against a non-contractile 
composite of remaining components of the actomyosin network, including Anillin 
and the septin Peanut. As individually expanding caps grow against these domains, 
and each other, they appear to transform into dome-like compartments by buckling 
(Zhang et al. 2018). 

When both networks are active, they affect each other. Normally, intervening 
actomyosin networks thin as the actin caps expand, and actomyosin is restricted to 
the tips of the ingressing pseudocleavage furrows (Royou et al. 2002; Zhang et al. 
2018). Weakening of the caps leads to expanded distributions of the actomyosin 
domains (Zhang et al. 2018; Schmidt et al. 2021), and tracking of individual ele-
ments of the actomyosin networks suggests they are physically displaced by the cap 
(Zhang et al. 2018). Reciprocally, weakening of the actomyosin domain leads to 
excessive lateral expansions of caps into irregular shapes (Zhang et al. 2018; Sommi 
et al. 2011; Sherlekar et al. 2020). The restriction of cap growth by the surrounding 
actomyosin network seems to unify pseudocleavage furrow length, since myosin 
perturbation leads to irregular centrifugal growth of individual caps and non- 
uniform depths of pseudocleavage furrows around dome-like compartments (Zhang 
et al. 2018; Sherlekar and Rikhy 2016). Additionally, myosin is responsible for ten-
sile stress detected across cap surface (Zhang et al. 2018). Since myosin activity 
restricts cap expansion in the embryo surface plane (Zhang et al. 2018, Sommi et al. 
2011, Sherlekar et  al. 2020), the actomyosin network does not seem to pull cap 
circumferences centrifugally in this plane. Instead, the tensile stress across the cap 
surface may arise from swelling of the cap by myosin-dependent displacement of 
cytoplasm. As discussed, earlier axial expansion of nuclei involves displacement of 
internal cytoplasm by inward contraction of an embryo-encircling myosin network. 
When the myosin network becomes fenestrated with actin caps, its inward squeez-
ing may displace cytoplasm into the caps, swelling them and generating tensile 
stress across their surfaces. Thus, formation of the dome-like compartment seems to 
involve myosin-corralled buckling and myosin-promoted swelling of the growing 
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cap (Fig.  4.3), although an irregularly shaped compartment can still form when 
myosin is depleted. 

The actomyosin network surrounding the caps appears to be regulated both bio-
chemically and mechanically. One level of biochemical regulation is the assembly 
and disassembly under the control of cell cycle regulators (Royou et  al. 2002). 
Induction involves Rho small G protein signalling, and full assembly involves mul-
tiple proteins (including Anillin, Peanut, and Dia) that recruit each other to the acto-
myosin domains and promote integrity of the pseudocleavage furrow (Schmidt and 
Grosshans 2018). Also, actomyosin activity is held in check to restrain contractility 
around the base of each dome-like compartment. Myosin phosphatase localizes to 
the actomyosin domain and prevents over-constriction of the actomyosin ring that 
encircles the base of the dome-like compartment (Zhang et al. 2018). Steppke also 
localizes to the domain and uses its Arf-GEF activity to prevent actomyosin ring 
hyper-constriction that can abnormally dislodge nuclei from the embryo periphery 
(Lee and Harris 2013). Involving an apparent physical effect, actin cap expansions 
are also required for forming full-sized clearances across the embryo-wide acto-
myosin network (Zhang et al. 2018). Moreover, Arp2/3 activity is needed for enrich-
ment of myosin in a smooth circle around the cap (Sharma et al. 2021), a circle that 
becomes the base of the dome-like compartment (Zhang et  al. 2018). In silico 
reconstitution studies of interactions between the two networks indicate that the 
local induction of a circular actomyosin network requires both centrifugal pushing 
of the Arp2/3 network and a local mechanical response of surrounding myosin 
mini-filaments that increases their activity and results in a contractile ring around 
the cap (Sharma et al. 2021). In this way, an actomyosin ring can be locally induced 
in a mainly non-contractile network to restrain cap growth and properly shape the 
dome-like compartment for mitosis (Fig. 4.3). This lateral interaction between the 
expanding cap and actomyosin border is most relevant at the start of the syncytial 
blastoderm division cycles, a stage when both the caps and surrounding actomyosin 
networks assemble near the embryo surface plane (Sharma et al. 2021; Zhang et al. 
2018; Foe et al. 2000). At later cycles, when pseudocleavage furrows of the dome- 
like compartments regress to a lesser degree (Holly et al. 2015), lateral interactions 
between Arp2/3 and actomyosin networks may only occur at the flatter cortex 
between the sister nuclei of a division, and it is less clear how actin caps induced 
above the centrosome spread down the sides of non-regressed pseudocleavage fur-
rows to meet newly assembled actomyosin networks at their base. Another unknown 
is the nature of the interface between the Arp2/3 and actomyosin cortical domains 
that prevents them from mixing as they laterally interact to reshape the cell. 

The syncytial blastoderm is a model for how the cortex can be rapidly and ste-
reotypically reshaped by coordinated activities of the centrosome, membrane traf-
ficking, expansive cortical actin networks, and contractile cortical actin networks. 
The factors involved are conserved across animals and are deployed uniquely to 
form arrays of cortical compartments that house nuclei as they divide at the periph-
ery of a syncytium.
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4.5  Cellularization: Making the First Embryonic Epithelium 

4.5.1  General Context 

As the nuclear division cycles of the syncytial blastoderm occur, the embryo under-
goes a transition from maternal to zygotic gene expression (Vastenhouw et al. 2019). 
Some of the newly expressed proteins direct dramatic cortical changes responsible 
for transforming the syncytial blastoderm into the first embryonic epithelium of 
mono-nucleated cells, the cellular blastoderm (Fig. 4.4). This process of cellulariza-
tion occurs after nuclear division cycle 13, during an extended interphase of cycle 
14. At the onset of cellularization, centrosomes duplicate atop each nucleus and 
nucleate microtubule networks that extend downward to form inverted baskets that 
encase each nucleus and provide a scaffold to build each columnar epithelial cell 
(Fig.  4.4). Like earlier pole cell formation, the cellularization of somatic nuclei 
involves a coincidence detector, but instead of spatially localized germ plasm acting 
with centrosomes, cellularization involves temporally induced zygotic gene 

Fig. 4.4 Forming mono-nucleated epithelial cells of the cellular blastoderm. During interphase of 
nuclear division cycle 14, the soma undergoes cellularization to form mono-nucleated cells. 
Membrane delivery along polarized microtubules supplies apical microvilli which unfold to form 
lateral membranes. The lateral furrows are also pulled inward. Around the base of each compart-
ment, a hexagonal actomyosin network assembles but is inhibited. After lateral membranes grow 
below the nucleus, inhibition of actomyosin contraction is reduced. The base of each somatic cell 
is then closed off by the contraction of an actomyosin ring, simultaneously separating ~6000 epi-
thelial cells from the large yolk cell within. See main text for details
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products acting in conjunction with centrosome-directed activities. For an overview 
of cellularization, we will compare and contrast key aspects of the process with the 
earlier transient compartmentalization of the syncytial blastoderm. For detailed 
explanations of cellularization, comprehensive reviews are available (Mazumdar 
and Mazumdar 2002; Sokac et al. 2023).

4.5.2  Coupling Membrane Trafficking and Actin Networks 

Similar to actin cap induction, nucleus-associated centrosomes are key to the initia-
tion of cellularization. At cellularization, however, the major role of the centrosomal 
microtubule network is to direct membrane trafficking for growth of lateral furrows. 
Initially, membrane exocytosis is directed to the apical surface of the forming com-
partments (Lecuit and Wieschaus 2000) (Fig. 4.4). This exocytosis contributes to 
growth of numerous apical microvilli, which assemble and disassemble through the 
dynamic remodelling of F-actin cores (Figard et al. 2016). The membrane delivery 
involves both recycling and biosynthetic pathways (Sokac et al. 2023). For example, 
Golgi components are trafficked to the apical surface of the cell via the polarized 
microtubule network and minus-end-directed dynein motor activity (Papoulas et al. 
2005), and the exocyst complex localizes to the apical surface (Murthy et al. 2010). 
Although organized by a centrosomal microtubule network, the cellularization com-
partment does not appear to form from an actin cap. Upstream cap inducers, Sponge 
and ELMO, no longer enrich at the apical surface and instead accumulate in an 
apicolateral ring (Schmidt et  al. 2018). Compared to actin caps of the syncytial 
blastoderm, the apical surfaces of cellularization compartments display a high den-
sity of microvilli (Turner and Mahowald 1976). During cellularization, the dense 
network of apical microvilli continually unfolds and joins the ingressing furrows 
(Figard et  al. 2013) and is continually reformed by polarized exocytosis (Figard 
et al. 2016). The shift from forming a compartment from a centrosome-organized 
cap to a centrosome-organized microvillar network involves the maternal-to-zygotic 
transition of gene expression (Schmidt et al. 2022). The structural order and stereo-
typed timing of cellularization (Mazumdar and Mazumdar 2002, Sokac et al. 2023) 
suggests additional drivers of ingression, and plus-end-directed microtubule motor 
activity has been implicated (Sommi et al. 2010). Embryo-wide actomyosin net-
works at the base of cellularization furrows also unify their ingression (Sokac 
et al. 2023). 

Similar to compartment formation of the syncytial blastoderm, actomyosin net-
works are displaced from the apical domain above the centrosome at the beginning 
of cellularization and then accumulate at the basal tips of ingressing furrows. 
However, cellularization-specific mechanisms are involved in the redistribution. 
Instead of an actin cap displacing actomyosin from above the centrosome, initial 
assembly of an apical actomyosin network is followed by a cortical flow to early 
furrows (He et al. 2016). As they flow from the apical domain, the actomyosin net-
works require a zygotically expressed protein called Dunk for their even furrow 
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distribution. Dunk colocalizes with actomyosin at the furrows, and its requirement 
for even actomyosin localization can be explained by a role in maintaining uniform 
tension gradients around the furrow base. Uneven actomyosin localization that 
arises in the absence of Dunk is rescued by the activity of another zygotically 
expressed protein called Slam (He et al. 2016). Slam localization to the furrow base 
involves centrosome-directed membrane trafficking (Acharya et al. 2014), and once 
there, Slam protein promotes the localization of its own mRNA for local translation 
and self-reinforced Slam accumulation at the furrow tip (Yan et al. 2017). A major 
effector of Slam is RhoGEF2 (Wenzl et al. 2010), which promotes actomyosin net-
work assembly that unifies furrow growth across the embryo together with a num-
ber of other players (Sokac et al. 2023). Slam (an acronym for slow-as-molasses) is 
required for the rapid ingression of cellularization furrows (Lecuit et al. 2002), but 
normal ingression speed does not require myosin-based contractility (Royou et al. 
2004), implicating additional effects downstream of Slam, including other actin net-
work activities (Sokac et al. 2023) and membrane trafficking (Lecuit et al. 2002). 

As cellularization furrows ingress, specific factors antagonize actomyosin activ-
ity to prevent the base of the cell from closing prematurely (Fig. 4.4). A key regula-
tor of contractility around the compartment base is the zygotically expressed protein 
Bottleneck. Without Bottleneck, premature constriction of the compartment base 
can pinch the nucleus and displace it to the embryo interior (Schejter and Wieschaus 
1993a). Two Rho-GAPs also regulate the actomyosin ring constriction (Mason et al. 
2016; Sharma and Rikhy 2021), as does the Arf-GEF Steppke which downregulates 
Rho1 protein levels at the furrow tip independently of RhoGEF2 (Lee and Harris 
2013). After the furrows pass the base of the nuclei, the regulatory balance shifts, 
and the compartment base constricts through both myosin activity and F-actin dis-
assembly (Sokac et  al. 2023). The trigger for this shift remains unknown, but it 
results in the synchronous division of ~6000 mono-nucleated cells of the blasto-
derm epithelium from a single large yolk cell that fills the embryo interior (Mazumdar 
and Mazumdar 2002, Sokac et al. 2023) (Fig. 4.4). By the end of cellularization, 
each cell has gained initial adherens junctions and apicobasal polarity (Schmidt and 
Grosshans 2018; Harris 2012), and the embryo embarks on the epithelial rearrange-
ments of gastrulation under the direction of gene expression pre-patterns established 
during syncytial development (Stathopoulos and Newcomb 2020). 

4.6  Concluding Remarks 

The four main steps of syncytial Drosophila development provide multiple exam-
ples of cell shape change based on cortical actin networks. During these changes, 
the cortex is controlled by the cell cycle, the centrosome, and developmental factors 
that accumulate at specific locations and times. Overall, the system exemplifies how 
an early embryo takes form through the combined effects of genetics, biochemistry, 
and biophysics. However, many unknowns remain. Inductive pathways and regula-
tory loops are incompletely defined, as are the molecular mechanisms that drive 
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transitions from one step of syncytial development to another. It is also important to 
dissect how molecular assemblies interact at the mesoscale, as well as the mechani-
cal properties, molecular complexities, and dynamics of the subcellular materials 
involved. Approaches combining genetic manipulations with cutting-edge micros-
copy will continue to bear fruit. Comprehensive understanding of how the early 
Drosophila embryo takes shape will be gained by augmenting these approaches 
with targeted proteomics (e.g. Müller et al. 2010), rheology (e.g. D’angelo et al. 
2019; Doubrovinski et al. 2017; Wessel et al. 2015), optogenetics (e.g. Deneke et al. 
2019), and mathematical modelling (e.g. Deneke et al. 2019; Sharma et al. 2021; He 
et al. 2016; Lv et al. 2020). Lessons learned are relevant to cell shape changes across 
animals and in disease states. They may also inspire strategies to construct devices 
from cytoskeletal smart materials (Banerjee et al. 2020; Galland et al. 2013) and 
shape-shifting metamaterials (Pishvar and Harne 2020; Holmes 2019). 

Acknowledgements Our studies of the syncytial Drosophila embryo are supported by a Natural 
Sciences and Engineering Research Council of Canada Discovery grant (RGPIN-2016-05617). 

References 

Acharya S, Laupsien P, Wenzl C, Yan S, Großhans J (2014) Function and dynamics of slam in fur-
row formation in early Drosophila embryo. Dev Biol 386:371–384 

Afshar K, Stuart B, Wasserman SA (2000) Functional analysis of the Drosophila diaphanous FH 
protein in early embryonic development. Development 127:1887–1897 

Baker J, Theurkauf WE, Schubiger G (1993) Dynamic changes in microtubule configuration corre-
late with nuclear migration in the preblastoderm Drosophila embryo. J Cell Biol 122:113–121 

Banerjee S, Gardel M, Schwarz U (2020) The actin cytoskeleton as an active adaptive material. 
Ann Rev Condens Matter Phys 11:421–439 

Bement WM, Leda M, Moe AM, Kita AM, Larson ME, Golding AE, Pfeuti C, Su KC, Miller AL, 
Goryachev AB, Von Dassow G (2015) Activator-inhibitor coupling between Rho signalling 
and actin assembly makes the cell cortex an excitable medium. Nat Cell Biol 17:1471–1483 

Blake-Hedges C, Megraw TL (2019) Coordination of embryogenesis by the centrosome in 
Drosophila melanogaster. Results Probl Cell Differ 67:277–321 

Bodor DL, Pönisch W, Endres RG, Paluch EK (2020) Of cell shapes and motion: the physical basis 
of animal cell migration. Dev Cell 52:550–562 

Brose L, Crest J, Tao L, Sullivan W (2017) Polo kinase mediates the phosphorylation and cellular 
localization of Nuf/FIP3, a Rab11 effector. Mol Biol Cell 28:1435–1443 

Cao J, Crest J, Fasulo B, Sullivan W (2010) Cortical actin dynamics facilitate early-stage centro-
some separation. Curr Biol 20:770–776 

Chodagam S, Royou A, Whitfield W, Karess R, Raff JW (2005) The centrosomal protein CP190 
regulates myosin function during early Drosophila development. Curr Biol 15:1308–1313 

Chugh P, Paluch EK (2018) The actin cortex at a glance. J Cell Sci 131:jcs186254 
Cinalli RM, Lehmann R (2013) A spindle-independent cleavage pathway controls germ cell for-

mation in Drosophila. Nat Cell Biol 15:839–845 
D’angelo A, Dierkes K, Carolis C, Salbreux G, Solon J (2019) In vivo force application reveals 

a fast tissue softening and external friction increase during early embryogenesis. Curr Biol 
29:1564–1571.e6

4 Reshaping the Syncytial Drosophila Embryo with Cortical Actin Networks: Four…



86

Daniels BR, Rikhy R, Renz M, Dobrowsky TM, Lippincott-Schwartz J (2012) Multiscale diffu-
sion in the mitotic Drosophila melanogaster syncytial blastoderm. Proc Natl Acad Sci USA 
109:8588–8593 

Dansereau DA, Lasko P (2008) The development of germline stem cells in Drosophila. Methods 
Mol Biol 450:3–26 

De-Carvalho J, Tlili S, Hufnagel L, Saunders TE, Telley IA (2022) Aster repulsion drives short- 
ranged ordering in the Drosophila syncytial blastoderm. Development 149:dev199997 

Deneke VE, Melbinger A, Vergassola M, Di Talia S (2016) Waves of Cdk1 activity in S phase 
synchronize the cell cycle in Drosophila embryos. Dev Cell 38:399–412 

Deneke VE, Puliafito A, Krueger D, Narla AV, De Simone A, Primo L, Vergassola M, De Renzis S, 
Di Talia S (2019) Self-organized nuclear positioning synchronizes the cell cycle in Drosophila 
embryos. Cell 177:925–941.e17 

Dey B, Rikhy R (2020) DE-cadherin and Myosin II balance regulates furrow length for onset of 
polygon shape in syncytial Drosophila embryos. J Cell Sci 133:jcs240168 

Dodson AE, Kennedy S (2020) Phase separation in germ cells and development. Dev Cell 55:4–17 
Doerflinger H, Zimyanin V, St Johnston D (2022) The Drosophila anterior-posterior axis is polar-

ized by asymmetric myosin activation. Curr Biol 32:374–385.e4 
Doubrovinski K, Swan M, Polyakov O, Wieschaus EF (2017) Measurement of cortical elasticity in 

Drosophila melanogaster embryos using ferrofluids. Proc Natl Acad Sci USA 114:1051–1056 
Field CM, Coughlin M, Doberstein S, Marty T, Sullivan W (2005) Characterization of anil-

lin mutants reveals essential roles in septin localization and plasma membrane integrity. 
Development 132:2849–2860 

Figard L, Xu H, Garcia HG, Golding I, Sokac AM (2013) The plasma membrane flattens out to 
fuel cell-surface growth during Drosophila cellularization. Dev Cell 27:648–655 

Figard L, Wang M, Zheng L, Golding I, Sokac AM (2016) Membrane supply and demand regu-
lates F-actin in a cell surface reservoir. Dev Cell 37:267–278 

Foe VE, Alberts BM (1983) Studies of nuclear and cytoplasmic behaviour during the five mitotic 
cycles that precede gastrulation in Drosophila embryogenesis. J Cell Sci 61:31–70 

Foe VE, Field CM, Odell GM (2000) Microtubules and mitotic cycle phase modulate spatio-
temporal distributions of F-actin and myosin II in Drosophila syncytial blastoderm embryos. 
Development 127:1767–1787 

Frescas D, Mavrakis M, Lorenz H, Delotto R, Lippincott-Schwartz J (2006) The secretory mem-
brane system in the Drosophila syncytial blastoderm embryo exists as functionally compart-
mentalized units around individual nuclei. J Cell Biol 173:219–230 

Galland R, Leduc P, Guérin C, Peyrade D, Blanchoin L, Théry M (2013) Fabrication of three- 
dimensional electrical connections by means of directed actin self-organization. Nat Mater 
12:416–421 

Grosshans J, Wenzl C, Herz HM, Bartoszewski S, Schnorrer F, Vogt N, Schwarz H, Müller HA 
(2005) RhoGEF2 and the formin Dia control the formation of the furrow canal by directed actin 
assembly during Drosophila cellularisation. Development 132:1009–1020 

Gubieda AG, Packer JR, Squires I, Martin J, Rodriguez J (2020) Going with the flow: insights 
from Caenorhabditis elegans zygote polarization. Philos Trans R Soc Lond Ser B Biol Sci 
375:20190555 

Harris TJ (2012) Adherens junction assembly and function in the Drosophila embryo. Int Rev Cell 
Mol Biol 293:45–83 

Harris TJ, Tepass U (2010) Adherens junctions: from molecules to morphogenesis. Nat Rev Mol 
Cell Biol 11:502–514 

Hayden L, Chao A, Deneke VE, Vergassola M, Puliafito A, Di Talia S (2022) Cullin-5 mutants 
reveal collective sensing of the nucleocytoplasmic ratio in Drosophila embryogenesis. Curr 
Biol 32:2084–2092.e4 

He B, Martin A, Wieschaus E (2016) Flow-dependent myosin recruitment during Drosophila cel-
lularization requires zygotic dunk activity. Development 143:2417–2430

R. Tam and T. J. C. Harris



87

Henry SM, Xie Y, Rollins KR, Blankenship JT (2022) Sponge/DOCK-dependent regulation of 
F-actin networks directing cortical cap behaviors and syncytial furrow ingression. Dev Biol 
491:82–93 

Hickson GR, Matheson J, Riggs B, Maier VH, Fielding AB, Prekeris R, Sullivan W, Barr FA, Gould 
GW (2003) Arfophilins are dual Arf/Rab 11 binding proteins that regulate recycling endosome 
distribution and are related to Drosophila nuclear fallout. Mol Biol Cell 14:2908–2920 

Holly RM, Mavor LM, Zuo Z, Blankenship JT (2015) A rapid, membrane-dependent path-
way directs furrow formation through RalA in the early Drosophila embryo. Development 
142:2316–2328 

Holmes D (2019) Elasticity and stability of shape-shifting structures. Curr Opin Colloid Interface 
Sci 40:118–137 

Jiang T, Harris TJC (2019) Par-1 controls the composition and growth of cortical actin caps during 
Drosophila embryo cleavage. J Cell Biol 218:4195–4214 

Jongens TA, Hay B, Jan LY, Jan YN (1992) The germ cell-less gene product: a posteriorly local-
ized component necessary for germ cell development in Drosophila. Cell 70:569–584 

Kao LR, Megraw TL (2009) Centrocortin cooperates with centrosomin to organize Drosophila 
embryonic cleavage furrows. Curr Biol 19:937–942 

Karr TL, Alberts BM (1986) Organization of the cytoskeleton in early Drosophila embryos. J Cell 
Biol 102:1494–1509 

Kelkar M, Bohec P, Charras G (2020) Mechanics of the cellular actin cortex: from signalling to 
shape change. Curr Opin Cell Biol 66:69–78 

Kopf A, Kiermaier E (2021) Dynamic microtubule arrays in leukocytes and their role in cell migra-
tion and immune synapse formation. Front Cell Dev Biol 9:635511 

Kukimoto-Niino M, Ihara K, Murayama K, Shirouzu M (2021) Structural insights into the small 
GTPase specificity of the DOCK guanine nucleotide exchange factors. Curr Opin Struct Biol 
71:249–258 

Lecuit T, Wieschaus E (2000) Polarized insertion of new membrane from a cytoplasmic reservoir 
during cleavage of the Drosophila embryo. J Cell Biol 150:849–860 

Lecuit T, Samanta R, Wieschaus E (2002) Slam encodes a developmental regulator of polarized 
membrane growth during cleavage of the Drosophila embryo. Dev Cell 2:425–436 

Lecuit T, Lenne PF, Munro E (2011) Force generation, transmission, and integration during cell 
and tissue morphogenesis. Annu Rev Cell Dev Biol 27:157–184 

Lee DM, Chen EH (2019) Drosophila myoblast fusion: invasion and resistance for the ultimate 
union. Annu Rev Genet 53:67–91 

Lee DM, Harris TJ (2013) An Arf-GEF regulates antagonism between endocytosis and the cyto-
skeleton for Drosophila blastoderm development. Curr Biol 23:2110–2120 

Lee DM, Wilk R, Hu J, Krause HM, Harris TJ (2015) Germ cell segregation from the Drosophila 
soma is controlled by an inhibitory threshold set by the Arf-GEF Steppke. Genetics 200:863–872 

Lehner CF (1992) The pebble gene is required for cytokinesis in Drosophila. J Cell Sci 103(Pt 
4):1021–1030 

Lerit DA, Gavis ER (2011) Transport of germ plasm on astral microtubules directs germ cell devel-
opment in Drosophila. Curr Biol 21:439–448 

Lerit DA, Shebelut CW, Lawlor KJ, Rusan NM, Gavis ER, Schedl P, Deshpande G (2017) Germ 
cell-less promotes centrosome segregation to induce germ cell formation. Cell Rep 18:831–839 

Lv Z, Rosenbaum J, Mohr S, Zhang X, Kong D, Preiß H, Kruss S, Alim K, Aspelmeier T, Großhans 
J (2020) The emergent yo-yo movement of nuclei driven by cytoskeletal remodeling in pseudo- 
synchronous mitotic cycles. Curr Biol 30:2564–2573.e5 

Lv Z, De-Carvalho J, Telley IA, Großhans J (2021) Cytoskeletal mechanics and dynamics in the 
Drosophila syncytial embryo. J Cell Sci 134:jcs246496 

Mahowald AP (2001) Assembly of the Drosophila germ plasm. Int Rev Cytol 203:187–213 
Maître JL, Niwayama R, Turlier H, Nédélec F, Hiiragi T (2015) Pulsatile cell-autonomous contrac-

tility drives compaction in the mouse embryo. Nat Cell Biol 17:849–855

4 Reshaping the Syncytial Drosophila Embryo with Cortical Actin Networks: Four…



88

Markow TA, Beall S, Matzkin LM (2009) Egg size, embryonic development time and ovovivipar-
ity in Drosophila species. J Evol Biol 22:430–434 

Mason FM, Xie S, Vasquez CG, Tworoger M, Martin AC (2016) RhoA GTPase inhibition orga-
nizes contraction during epithelial morphogenesis. J Cell Biol 214:603–617 

Mavor LM, Miao H, Zuo Z, Holly RM, Xie Y, Loerke D, Blankenship JT (2016) Rab8 directs fur-
row ingression and membrane addition during epithelial formation in Drosophila melanogaster. 
Development 143:892–903 

Mavrakis M, Rikhy R, Lippincott-Schwartz J (2009) Plasma membrane polarity and compartmen-
talization are established before cellularization in the fly embryo. Dev Cell 16:93–104 

Mazumdar A, Mazumdar M (2002) How one becomes many: blastoderm cellularization in 
Drosophila melanogaster. BioEssays 24:1012–1022 

Megraw TL, Li K, Kao LR, Kaufman TC (1999) The centrosomin protein is required for centro-
some assembly and function during cleavage in Drosophila. Development 126:2829–2839 

Michaud A, Swider ZT, Landino J, Leda M, Miller AL, Von Dassow G, Goryachev AB, Bement 
WM (2021) Cortical excitability and cell division. Curr Biol 31:R553–r559 

Mishima M (2016) Centralspindlin in Rappaport’s cleavage signaling. Semin Cell Dev Biol 
53:45–56 

Müller H, Schmidt D, Steinbrink S, Mirgorodskaya E, Lehmann V, Habermann K, Dreher F, 
Gustavsson N, Kessler T, Lehrach H, Herwig R, Gobom J, Ploubidou A, Boutros M, Lange 
BM (2010) Proteomic and functional analysis of the mitotic Drosophila centrosome. EMBO 
J 29:3344–3357 

Munro E, Nance J, Priess JR (2004) Cortical flows powered by asymmetrical contraction trans-
port PAR proteins to establish and maintain anterior-posterior polarity in the early C. elegans 
embryo. Dev Cell 7:413–424 

Murthy M, Teodoro RO, Miller TP, Schwarz TL (2010) Sec5, a member of the exocyst complex, 
mediates Drosophila embryo cellularization. Development 137:2773–2783 

Padash Barmchi M, Rogers S, Häcker U (2005) DRhoGEF2 regulates actin organization and con-
tractility in the Drosophila blastoderm embryo. J Cell Biol 168:575–585 

Papoulas O, Hays TS, Sisson JC (2005) The golgin Lava lamp mediates dynein-based Golgi move-
ments during Drosophila cellularization. Nat Cell Biol 7:612–618 

Pishvar M, Harne RL (2020) Foundations for soft, smart matter by active mechanical metamateri-
als. Adv Sci (Weinh) 7:2001384 

Postner MA, Miller KG, Wieschaus EF (1992) Maternal effect mutations of the sponge locus 
affect actin cytoskeletal rearrangements in Drosophila melanogaster embryos. J Cell Biol 
119:1205–1218 

Raff JW, Glover DM (1989) Centrosomes, and not nuclei, initiate pole cell formation in Drosophila 
embryos. Cell 57:611–619 

Riggs B, Rothwell W, Mische S, Hickson GR, Matheson J, Hays TS, Gould GW, Sullivan W 
(2003) Actin cytoskeleton remodeling during early Drosophila furrow formation requires recy-
cling endosomal components Nuclear-fallout and Rab11. J Cell Biol 163:143–154 

Riggs B, Fasulo B, Royou A, Mische S, Cao J, Hays TS, Sullivan W (2007) The concentration 
of Nuf, a Rab11 effector, at the microtubule-organizing center is cell cycle regulated, dynein- 
dependent, and coincides with furrow formation. Mol Biol Cell 18:3313–3322 

Rikhy R, Mavrakis M, Lippincott-Schwartz J (2015) Dynamin regulates metaphase furrow forma-
tion and plasma membrane compartmentalization in the syncytial Drosophila embryo. Biol 
Open 4:301–311 

Rodrigues FF, Shao W, Harris TJ (2016) The Arf GAP Asap promotes Arf1 function at the Golgi 
for cleavage furrow biosynthesis in Drosophila. Mol Biol Cell 27:3143–3155 

Rothwell WF, Fogarty P, Field CM, Sullivan W (1998) Nuclear-fallout, a Drosophila protein that 
cycles from the cytoplasm to the centrosomes, regulates cortical microfilament organization. 
Development 125:1295–1303

R. Tam and T. J. C. Harris



89

Rothwell WF, Zhang CX, Zelano C, Hsieh TS, Sullivan W (1999) The Drosophila centrosomal 
protein Nuf is required for recruiting Dah, a membrane associated protein, to furrows in the 
early embryo. J Cell Sci 112(Pt 17):2885–2893 

Rottner K, Stradal TEB, Chen B (2021) WAVE regulatory complex. Curr Biol 31:R512–r517 
Royou A, Sullivan W, Karess R (2002) Cortical recruitment of nonmuscle myosin II in early syn-

cytial Drosophila embryos: its role in nuclear axial expansion and its regulation by Cdc2 activ-
ity. J Cell Biol 158:127–137 

Royou A, Field C, Sisson JC, Sullivan W, Karess R (2004) Reassessing the role and dynamics of 
nonmuscle myosin II during furrow formation in early Drosophila embryos. Mol Biol Cell 
15:838–850 

Schejter ED, Wieschaus E (1993a) bottleneck acts as a regulator of the microfilament network 
governing cellularization of the Drosophila embryo. Cell 75:373–385 

Schejter ED, Wieschaus E (1993b) Functional elements of the cytoskeleton in the early Drosophila 
embryo. Annu Rev Cell Biol 9:67–99 

Schmidt A, Grosshans J (2018) Dynamics of cortical domains in early Drosophila development. J 
Cell Sci 131:jcs212795 

Schmidt A, Lv Z, Großhans J (2018) ELMO and Sponge specify subapical restriction of Canoe and 
formation of the subapical domain in early Drosophila embryos. Development 145:dev157909 

Schmidt A, Li L, Lv Z, Yan S, Großhans J (2021) Dia- and Rok-dependent enrichment of capping 
proteins in a cortical region. J Cell Sci 134:jcs258973 

Schmidt A, Li L, Yan S, Großhans J (2022) Restriction of subapical proteins during cellularization 
depends on the onset of zygotic transcription and the formin Dia. Dev Biol 487:110–121 

Sedzinski J, Biro M, Oswald A, Tinevez JY, Salbreux G, Paluch E (2011) Polar actomyosin con-
tractility destabilizes the position of the cytokinetic furrow. Nature 476:462–466 

Sharma S, Rikhy R (2021) Spatiotemporal recruitment of RhoGTPase protein GRAF inhibits acto-
myosin ring constriction in Drosophila cellularization. elife 10:e63535 

Sharma M, Jiang T, Jiang ZC, Moguel-Lehmer CE, Harris TJ (2021) Emergence of a smooth 
interface from growth of a dendritic network against a mechanosensitive contractile material. 
elife 10:e66929 

Sherlekar A, Rikhy R (2016) Syndapin promotes pseudocleavage furrow formation by actin orga-
nization in the syncytial Drosophila embryo. Mol Biol Cell 27:2064–2079 

Sherlekar A, Mundhe G, Richa P, Dey B, Sharma S, Rikhy R (2020) F-BAR domain protein 
Syndapin regulates actomyosin dynamics during apical cap remodeling in syncytial Drosophila 
embryos. J Cell Sci 133:jcs235846 

Sokac AM, Wieschaus E (2008) Local actin-dependent endocytosis is zygotically controlled to 
initiate Drosophila cellularization. Dev Cell 14:775–786 

Sokac AM, Biel N, De Renzis S (2023) Membrane-actin interactions in morphogenesis: Lessons 
learned from Drosophila cellularization. Semin Cell Dev Biol 133:107–122 

Sommi P, Ananthakrishnan R, Cheerambathur DK, Kwon M, Morales-Mulia S, Brust-Mascher I, 
Mogilner A (2010) A mitotic kinesin-6, Pav-KLP, mediates interdependent cortical reorganiza-
tion and spindle dynamics in Drosophila embryos. J Cell Sci 123:1862–1872 

Sommi P, Cheerambathur D, Brust-Mascher I, Mogilner A (2011) Actomyosin-dependent cortical 
dynamics contributes to the prophase force-balance in the early Drosophila embryo. PLoS One 
6:e18366 

Stathopoulos A, Newcomb S (2020) Setting up for gastrulation: D. melanogaster. Curr Top Dev 
Biol 136:3–32 

Stevenson VA, Kramer J, Kuhn J, Theurkauf WE (2001) Centrosomes and the Scrambled protein 
coordinate microtubule-independent actin reorganization. Nat Cell Biol 3:68–75 

Stevenson V, Hudson A, Cooley L, Theurkauf WE (2002) Arp2/3-dependent pseudocleavage 
[correction of psuedocleavage] furrow assembly in syncytial Drosophila embryos. Curr Biol 
12:705–711 

Strome S, Lehmann R (2007) Germ versus soma decisions: lessons from flies and worms. Science 
316:392–393

4 Reshaping the Syncytial Drosophila Embryo with Cortical Actin Networks: Four…



90

Sugioka K (2022) Symmetry-breaking of animal cytokinesis. Semin Cell Dev Biol 127:100–109 
Sullivan W, Theurkauf WE (1995) The cytoskeleton and morphogenesis of the early Drosophila 

embryo. Curr Opin Cell Biol 7:18–22 
Svitkina TM (2020) Actin cell cortex: structure and molecular organization. Trends Cell Biol 

30:556–565 
Telley IA, Gáspár I, Ephrussi A, Surrey T (2012) Aster migration determines the length scale of 

nuclear separation in the Drosophila syncytial embryo. J Cell Biol 197:887–895 
Turner FR, Mahowald AP (1976) Scanning electron microscopy of Drosophila embryogenesis. 

1. The structure of the egg envelopes and the formation of the cellular blastoderm. Dev Biol 
50:95–108 

Vaizel-Ohayon D, Schejter ED (1999) Mutations in centrosomin reveal requirements for centro-
somal function during early Drosophila embryogenesis. Curr Biol 9:889–898 

Vastenhouw NL, Cao WX, Lipshitz HD (2019) The maternal-to-zygotic transition revisited. 
Development 146:dev161471 

Von Dassow G, Schubiger G (1994) How an actin network might cause fountain streaming and 
nuclear migration in the syncytial Drosophila embryo. J Cell Biol 127:1637–1653 

Warn RM, Magrath R, Webb S (1984) Distribution of F-actin during cleavage of the Drosophila 
syncytial blastoderm. J Cell Biol 98:156–162 

Warn RM, Smith L, Warn A (1985) Three distinct distributions of F-actin occur during the divisions 
of polar surface caps to produce pole cells in Drosophila embryos. J Cell Biol 100:1010–1015 

Wenzl C, Yan S, Laupsien P, Grosshans J (2010) Localization of RhoGEF2 during Drosophila cel-
lularization is developmentally controlled by Slam. Mech Dev 127:371–384 

Wessel AD, Gumalla M, Grosshans J, Schmidt CF (2015) The mechanical properties of early 
Drosophila embryos measured by high-speed video microrheology. Biophys J 108:1899–1907 

Wheatley S, Kulkarni S, Karess R (1995) Drosophila nonmuscle myosin II is required for rapid 
cytoplasmic transport during oogenesis and for axial nuclear migration in early embryos. 
Development 121:1937–1946 

Wilson JE, Macdonald PM (1993) Formation of germ cells in Drosophila. Curr Opin Genet Dev 
3:562–565 

Wu B, Guo W (2015) The exocyst at a glance. J Cell Sci 128:2957–2964 
Xie Y, Budhathoki R, Blankenship JT (2021) Combinatorial deployment of F-actin regulators to 

build complex 3D actin structures in vivo. elife 10:e63046 
Yan S, Acharya S, Gröning S, Großhans J (2017) Slam protein dictates subcellular localization and 

translation of its own mRNA. PLoS Biol 15:e2003315 
Zallen JA, Cohen Y, Hudson AM, Cooley L, Wieschaus E, Schejter ED (2002) SCAR is a primary 

regulator of Arp2/3-dependent morphological events in Drosophila. J Cell Biol 156:689–701 
Zenker J, White MD, Gasnier M, Alvarez YD, Lim HYG, Bissiere S, Biro M, Plachta N (2018) 

Expanding actin rings zipper the mouse embryo for blastocyst formation. Cell 173:776–791.e17 
Zhang Y, Yu JC, Jiang T, Fernandez-Gonzalez R, Harris TJC (2018) Collision of expanding actin 

caps with actomyosin borders for cortical bending and mitotic rounding in a syncytium. Dev 
Cell 45:551–564.e4

R. Tam and T. J. C. Harris



91© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2024 
M. Kloc, A. Uosef (eds.), Syncytia: Origin, Structure, and Functions, Results 
and Problems in Cell Differentiation 71, 
https://doi.org/10.1007/978-3-031-37936-9_5

Chapter 5 
Cell-Mediated Branch Fusion 
in the Drosophila Trachea 

Lan Jiang 

Abstract The Drosophila trachea is an interconnected network of epithelial tubes, 
which delivers gases throughout the entire organism. It is the premier model to 
study the development of tubular organs, such as the human lung, kidney, and blood 
vessels. The Drosophila embryonic trachea derives from a series of segmentally 
repeated clusters. The tracheal precursor cells in each cluster migrate out in a ste-
reotyped pattern to form primary branches. Thereafter, the neighboring branches 
need to fuse to form an interconnected tubular network. The connection between 
neighboring branches is orchestrated by specialized cells, called fusion cells. These 
cells fuse with their counterparts to form a tube with a contiguous lumen. Branch 
fusion is a multi-step process that includes cell migration, cell adhesion, cytoskel-
eton track formation, vesicle trafficking, membrane fusion, and lumen formation. 
This review summarizes the current knowledge on fusion process in the Drosophila 
trachea. These mechanisms will greatly contribute to our understanding of branch 
fusion in mammalian systems. 

5.1  Overview of Tracheal Development and Branch Fusion 

Tubular organs, such as the vertebrate vasculature, kidney, and the Drosophila tra-
chea, are composed of tubes that arise through budding from the epithelium and 
then are connected to form tubular networks to deliver gases, cells, and wastes 
within the organisms. The Drosophila trachea is a ramifying network of epithelial 
tubes with apical surfaces facing the lumen and basal surfaces facing the surround-
ing tissues. It is the premier model to study branch morphogenesis. The Drosophila 
embryonic trachea derives from a series of segmentally repeated clusters. The tra-
cheal precursor cells in each cluster respond to fibroblast growth factor (FGF) 
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signaling (Sutherland et al. 1996) as well as branch-specific signaling (Llimargas 
and Casanova 1999; Chen et al. 1998a; Chihara and Hayashi 2000a) and migrate out 
in a stereotyped pattern to form primary branches (Fig.  5.1a). These branches 
include the dorsal trunk (DT) and transverse connective (TC), which are multicel-
lular tubes; the lateral trunk (LT), dorsal branch (DB), and ganglionic branch (GB), 
which are unicellular tubes; and the lateral ganglionic branch (LG), which is an 
intracellular tube (Caussinus et al. 2008; Ribeiro et al. 2004; Ghabrial et al. 2003). 
Thereafter, the neighboring branches fuse to form an interconnected tubular net-
work with a continuous lumen for gas exchange throughout the entire organism. 
The formation of connections between neighboring branches is orchestrated by spe-
cialized cells, called fusion cells (yellow circles outlined by the red line in Fig. 5.1a, 
b), which are at or close to the end of most tracheal branches. Fusion cells fuse with 
their counterparts in either anterior or posterior hemisegments (DT and LT) or with 
their counterparts in the contralateral hemisegment (DB and three anterior-most 
GBs) (Manning and Krasnow 1993). Once fusion partners make contact with each 
other (Fig. 5.2a), morphological changes occur, and fusion cells become toroidal or 

Fig. 5.1 The cells within each tracheal metamere migrate out in certain directions to form stereo-
typed branches. (a) Tracheal segments at stage 13. Cells remain at the site of invagination to form 
TC (white). TGFβ (DPP) signaling pathway specifies branches at the dorsal and ventral sides to 
form the DB, LT, and GB branches (blue). Wingless signaling (green) specifies the DT (green), 
whereas cells that do not receive Wingless signal form VB (red) at the central region. (b) Tracheal 
segments at stage 15. As the trachea develops, DT branches fuse with their neighboring branches 
to form the fully connected DT at stage 14; LT branches fuse with their neighboring branches to 
form LT at stage 15; and DB and GB fuse at the dorsal and ventral midlines, respectively, with their 
counterparts that emanate from the other side of the embryo at stage 16. DB dorsal branch, DT 
dorsal trunk, LT lateral trunk, GB ganglionic branch, VB visceral branch, LG lateral ganglionic 
branch, Fusion cells are yellow circles outlined by red lines
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Fig. 5.2 Fusion cell-mediated branch fusion in an optical section along the plane of contact. (a) 
Branch fusion starts with two fusion cells in neighboring branches migrating toward each other 
and making contact. (b) The fusion process completes by the formation of the apical lumen (red 
outlined by the green apical membrane) between two donut-shaped fusion cells through a series of 
morphological changes. Fusion cells: yellow cells outlined by black lines. Tracheal stock cells: 
white cells outlined by black lines 

“donut-shaped” (Yellow cells in Fig. 5.2b). A contiguous lumen (red lumen outlined 
by the green apical membrane in Fig. 5.2b) extends through the holes of the donut 
and connects with the lumen of the stalk cells (white cells outlined by the black 
line). The fusion cell lumen ultimately expands to acquire the same diameter as the 
corresponding tracheal branch (Samakovlis et al. 1996; Tanaka et al. 1996).

5.2  Fusion Cell Specification 

Fusion cells are derived from tip cells. During the migration of the tracheal precur-
sor cells, the tip cells with the highest FGF receptor activity take the lead position 
and guide the movement of the rest of the stalk cells of the branch (Ghabrial and 
Krasnow 2006; Lebreton and Casanova 2014). When the branch tip reaches its final 
destination, tip cells further differentiate into two different cell types: the fusion 
cell, which leads branch fusion to form an interconnected network, and the terminal 
cell, which forms cytoplasmic extensions with the intracellular lumen for gas 
exchange. 

The specification of fusion cell fate depends on the transforming growth factor ß 
(TGFß, Dpp in Drosophila), Notch, and Wingless-related integration site (Wnt, 
Wingless in Drosophila) signaling pathways that select one fusion cell at the tip of 
each branch and guide adjacent cells to take non-fusion cell fates (Steneberg et al. 
1999; Ikeya and Hayashi 1999; Llimargas 1999, 2000). Loss of components of the 
TGFß (Dpp) signaling pathway leads to a loss of fusion cells, whereas overactiva-
tion of the pathway results in additional fusion cells in DBs (Steneberg et al. 1999). 
To limit the number of fusion cells to one per DB, fusion cells express Delta as a 
signal for neighboring cells, which express the Delta receptor, Notch, to remain 
stalk cells (Steneberg et  al. 1999; Ikeya and Hayashi 1999; Llimargas 1999). In 
addition, the loss of components of the Wnt signaling pathway leads to failed branch 
fusion and the absence of fusion cell markers. Instead, the fusion cells seem to 
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acquire other tracheal identities, such as terminal cells (Llimargas 2000). This regu-
lation is through the expression of Delta as Wnt signaling is required for both the 
localized and ectopic Delta expression (Chihara and Hayashi 2000b). Signaling 
pathways specify fusion cells to express early fusion markers such as transcription 
factors Escargot (Esg) (Steneberg et  al. 1999) and Dysfusion (Dys) (Jiang and 
Crews 2003, 2006). Both Esg and Dys are required for branch fusion in LT, DB, and 
GB but not in DT (Jiang and Crews 2003, 2006). This difference suggests that addi-
tional transcription factors might play redundant roles in DT fusion cells to ensure 
DT branch fusion. Besides fusion cell-specific transcription factors, anterior open 
(AOP), an ETS-domain transcriptional repressor prevents stock cells to acquire 
either fusion cell or tip cell fate (Caviglia and Luschnig 2013). Taken together, tran-
scription factors regulate the dynamic expression of downstream targets during 
branch fusion. 

A fluorescence in situ hybridization screen revealed 14 genes with high expres-
sion in fusion cells (Chandran et al. 2014). Among these genes, 9 genes that encode 
zinc-finger transcription factors Esg (Steneberg et al. 1999), bHLH-PAS transcrip-
tion factor Dys (Jiang and Crews 2003, 2006), Arf-like 3 small GTPase Dead end 
(Arl-3) (Kakihara et al. 2008), potential cytoskeleton protein CG15252, zona pel-
lucida domain (ZP) structure protein CG13196, cell adhesion molecule E-cadherin 
(Shotgun in Drosophila), protein kinase Center divider (Cdi) (Matthews and Crews 
1999), nucleocytoplasmic transporter Members only (Mbo) (Uv et al. 2000), and 
CG9743 are only expressed in fusion cells. One gene, rebuff (Moussian et al. 2015; 
Chandran et al. 2018), is only expressed in DT fusion cells at stage 14 followed by 
similar levels of expression in non-fusion DT cells. Five genes that encode cell 
adhesion molecule E-cadherin (Tanaka et  al. 1996), chitin-based cuticle protein 
Cpr66D (Stahl et  al. 2017), chitin-binding protein CG15786, ZP domain protein 
Quasimodo (Chen et al. 2011), and membrane protein Apnoia (Scholl et al. 2019; 
Skouloudaki et al. 2019) have relative high abundance in fusion cells compared to 
other non-fusion tracheal cells. These genes are likely to be involved in morphologi-
cal changes during branch fusion. For example, the zinc-finger protein Esg sup-
presses FGF signaling in fusion cells and prevents these cells from responding to 
FGF signaling to form long cytoplasmic extensions, which occur in terminal cells 
(Miao and Hayashi 2016). Dys activates genes involved in cell adhesion and cyto-
skeletal changes (Jiang and Crews 2003, 2006). Arl-3 is required for the intracellu-
lar fusion of the plasma membranes in fusion cells (Kakihara et al. 2008). E-cadherin 
is involved in forming the adhesive tip between two fusion cells when they contact 
each other (Tanaka et al. 1996). Nevertheless, the functions of other genes in the 
fusion process remain to be investigated.
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5.3  Branch Fusion Process 

Branch fusion is a multi-step process that includes cell migration, cell adhesion, 
cytoskeleton track formation, vesicle trafficking, membrane fusion, and lumen 
formation. 

5.3.1  Cell–Cell Contact Between Two Fusion Cells 

During migration, fusion cells (yellow cells in Fig. 5.3a) from neighboring branches 
form filopodia-like extensions (black arrowheads in Fig. 5.3a). The fusion cells and 
stock cells are connected by intercellular adherens junction (AJ, blue arrowheads in 
Fig. 5.3a). The bridge cell (purple cell in Fig. 5.3a), which is located between two 
fusion cells, secretes guidance cues to bring fusion cells close to each other and then 
make contact (Wolf and Schuh 2000; Wolf et al. 2002). To facilitate cell–cell con-
tact, filopodia-like cell extensions in fusion cells attach to the bridge-cell surface. 
Once two fusion cells make contact, they initiate the formation of an adhesive tip, 
which is characterized by the accumulation of the cell adhesion protein E-cadherin. 
This tip expands further into a ring-shaped intercellular AJ (blue arrowhead, small 
blue ring between two fusion cells in Fig. 5.3b) (Tanaka et al. 1996; Gervais et al. 
2012). This AJ ring is smaller than the AJ rings between the fusion cell and the stock 
cell (larger blue rings in Fig. 5.3b). Thereafter, E-cadherin potentially recruits addi-
tional apical determinants, apical polarity complex (Par3, aPKC, Crumbs), and api-
cal membrane components (Stranded at second and Discs Lost), to form an apical 
domain (red arrowhead, red circle in Fig. 5.3b) at the contact site between the two 
fusion cells (Gervais et al. 2012; Lee and Kolodziej 2002). Thus, each fusion cell 
possesses two apical domains, one at the junction with its partner fusion cell (red 
arrowhead in Fig. 5.3b) and another at the interface between the fusion cell and the 
stock cell (red arrows in Fig. 5.3b).

5.3.2  Formation of the Cytoskeleton Track 
and Vesicular Trafficking 

After fusion cells make contact, a cytoskeleton track that contains actin, microtu-
bule, and the plakin short stop spans the fusion cells and connects the apical domains 
(green lines in Fig. 5.3b). Short stop and AJ component E-cadherin are both required 
for the assembly of the cytoskeleton track by recruiting actin and microtubule to the 
track (Lee and Kolodziej 2002; Lee et al. 2003). Then, the cytoskeleton track con-
tracts, and the adjacent stock cells further invade the fusion cells, resembling a 
“finger poking into a balloon” (Gervais et al. 2012; Uv et al. 2003). The contractile 
forces could be generated by the sliding of actin filaments along the myosin 
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Fig. 5.3 The current model of branch fusion. (a) Fusion cells (FC, yellow), which form filopodia- 
like extensions (black arrowheads), migrate toward each other. Bridge cell (BC, purple) between 
two fusion cells secrets guidance cues to pull fusion cells closer to each other. The filopodia-like 
cell extensions attach to the bridge-cell surface to facilitate the cell-cell contact between fusion 
cells. AJs (blue arrowheads) between fusion cells (FC) and stock cells (SC) are formed. (b) Once 
establishing cell-cell contact, an E-cadherin containing AJ ring (the blue arrowhead, the small blue 
ring in the middle) is formed at the interface between two fusion cells. E-cadherin recruits addi-
tional apical proteins to form an apical domain between two fusion cells (red arrowhead, red circle 
between two fusion cells). Meanwhile, a cytoskeleton track (green lines) that contains actin, 
microtubule, and the plakin short stop spans the fusion cells and connects the apical domains. 
Vesicles (small orange circles outlined by red lines) are deposited along the track and the apical 
membrane to expand the apical domains (red arrows and arrowhead). (c). The Stac-positive MVBs 
(large orange vesicles) localize between the invading apical domain (red arrows) of the stock cell 
and the central apical domain (red arrowhead) at the fusion cell-fusion cell interface. (d) The Stac- 
positive MVBs fuse with the two apical domains in fusion cells. Then Stac-containing EVs (orange 
vesicles) are released into the tracheal lumen upon the fusion of Stac-MVBs with the luminal 
plasma membrane (the red line outlines the pink lumen). A continuous lumen is formed between 
two fusion cells
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filaments and microtubules (Gervais et al. 2012; Dollar et al. 2016). The invading 
stock cell could assemble stable apical microtubules parallel to the luminal axis to 
propel the stock cell-fusion cell junction forward, while the actin/microtubule track 
inside the fusion cell could contract and thereby pull the fusion cell-stock cell and 
fusion cell-fusion cell junctions closer (compare blue arrowheads in Fig. 5.3b and 
in Fig. 5.3c) (Gervais et al. 2012). 

The cytoskeleton track serves as a transport route for motor proteins, which carry 
vesicles (small orange circles outlined by the red line in Fig.  5.3b) that contain 
membrane and lumen proteins to the track. These vesicles coalesce to generate 
expanding membrane compartments by inserting apical membrane and luminal 
components. Not surprisingly, exocyst component Sec5 and Rab11-containing 
recycling endosomes are accumulated at the fusion cell apical membrane as well as 
vesicles along the track (Kakihara et al. 2008; Jiang et al. 2007). Exocyst is a protein 
complex that tethers secretory vesicles at the plasma membrane and controls vesicle 
fusion (Heider and Munson 2012; Wu and Guo 2015). Rab11 is involved in the traf-
ficking of internalized proteins back to the plasma membrane (Horgan et al. 2010) 
and from the trans-Golgi network to the plasma membrane (Horgan et  al. 2010; 
Chen et al. 1998b; Li et al. 2007). Thus, both exocyst-mediated vesicle fusion and 
recycling endosome-mediated trafficking are required for the expansion of the two 
apical domains in fusion cells. 

5.3.3  Lumen Fusion 

Finally, the two individual apical domains (red arrow and arrowhead in Fig. 5.3c) in 
each fusion cell are fused to form a continuous lumen. Recently, Stefan Luschnig’s 
lab showed that a subset of extracellular vesicles (EVs) that contains Staccato 
(Stac), a homolog of the vesicle priming factor Munc13-4, is an essential compo-
nent of the membrane fusion machinery in fusion cells (Caviglia et al. 2016; Camelo 
et al. 2022). In fusion cells, Arl3 GTPase activates two downstream targets, Rab27 
and Rab35 (Kakihara et al. 2008; Jiang et al. 2007). Rab27 and Rab35 act in a par-
tially redundant fashion to promote the formation of Stac-positive multivesicular 
bodies (Stac-MVBs) (large orange vesicles in Fig. 5.3c). The local calcium increase 
that is released from ER exit sites triggers the fusion of Stac-MVBs with the luminal 
membranes of fusion cells, resulting in the release of Stac-containing EV vesicles in 
the lumen (large orange vesicles in Fig. 5.3d) (Caviglia et al. 2016). This process is 
required to fuse the two individual apical domains in fusion cells, resulting in the 
formation of a continuous lumen (Fig. 5.3d).
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5.4  Summary 

This review summarizes the current knowledge on branch fusion in the Drosophila 
trachea. Despite significant progress in fusion cell specification, cell migration, 
cell–cell contact, cytoskeleton track formation, vesicular trafficking, and membrane 
fusion, there are still questions that remain unsolved. For example, what transcrip-
tional changes take place in fusion cells during branch fusion? What signals are 
involved in the dynamic regulation of various aspects of the branch fusion process? 
How do fusion cells generate diversity in different branches? Which membrane traf-
ficking pathways are employed to expand the apical lumen? To reveal the underly-
ing mechanisms of branch fusion, the identification and characterization of genes 
that play important roles in different steps of the branch fusion process will improve 
our knowledge of branch fusion in the Drosophila trachea. The mechanisms of 
branch fusion in the Drosophila trachea will contribute to our understanding of 
branch fusion in other systems, such as the vertebrate vascular, renal, and respira-
tory organs. 
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Chapter 6 
Trophoblast Syncytialization: A Metabolic 
Crossroads 

Tina Podinić, Andie MacAndrew, and Sandeep Raha 

Abstract During placentation, villous cytotrophoblast (CTB) stem cells proliferate 
and fuse, giving rise to the multinucleated syncytiotrophoblast (STB), which repre-
sents the terminally differentiated villous layer as well as the maternal-fetal inter-
face. The syncytiotrophoblast is at the forefront of nutrient, gas, and waste exchange 
while also harboring essential endocrine functions to support pregnancy and fetal 
development. Considering that mitochondrial dynamics and respiration have been 
implicated in stem cell fate decisions of several cell types and that the placenta is a 
mitochondria-rich organ, we will highlight the role of mitochondria in facilitating 
trophoblast differentiation and maintaining trophoblast function. We discuss both 
the process of syncytialization and the distinct metabolic characteristics associated 
with CTB and STB sub-lineages prior to and during syncytialization. As mitochon-
drial respiration is tightly coupled to redox homeostasis, we emphasize the adapta-
tions of mitochondrial respiration to the hypoxic placental environment. Furthermore, 
we highlight the critical role of mitochondria in conferring the steroidogenic poten-
tial of the STB following differentiation. Ultimately, mitochondrial function and 
morphological changes centrally regulate respiration and influence trophoblast fate 
decisions through the production of reactive oxygen species (ROS), whose levels 
modulate the transcriptional activation or suppression of pluripotency or commit-
ment genes.
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6.1  Overview of Syncytialization in Villous Trophoblasts 

The continuous fusion of mononucleated cells to assemble multinucleated struc-
tures is a process referred to as syncytialization. This involves the mixing of plasma 
membrane components, cytoplasmic contents (lipids, proteins, and RNAs), and cel-
lular organelles (mitochondria, endoplasmic reticulum, and the nucleus) resulting in 
the formation of multinucleated structures that are now termed a syncytium. Typical 
examples of this cell fusion in humans are observed during skeletal muscle develop-
ment, osteoclast formation, and placental syncytiotrophoblast development 
(Gerbaud and Pidoux 2015; Huppertz and Gauster 2011). Although syncytialization 
occurs in various biological contexts, the steps comprising cellular fusion are rela-
tively conserved across physiological systems. Competent cells first commit to dif-
ferentiation and express fusogenic proteins. This is followed by cells communicating 
and associating with adjacent cells via membrane contacts and gap junctions in 
order to exchange fusogenic signals. Finally, appropriate protein complexes form to 
facilitate the acquisition of both cellular outer membranes and subsequently pro-
mote the opening of a fusion pore and dissolution of cell membranes ensuing cyto-
plasmic continuity, thus completing the fusion process (Chernomordik and Kozlov 
2005; Pidoux et al. 2014). 

Human placental cytotrophoblasts are progenitor cells that biochemically and 
morphologically differentiate early in gestation to become villous trophoblasts or 
invasive extravillous trophoblasts: two general pathways that are strictly regulated. 
The villous pathway involves the fusion of mononucleated cytotrophoblasts (CTBs) 
into the multinucleated syncytiotrophoblast (STB) (Ji et al. 2013). The STB is a 
unique surface that is surrounded by maternal blood and forms the primary interface 
between mother and fetus (Zeldovich et al. 2013). The STB and CTBs are jointly 
located on a basement membrane and comprise an epithelial-like layer that covers 
the placental villous tree referred to as the villous trophoblast. The villous tropho-
blast forms the outermost fetal layer of the placenta that is in direct contact with 
maternal circulation. As the primary maternal-fetal interface, oxygen and important 
nutrients from maternal blood are able to pass through the STB by simple diffusion, 
facilitated diffusion, and active transport in order to reach the developing fetus 
(Lager and Powell 2012). The maternal-fetal interface is crucial for the maintenance 
of pregnancy. Any impairment in the formation of this structure could lead to com-
plications, such as defective or decreased implantation, resulting in outcomes such 
as infertility, recurrent miscarriage, or intrauterine growth retardation (Ochoa- 
Bernal and Fazleabas 2020; Yang et al. 2019). CTBs, located adjacent to the base-
ment membrane, constitute an assemblage of progenitor cells that proliferate, 
differentiate, and undergo fusogenic events with the overlying, multinucleated layer 
designated as the STB (Huppertz and Gauster 2011). The STB lacks the prolifera-
tive capacity of CTBs and has a finite lifespan, undergoing highly regulated turn-
over facilitated by the differentiation and fusion of CTBs (Renaud and 
Jeyarajah 2022).
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The differentiation of CTBs to the STB is considered a downstream fusogenic 
event that is initiated by human chorionic gonadotropin (hCG) binding to and acti-
vating a 7-transmembrane receptor, LH-CG, and initiating an increase in intracel-
lular cyclic adenosine monophosphate (cAMP) via the activation of adenylate 
cyclase (AC) and subsequent activation of protein kinase A (PKA). hCG is secreted 
early in embryonic development by embryonic trophoblast cells and is continuously 
produced by the STB promoting syncytialization in an autocrine-paracrine manner 
(Pidoux et  al. 2014; Shi et  al. 1993; Yang et  al. 2003). PKA activates cAMP 
Response element binding protein which associates with CREB binding protein 
(CBP) and P300 to facilitate fusogenic gene transcription. cAMP/PKA signaling 
further enhances transcription of fusogenic genes, such as connexin (Hussain et al. 
2003), cadherin (Coutifaris et al. 1991), and syncytins, by promoting the association 
of transcription factors, glial cells missing-1 (GCM-1), and CBP (Gerbaud and 
Pidoux 2015). 

6.1.1  The Role of Adhesive and Junctional Proteins 
in Trophoblast Fusion 

The commitment of primary cells is initiated by adherens junctions, tight junctions, 
and gap junctions, which permit cell-cell adhesion and cellular communication, 
ultimately triggering fusion (Gerbaud and Pidoux 2015). Cadherins are a family of 
Ca2+ dependent, transmembrane glycoproteins involved in cell-cell adhesion (Oda 
and Takeichi 2011; Takeichi 1995). This adhesion is achieved through clustering of 
homotypic and heterotypic cadherins present on adjacent cells, thereby stabilizing 
and anchoring neighboring cells to each other allowing for the membrane apposi-
tion step of cellular fusion. In the context of STB formation, the most studied cad-
herin is E-cadherin, which is most densely populated on boundaries in-between 
neighboring CTBs. E-cadherin is also localized on CTBs at the interface between 
CTBs and the STB, but are reported to be significantly less expressed in fused CTBs 
forming the STB (Coutifaris et al. 1991). As such, E-cadherin levels and syncytial-
ization seem to demonstrate an inverse relationship. E-cadherins play an important 
role in trophoblast fusion as they are essential for dynamic membrane alterations 
(Coutifaris et al. 1991; Renaud and Jeyarajah 2022). Cadherin-11 is another adheren 
that is implicated in trophoblast syncytialization. In contrast to E-cadherin, cad-
herin- 11 densities tend to increase during trophoblast cell fusion, illustrating the 
importance of cadherins throughout the entire trophoblast fusion process. Although 
the direct mechanism by which cadherin-11 mediates syncytialization is poorly 
understood, it is apparent that cadherin-11 is integral in the morphological and func-
tional differentiation and fusion of trophoblasts (Getsios and MacCalman 2003). 
Similar to cadherins, tight junctions are proteins that also promote cell-cell anchor-
ing and adhesion required for cell fusion. Specifically, zonula occludens-1 (ZO-1) is 
implicated in CTB fusion. As seen with E-cadherin, ZO-1 is expressed on CTBs, 
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and its expression decreases with syncytialization. Silencing of ZO-1 blocks cell 
adhesion and subsequently cell fusion in human trophoblasts and decreases expres-
sion of connexin-43 (Cx-43) (Pidoux et al. 2010). Cx-43 is the only gap junction 
expressed in human CTBs and the STB, localized at the interface between the tro-
phoblast sub-lineages (Cronier et  al. 2002). Following activation of the LH-GC 
receptor by hCG and the successive increase in intracellular cAMP, activated PKA 
phosphorylates Cx43 which promotes the opening of this gap junction and transfer 
of fusogenic signals. This instigates the transcription of genes, such as GCM1 and 
CREB, and initiates the assembly of fusogenic machinery to trigger CTB fusion 
(Gerbaud and Pidoux 2015; Pidoux et al. 2014). 

The final stage of trophoblast syncytialization is the cell-cell fusion process 
which constitutes the fusing of cellular membranes and combination of cellular 
components. This fusion is catalyzed by specific proteins that facilitate apposition 
of CTBs and the opening of a fusion pore promoting a shift in cytoskeletal and 
plasma membrane structures allowing for cell fusion. The most studied proteins 
involved in STB formation are called syncytins. Two major syncytins have been 
identified in humans: syncytin-1 (syn-1) and syncytin-2 (syn-2). These fusogenic 
proteins are encoded by endogenous retroviral envelope (ERV) genes embedded in 
human DNA (Gerbaud and Pidoux 2015) and are almost exclusively expressed in 
the placenta (Pötgens et al. 2004). Syn-1, encoded by ERVW-1, was the first glyco-
protein reported to demonstrate fusogenic properties in trophoblasts via retroviral 
envelope-like properties (Frendo et  al. 2003). Syn-1 expression is maintained 
throughout gestation and is mainly localized in STB (Ji et al. 2013; Mi et al. 2000; 
Okahara et al. 2004), and it additionally plays an important role in triggering CTB 
cell fusion (Knerr et al. 2005; Mi et al. 2000) via interactions with human sodium- 
dependent neutral amino acid transporter type 1 or 2 (hASCT1, hASCT2) mainly 
localized on CTBs (Lavillette et al. 2002). As opposed to Syn-1, Syn-2 is densely 
expressed at the apical portion of CTB clusters, at the interface between CTBs and 
the STB, where it binds to major facilitator domain-containing protein 2 (MFSD2A) 
receptor which is expressed by the STB (Esnault et al. 2008). Syn-2, encoded by 
HERV-FRD, is also required for trophoblast fusion (Vargas et al. 2009); however, 
Syn-2 expression significantly decreases following STB formation (Malassiné et al. 
2008). Although syncytins are considered to be the major proteins mediating tro-
phoblast fusion, in vivo knock-out of these proteins does not entirely abolish cell 
fusion, suggesting other fusogenic proteins may be more involved in syncytializa-
tion (Dupressoir et al. 2009; Ji et al. 2013).
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6.1.2  Consequences of Improper Syncytialization: The Role 
of Apoptosis in the Formation of Syncytial Knots 

Considering the continuous fusion of CTBs during syncytialization that facilitates 
the formation of the STB, there must exist a delicate balance between proliferation, 
differentiation, and trophoblast cell death to avoid hyper fusion or tissue loss. 
Trophoblast syncytialization comprises the fusion of mononucleated cells to form a 
multinucleated syncytium. The propensity of the syncytium to continuously accu-
mulate nuclei throughout gestation is supported by the range of differentially aged 
nuclei which have been detected in the syncytium (Burton and Jones 2009; Ji et al. 
2013). Alternatively, evidence supports the shedding of aged nuclei through the 
formation of syncytial knots. Syncytial knots are aggregates of STB nuclei pack-
aged into membrane-bound vesicles that are released into the maternal circulation 
(Rajakumar et al. 2012; Yasuda et al. 1995). A two-stage apoptotic model has been 
proposed to elucidate a potential mechanism of trophoblast turnover. The model 
consists of an initial pre-apoptotic stage that commits CTBs to STB formation. The 
next stage encompasses an execution phase where syncytial knots are shed into 
maternal circulation (Huppertz et al. 1998; Mayhew et al. 1999). Further, studies 
have associated events in reversible, early-phase apoptosis in proper syncytializa-
tion. Activation of caspase-8 (Cas-8), an inhibitor caspase that is an early effector of 
apoptosis, is required for CTB fusion (Black et al. 2004). Externalization of phos-
phatidylserine is another characteristic in both syncytialization and apoptosis under-
lining the overlap between the molecular pathways (Huppertz et al. 2001). Oxygen 
tension has been shown to impact apoptosis in CTBs and the STB. CTBs isolated 
from placentas of ranging gestational timelines spontaneously fuse to form the STB 
under atmospheric (~21%) oxygen (Chang et al. 2018). Lower oxygen levels (>1%) 
have been found to have a pro-apoptotic effect in human CTBs, upregulating pro- 
apoptotic proteins p53 and Bax and decreasing anti-apoptotic protein, Bcl-2 (Chen 
et al. 2010; Humphrey et al. 2008). In the STB, hypoxia has been found to enhance 
apoptosis through a p53-independent pathway (Chen et al. 2010). Therefore, oxy-
gen tension may play a role in regulating the balance of autophagy and apoptosis in 
relation to trophoblast shedding. While the tendency for trophoblasts to turn over is 
still under debate, there is a multitude of consequential evidence supporting some 
level of STB tissue loss along with the continuous STB cell renewal, and further 
research may elucidate detailed mechanisms supporting this balance. 

6.1.3  Hypoxic Signaling Regulates Trophoblast Differentiation 

Microenvironmental factors, like oxygen tension, have also been implicated in the 
differentiation and cellular fate of trophoblasts. Syncytialization is impaired with 
reduction of oxygen levels with most CTBs remaining as mononuclear structures 
and, further, by decreasing normal hormone release characteristic of the ST (Alsat 
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et al. 1996). This inhibition of CTB differentiation has been proposed to be partly 
related to hypoxia-inducible factor (HIF) complex. HIF is a transcriptional complex 
that mediates cellular responses and cellular fate under low oxygen conditions 
(Wakeland et al. 2017). In addition, lower oxygen tension (1%) reduces transcrip-
tion factor GCM1 and its downstream effector, fusogenic protein, Syn-1, which are 
major regulators involved in STB formation (Wich et al. 2009). The downregulation 
of GCM1 has also been found to be regulated by HIF in murine trophoblast stem 
cells (Maltepe et al. 2005). Reductions in GCM1 are associated with defects in syn-
cytialization along with placental complications such as preeclampsia (PE) illustrat-
ing the potentially imperative role of oxygen tension in syncytialization and proper 
placental development (Bainbridge et  al. 2012). Composition and rigidity of the 
extracellular matrix (ECM) is an additional microenvironment determinant con-
nected with the regulation of CTB fusion. A recent study reported ECM thickness 
impacts not only mRNA levels of fusogenic markers but also alters trophoblast 
secreted proteins (Wong et al. 2018). In addition, Choi and colleagues demonstrated 
changes in ECM composition in which trophoblast stem cells are cultured alter their 
differentiation propensity toward ST formation rather than trophoblast giant cells 
in vitro and block oxygen-independent HIF induction (Choi et al. 2013), linking the 
regulation of oxygen sensors with ECM arrangements. Interestingly, biochemical 
mechanisms related to placental-related disorders, such as PE, have also been asso-
ciated with ECM variations (Parameshwar et  al. 2021), further implicating the 
potential importance of ECM matrix formation in proper placental formation and 
regulation. 

6.2  Mitochondrial Dynamics and Signaling 
in Syncytialization 

Despite their infamous role as the powerhouse of the cell, mitochondria contribute 
much more to cellular function than just energy production. Mitochondria support 
various cellular functions by mediating programmed cell death, ion homeostasis 
and calcium signaling, cell growth and differentiation, as well as redox homeosta-
sis. In order to perform these crucial tasks, mitochondria undergo a series of quality 
control events, involving a dynamic balance between mitochondrial fusion and fis-
sion. This process integrates mitochondrial biogenesis and mitophagy and results in 
the alteration of mitochondrial morphology, numbers, and distribution during peri-
ods of cellular growth or stress. In some cases, mitochondrial regulation of these 
cellular processes is fundamental to cellular function, such as with trophoblast 
syncytialization.
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6.2.1  Mitochondrial Dynamics: A Balance Between Fission 
and Fusion 

The dynamic formation and dissociation of mitochondrial networks are largely the 
product of opposing processes known as mitochondrial fusion and fission, which 
are tightly regulated by a diverse family of GTPases. As mitochondria are double 
membrane-bound organelles, mitochondrial elongation therefore requires the coor-
dination of specific GTPases to amalgamate each membrane. Initially, a family of 
dynamin-related GTPases, mitofusin 1 and 2 (Mfn1/2), associate to coordinate 
outer mitochondrial membrane (OMM) fusion, whereas another GTPase, optic 
atrophy protein (Opa1), is responsible for inner mitochondrial membrane (IMM) 
fusion by remodeling cristae networks (Cipolat et al. 2004; Frezza et al. 2006; Song 
et al. 2009). At the physiological level, mitochondrial elongation is favored during 
periods of acute cytotoxic stress, wherein select mitochondria become defective and 
mitochondrial fusion allows for the allocation and exchange of mitochondrial DNA 
(mtDNA) (Ono et  al. 2001), proteins/lipids, or metabolites to mitigate the mito-
chondrial stress. Alternatively, when mtDNA becomes damaged, the elongation of 
mitochondrial networks allows for the imminent consequences of those defects to 
be minimized as the damaged mtDNA become diluted. Moreover, mitochondrial 
elongation phenotypes have been shown to predominate in certain metabolic disor-
ders, such as with obese and diabetic individuals. In fact, Parra and colleagues dem-
onstrated that the treatment of cardiomyocytes with insulin in  vitro resulted in 
elongated mitochondrial phenotypes, as evidenced by an increased expression of 
Opa1 (Parra et al. 2014). Indeed, following Opa1 and Mfn2 knockdowns, insulin- 
mediated alterations to cardiomyocyte mitochondrial morphology were prevented, 
suggesting that mitochondria integrate external metabolic signals to mediate mito-
chondrial fusion capacity (Parra et al. 2014). Furthermore, increased placental mito-
chondrial fusion has been observed in certain gestational metabolic disorders 
(Abbade et al. 2020), suggesting that trophoblast mitochondria might possess adap-
tive features to mitigate metabolic deficits and cellular stress in order to preserve the 
developing fetus, which will be discussed later in this review. 

Ultimately, mitochondrial fission is a quality control mechanism aimed at dis-
connecting or selectively removing dysfunctional mitochondria and is carried out 
by a specific GTPase known as dynamin-related protein 1 (Drp1) (Burman et al. 
2017). Inactive Drp1 is sequestered in the cytosol, and upon undergoing various 
posttranslational modifications, it subsequently translocates to the OMM where it 
associates with mitochondrial fission protein 1 (Fis1) and mitochondrial fission fac-
tor (Mff) in response to intracellular cues, including apoptotic stimuli (Kornfeld 
et  al. 2018; Losón et  al. 2013). In contrast to mitochondrial fusion proteins, the 
phosphorylation state of Drp1 serine residues is crucial in regulating its activity. For 
instance, PKA-dependent Ser637 phosphorylation prevents the translocation of 
Drp1pSer637 from the cytosol to the outer mitochondrial membrane, thus inhibiting 
mitochondrial fission and easing mitochondrial fusion. Additionally, during periods 
of sustained mitochondrial membrane depolarization, calcineurin-dependent Ser637 
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dephosphorylation leads to Drp1Ser637 activation and localization to the mitochon-
drial membrane where actin polymerization ultimately facilitates mitochondrial 
constriction (Cribbs and Strack 2007; Kashatus et al. 2015). At the crux of mito-
chondrial energetics and mitochondrial structure is the electrochemical proton gra-
dient defined as mitochondrial membrane potential (ΔΨm), which largely drives 
ATP synthesis. In addition to its role in facilitating mitochondrial fragmentation, 
Duarte et al. demonstrate impaired mitochondrial fusion in MA-10 cells following 
CCCP-induced mitochondrial uncoupling and subsequent depolarization, effects 
which were reversed by a 3-h washout. To determine whether mitochondrial fusion 
was exclusively impaired through ΔΨm dissipation, they confirmed that complex V 
inhibition alone did not hinder mitochondrial fusion (Duarte et  al. 2012). In a 
broader context, ΔΨm has been demonstrated to regulate mitophagy (Elmore et al. 
2001; Hu et al. 2016b; Narendra et al. 2008), the selective degradation of mitochon-
dria, as well as impart steroidogenic capacity to certain cell types by altering mito-
chondrial structure (Allen et al. 2006; Duarte et al. 2012). 

To emphasize the importance of mitochondrial dynamics in cellular function, 
several studies have highlighted the critical roles of mitochondrial fission-fusion 
machinery in the initiation, progression, or inhibition of apoptosis (Frank et  al. 
2001). In general, early apoptotic cells exhibit predominantly fragmented and round 
mitochondria, suggesting that mitochondrial fission is involved during these initial 
phases of apoptosis. Consistent with this observation, Karbowski et  al. demon-
strated the co-localization of mitochondrial fission proteins, Drp1 and Fis1, with the 
pro-apoptotic member, Bax, at the OMM (Karbowski et al. 2002). Additionally, the 
downregulations of Fis1 and Drp1 have both been associated with fewer apoptotic 
events; however, this resistance to apoptosis was relatively more pronounced fol-
lowing Fis1 downregulation (Lee et  al. 2004). Indeed, sensitivity to apoptosis is 
restored upon Fis1 overexpression, as was assessed by greater cytochrome c release 
and nuclear fragmentation events, suggesting that the inhibition to apoptosis is 
tightly linked to Fis1 depletion (Lee et al. 2004). In a similar manner, the loss of 
Opa1 renders greater sensitivity to apoptotic events, as mitochondrial fragmentation 
and mitochondrial membrane become unopposed and depleted, respectively. To 
emphasize the link between cristae structure and apoptosis promotion, Olichon 
et al. further demonstrate that Opa1 depletion in vitro disrupts IMM cristae organi-
zation and exacerbates cytochrome c release after 72 h compared to control (Olichon 
et  al. 2003). Cristae remodeling has been well-characterized during apoptosis 
(Germain et al. 2005), as cristae reorganization allows for the permeabilization of 
the IMM and subsequent cytochrome c release from mitochondria, which potenti-
ates apoptosis through the caspase cascade (Breckenridge et  al. 2003; Scorrano 
et al. 2002). Alternatively, mitochondrial fusion proteins may be regarded as anti- 
apoptotic proteins, as some studies have established that the overexpression of both 
Mfn1 and Mfn2 successfully inhibit apoptosis. Using prion disease models, Wu 
et al. found that Opa1 overexpression rescued against mitochondrial fragmentation, 
thus limiting cytochrome c release and effectively preventing neuronal apoptosis 
(Wu et al. 2019). In essence, Opa1 stimulates oxidative phosphorylation (OXPHOS) 
through the promotion of mitochondrial fusion, which may provide an additional 
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basis for its anti-apoptotic activity (Hong et al. 2022a; Patten et al. 2014). Overall, 
these mitochondrial morphological alterations are intended to mediate cellular 
functions by participating in intracellular communication and adapting to stressors, 
through the transient generation of metabolic by-products, such as reactive oxygen 
species (ROS) and ATP. 

6.3  Characteristic Energetic Profiles Associated 
with Mitochondrial Morphologies 

Mitochondrial ultrastructural changes are intimately linked to unique bioenergetic 
states. This feature is crucial for energy preservation or generation during periods of 
low cellular activity or high metabolic demand, respectively, and serves to distin-
guish between cell types. In general, fragmented mitochondrial phenotypes are 
reminiscent of a primarily glycolytic energy state, whereas elongated mitochondria 
offer greater surface area for electron transport chain (ETC) complexes and ATP 
synthase subunits, thus favoring OXPHOS (Khacho and Slack 2017; Yao et  al. 
2019). To emphasize the link between cristae morphology and mitochondrial respi-
ration, cryotomography images have demonstrated the strategic positioning of ETC 
complexes within cristae invaginations, and computational models have found that 
the extent of ATP production is directly proportional to that of inner membrane (IM) 
folding, suggesting that mitochondria harboring well-defined cristae are more effi-
cient at ATP synthesis (Afzal et al. 2021). To add another layer of complexity, it has 
been proposed that cristae morphology affects respiration efficiency through the 
modulation of supercomplex assembly, which refers to the higher-order structures 
that form between complexes I-III-IV (Azuma et  al. 2020; Cogliati et  al. 2016; 
Ikeda et  al. 2013). These supercomplexes or respirasomes have been shown to 
enhance mitochondrial respiration efficiency under conditions of metabolic stress, 
by decreasing the distance between complexes and limiting the diffusion of cyto-
chrome c between complexes (den Brave and Becker 2020; Letts and Sazanov 
2017). In addition to certain phospholipids, several mammalian supercomplex 
assembly-promoting factors have been identified, such as supercomplex assembly 
factor 1 (Scaf1) and stomatin-like protein 2 (Slp2), which are differentially expressed 
in human tissues (García-Poyatos et al. 2020; Mitsopoulos et al. 2015). Scaf1 pos-
sesses a well-established super complex-promoting role in muscle, where it primar-
ily mediates the structural association between complexes III and IV, thus increasing 
NADH-dependent respiration coupled with lower ROS production (Calvo et  al. 
2020). Apart from its localization at the IMM, the roles of Slp2 have been less elu-
cidated, although most studies have identified Slp2 in stabilizing mitochondrial pro-
hibitins, as well as complexes I and IV (Da Cruz et al. 2008). In turn, prohibitin 2 
(Phb2) has been implicated in the processing of Opa1 isoforms, wherein Phb2- 
deficient mouse embryonic fibroblasts (MEFs) exhibited a loss of L-Opa1 isoforms 
and greater mitochondrial fragmentation (Merkwirth et al. 2008). Taken together, 
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mitochondrial morphology and energy production are interconnected in that respi-
ratory enzyme efficiency is highly influenced by cristae ultrastructure. Under condi-
tions of stress, the dynamic bioenergetic demands of the cell may be accommodated 
through alterations to the mitochondrial network. One example of mitochondrial 
dynamics altering the energetic state of the cell to adapt to starvation and prevent 
cell death is exemplified through the process of macroautophagy, wherein cytoplas-
mic contents are sequestered and degraded (Wu et al. 2020). Nutrient depletion is a 
well-characterized autophagic stimulus, which promotes the catabolic degradation 
of existing intracellular nutrients to maintain cellular viability. During the early 
phases of autophagy, in vitro studies have characterized mitochondrial elongation 
after 30 min of starvation, whereas in vivo studies have characterized mitochondrial 
elongation in both muscle and liver tissues of 12-h fasted mice (Gomes et al. 2011; 
Rambold et al. 2011). The proposed mechanism underlying these changes is based 
on starvation leading to increased cAMP levels and the activation of protein kinase 
A (PKA), which phosphorylates DrppS637 and ensures the cytosolic retention of 
Drp1. Thus, mitochondrial elongation is unopposed and better supports the forma-
tion of the autophagosome, an otherwise energy-consuming process that demands 
greater ATP production. 

6.4  Metabolic Nuances in Stem Cell Fate Decisions 

Increasing evidence suggests the crucial interplay between metabolism and stem 
cell fate decisions. Stem cells are a unique population of cells that possess two 
defining characteristics: the ability (1) to self-renew, thereby re-populating the stem 
cell pool, and (2) to commit and differentiate into more specialized cell types, func-
tioning in post-injury tissue repair or during organogenesis (Alison et  al. 2002; 
Bigarella et al. 2014; Shyh-Chang and Ng 2017; Tatapudy et al. 2017). The potency 
of stem cells describes their ability to give rise to broader or narrower cell lineage 
pathways. Pluripotent stem cells (PSCs), such as embryonic stem cells (ESCs), are 
able to generate specialized cells belonging to either of three primary germ layers 
(Kelly 1977). Whereas following development, adult stem cells (ASCs) are undif-
ferentiated, tissue-resident stem cell populations that give rise to distinct, special-
ized somatic cells, rendering them multipotent (Li and Xie 2005). To begin, 
undifferentiated and proliferative stem cells are dependent on glycolytic metabo-
lism to maintain stemness programs due to glycolytic intermediates being con-
sumed for cellular biosynthesis (Lunt and Vander Heiden 2011). Under conditions 
of hypoxia, anaerobic glycolysis becomes most favorable; however, aerobic gly-
colysis may still prevail in oxygen-rich environments due to the transformation of 
glycolytic intermediates to satisfy anabolic demands of proliferative cells (Lunt and 
Vander Heiden 2011). As opposed to OXPHOS, glycolysis is favorable in that ROS 
levels are dramatically diminished, thus minimizing the potential for oxidative 
stress. Though the exact stimuli promoting stem cell commitment remain unclear, 
evidence suggests that the transition from self-renewal into commitment and 

T. Podinić et al.



111

differentiation are accompanied by an apparent “metabolic switch” from glycolysis 
to OXPHOS, which maintains ATP production and relatively elevates ROS produc-
tion (Gu et al. 2016; Hu et al. 2016a). To emphasize, similar metabolic reprogram-
ming from glycolysis to OXPHOS at the onset of differentiation has been 
characterized in neural (Zheng et al. 2016), muscle (Hong et al. 2022b), and hair 
follicle (Tang et al. 2016) stem cells. As mitochondrial structure, bioenergetics, and 
mtROS production are tightly coupled, several studies have demonstrated how the 
cellular redox environment impacts transcriptional programs of commitment and 
differentiation. Using neural stem cells (NSCs), Khacho et  al. observed aberrant 
mitochondrial fragmentation as well as defects in the self-renewal capacity of NSCs 
following gene knockdowns of Mfn1 and 2 (Khacho et al. 2016). Moreover, they 
found that ROS signaling stimulates Nrf2-dependent transcriptional activation and 
suppression of genes related to pluripotency and self-renewal, respectively, whereas 
the loss of Nrf2 restores self-renewal capacity of NSCs. In vivo studies have found 
that mouse embryonic stem cells (mESCs) overexpressing Mff failed to produce 
live-born offspring and determined that mitochondrial dynamics crucially regulate 
β-catenin stability to maintain pluripotency (Zhong et al. 2019). Likewise, somatic 
dedifferentiation requires metabolic reprogramming from oxidative to glycolytic 
metabolism, as has been evidenced by increased glycolytic intermediates and down-
regulated OXPHOS complexes during this transition (Folmes et al. 2011). Although 
the role of mitochondrial ROS (mtROS) production has previously been underval-
ued, recent studies are uncovering the crucial intracellular signaling role of mtROS 
during stem cell differentiation. In low oxygen environments, studies have uncov-
ered that ROS-mediated signaling likely precedes HIF1α expression and anaerobic 
glycolysis in hematopoietic stem cells (HSCs) to maintain quiescence (Lacher et al. 
2018; Simsek et al. 2010). Furthermore, studies have revealed distinct mitochon-
drial morphological changes associated with either undifferentiated or differenti-
ated stem cells, which presumably precede and necessitate the metabolic switch. 
Following the knockdown of Opa1 in murine muscle tissue (Opa1-MKO), Baker 
et  al. observed greater mitochondrial fragmentation, reduced numbers of Pax7+ 
MuSCs, and increased sensitivity to activation and commitment stimuli (Baker et al. 
2022). Their findings coincide with the existing literature suggesting that mitochon-
drial fragmentation promotes stem cell commitment (Forni et al. 2016; Zhong et al. 
2019). As hair follicle stem cell (HFSC) differentiation progresses, mitochondria 
become elongated with greater cristae definition, which reflects their transition 
away from glycolytic metabolism (Tang et  al. 2016). Increases in mtDNA copy 
number, ETC complexes and enhanced mitochondrial elongation have been 
observed during cortical neuron differentiation in vitro (Agostini et al. 2016), sug-
gesting similar trends in metabolic and mitochondrial phenotypes that govern stem 
cell pluripotency and differentiation. However, less is known about the role of mito-
chondria during the syncytialization of trophoblasts, despite exhibiting marked dif-
ferences in mitochondrial and metabolic characteristics in undifferentiated CTBs 
and the differentiated STB.
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6.5  Mitochondria in Trophoblast Syncytialization 

The placenta is a semi-permeable organ that provides the developing fetus with 
structural and endocrine support while simultaneously facilitating nutrient, waste, 
and gas exchange at the maternal-fetal interface. To ensure successful pregnancy 
progression and fetal development, the placenta ultimately relies on mitochondria to 
satisfy the energetic demands and confer steroidogenic properties of the syncytio-
trophoblast. Previous studies have characterized the distinct mitochondrial pheno-
types associated with either CTB or STB, suggesting that mitochondrial 
morphological changes may be involved in the process of syncytialization (Bartho 
et al. 2020). Below the syncytium, proliferative CTBs possess larger, ovoid-shaped 
mitochondria containing abundant and well-defined cristae (Fig. 6.1) (Fisher et al. 
2019a). In addition, they are highly metabolically active as evidenced by their 

Fig. 6.1 Characteristics of villous trophoblast mitochondria. In the villous pathway, villous cyto-
trophoblasts (CTBs) give rise to the syncytiotrophoblast (STB) through terminal differentiation. 
Trophoblast differentiation is accompanied by morphological and functional changes to mitochon-
dria. CTBs possess elongated mitochondrial morphologies relative to STB mitochondria, which 
are smaller and punctate in nature. CTB mitochondria are hyperpolarized and capable of generat-
ing ATP through their active ETC complexes, whereas STB mitochondria possess relatively depo-
larized mitochondrial membrane potentials coupled with lower ATP production. Mitochondrial 
polarization is indicated by greater proton (+) accumulation in the intermembrane (IM) space. ATP 
molecules are represented by stars in the IM space, whereas ETC complexes are situated on the 
inner mitochondrial membrane (IMM) and are either glowing (active) or dull (inactive). Figure 
created with BioRender.com
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elevated ΔΨm (Bustamante et al. 2014) and ATP production (Fisher et al. 2019a; 
Kolahi et  al. 2017); however, they lack the expression of the P450scc enzyme 
responsible for converting cholesterol to pregnenolone—a progesterone precur-
sor—indicating that CTBs are impartial to progesterone production (Martínez et al. 
1997). It has been reported that mitochondrial content is increased at the onset of 
cellular differentiation in several stem cell types (Zhang et al. 2013). Indeed, the 
estrogen-related receptor γ (ERRγ), which has been identified at high levels in the 
placenta (Takeda et al. 2009) and in human CTBs (Poidatz et al. 2012), has also 
been implicated in promoting mitochondrial biogenesis in purified human CTB cul-
tures (Poidatz et al. 2015). Silencing of ERRγ leads to a loss of mtDNA content 
(Poidatz et al. 2015), which ultimately limits their oxidative respiration efficiency 
considering that mtDNA genes chiefly encode 13 respiratory complex proteins and 
subunits (Anderson et al. 1981). During syncytialization, ERRγ upregulation not 
only precedes but regulates aromatase (CYP19) gene transcription, which in turn 
confers additional steroid-metabolizing and estrogen-generating functions to the 
syncytium (Kumar and Mendelson 2011; Poidatz et al. 2015). In the context of the 
metabolic switch, ERRγ has been found to be upregulated during neuronal differen-
tiation along with PGC1α, a master regulator of mitochondrial biogenesis, where 
they collectively function to sustain energy metabolism through the transcription of 
mitochondrial genes (Zheng et al. 2016). Thus, it is becoming increasingly apparent 
that the regulation of mitochondrial respiration, biogenesis, and mtDNA content is 
not only integral during cellular differentiation, rather a metabolic trend that extends 
to trophoblast syncytialization.

As compared to CTBS, the smaller, punctate mitochondria with poorly defined 
cristae of the STB correspond to their mitotically inactive state and lower metabolic 
activity (Fig. 6.1) (Fisher et al. 2019a). STB mitochondria possess fewer ETC sub-
units and complex V (De los Rios Castillo et al. 2011; Fisher et al. 2019b), greater 
mitochondrial fragmentation (relative to their CTB precursors) (Kolahi et al. 2017), 
and elevated P450scc expression (Martinez et  al. 2015) and exhibit a relatively 
diminished ΔΨm (Bustamante et al. 2014). To summarize, the ETC consists of four 
major respiratory complexes (I, II, III, IV) situated on inner mitochondrial cristae 
folds, which shuttle electrons to complex V where ATP is synthesized or hydro-
lyzed. More specifically, ATP synthase contains two major regions: the F1 portion, 
located along the inner surface of the mitochondrial matrix and primarily function-
ing to hydrolyze ATP, and the F0 portion, which is embedded in the IMM and cou-
ples proton translocation to ATP synthesis (Jonckheere et al. 2012). ATP synthase 
exists as two identical monomers, whose dimerization determines the extent of cris-
tae folding (Blum et al. 2019). Due to intrinsic mitochondrial homeostatic mecha-
nisms, these complex subunits typically require either posttranslational modifications 
or stabilizing proteins to ensure their functional regulation. The transient regulation 
of ATP synthase dimerization and activity is dependent on the phosphorylation sta-
tus of ATPase inhibitory factor 1 (IF1), which is determined by the mitochondrial 
cAMP-PKA signaling cascade upstream. Unphosphorylated IF1 binds between α- 
and β-subunits located in the F1 region and inhibits ATP hydrolysis; however, more 
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recent studies have demonstrated that IF1 binding may inhibit both ATP hydrolysis 
and synthesis (Esparza-Moltó et  al. 2017). In CTBs, levels of IF1 were elevated 
compared to STB, suggesting enhanced dimerization of ATP synthase and more 
efficient ATP synthesis coupled with well-defined cristae and orthodox IM folding 
(De los Rios Castillo et al. 2011). 

Isolated human CTBs and STB grown on a two-sided culture model were ini-
tially reliant anaerobic glycolysis as determined by elevated lactate and low glyco-
gen levels; however, this metabolic profile was attributed to the recovery phase 
post-isolation and perhaps reminiscent of the hypoxic placental environment (Bax 
and Bloxam 1997). Following 24 and 48–64 h of culture, the two-sided trophoblast 
culture experienced a burst of glycogenolysis/glycolysis followed by an increase in 
oxygen consumption, with no changes to glycolytic rate, respectively. According to 
the literature, hCG secretion first appears around 48–64 h period of STB differentia-
tion (Kolahi et al. 2017), which presumably corresponds with greater reliance on 
OXPHOS and clarifies the surge in oxygen consumption (Bax and Bloxam 1997). 
Overall, it can be concluded that although pre- and post-differentiated trophoblasts 
rely primarily on aerobic glycolysis, functional differentiation necessitates both 
glycolytic and oxidative energy production in CTBs, whereas STB depends on aero-
bic respiration. More recent investigations aimed at distinguishing CTB and STB 
metabolic profiles revealed that CTB are highly glycolytic and metabolically active 
compared to the STB lineage and that syncytialization is accompanied by progres-
sive mitochondrial fragmentation (Kolahi et  al. 2017). In fact, fragmented mito-
chondrial morphologies in the STB have been observed in several studies (Fisher 
et al. 2019a; Martínez et al. 1997; Wasilewski et al. 2012). Similar to the metabolic 
reprogramming observed in other stem cells, a shift from glycolysis to OXPHOS is 
crucial during syncytialization. Increases in OXPHOS-related genes concomitant 
with decreases in lactate production, a key metabolite produced from glycolysis, are 
observed during syncytialization (Liu et al. 2017). Although the intracellular mech-
anism governing this shift remains largely unknown, Liu et al. identified the down-
regulation of a mitochondrial matrix protein, PDK4, during syncytialization to be 
necessary for the suppression of glycolysis and promotion of OXPHOS. In addition, 
they determined that hCG-mediated cAMP stimulation suppresses PDK4 expres-
sion, highlighting an indirect role for the hCG/cAMP/PKA pathway in STB metab-
olism (Liu et al. 2017). Overall, it has been thought that villous cytotrophoblasts 
favor glycolytic respiration to better oxygenate the developing fetus whilst accom-
modating their hypoxic niche. However, as pregnancy progresses, the STB becomes 
the dominant trophoblast lineage, allowing for excess carbohydrates to be shunted 
to the fetus due to suppressed metabolic activity. 

The placenta is responsible for forming and secreting several hormones related 
to pregnancy maintenance, such as hCG and progesterone (P4). Earlier we discussed 
the role of hCG in promoting trophoblast fusion and facilitating the metabolic 
switch; however, STB mitochondria possess a well-established role in the P4 synthe-
sis pathway. Placental P4 production is crucial in maintaining the uterine integrity 
and preventing uterine contractions may provide an explanation for why P4 deficien-
cies have been implicated in miscarriage (Daya 1994) and premature births (Csapo 
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et al. 1974). In brief, cholesterol is transported into the STB mitochondrial matrix 
and is subsequently converted into pregnenolone by an inner membrane-bound 
mitochondrial enzyme, CYP450scc (Shikita and Hall 1973). Following this conver-
sion, pregnenolone is further converted into P4 through the activity of another mito-
chondrial enzyme, 1,3-β-hydroxysteroid dehydrogenase (3βHSD) (Tuckey 2005). 
Moreover, mitochondrial dynamics proteins have been implicated in conferring the 
steroidogenic potential of the STB. The apparent increase in CYP450scc levels of 
differentiated STB is accompanied by mitochondrial fragmentation, as well as 
increased Drp1 expression (4-fold) and diminished levels of Opa1 and Mfn2. 
Interestingly, Wasilewski et  al. found that pregnenolone biosynthesis was either 
increased or decreased following Opa1 knockdown or overexpression in differenti-
ated BeWo cells, respectively (Wasilewski et al. 2012). Though the morphological 
characteristics of STB mitochondria reflect their steroidogenic role, other steroido-
genic tissues possess similarly unique mitochondrial structures. Typically, steroido-
genic mitochondria contain tubular, vesicular, or tubulovesicular mitochondria, as 
in the case of testosterone-producing Leydig cells of the male gonads. In fact, Mfn2 
was upregulated following steroidogenic stimulation in MA-10 cells, and the knock-
down of Mfn2 ultimately impaired steroidogenesis, suggesting a similar structure- 
function link between mitochondrial dynamics and steroidogenic capacity in male 
reproductive tissues (Duarte et al. 2012, 2014). Another group concluded that P4 
synthesis in Leydig cells is ΔΨm-dependent, after observing decreases in P4 levels 
following the treatment of MA-10 cells with CCCP (Allen et al. 2006). Although 
ΔΨm is capable of modifying the rate and efficiency of ATP hydrolysis in STB 
mitochondria, the dissipation of ΔΨm did not result in impaired STB steroidogen-
esis due to increases in NADPH content and ATP hydrolysis, which outweighed the 
decreased ΔΨm and sustained progesterone synthesis in isolated human STB mito-
chondria (Flores-Herrera et  al. 2015). Overall, steroidogenesis is supported by 
mitochondrial function and may be further regulated through cristae ultrastructure 
in the placenta. 

6.6  Clinical Implications of Mitochondrial Morphology 
and Bioenergetics in Syncytialization 

Considering the extensive role of mitochondria in the generation of ROS and media-
tion of toxic oxidative stress (Fariss et al. 2005), mitochondrial bioenergetics, mor-
phology, and dynamic regulation have been implicated in numerous diseases. 
Indeed, various placental mitochondrial alterations have been associated with PE, a 
placental disease related to impaired angiogenesis (Agarwal and Karumanchi 2011) 
and altered syncytialization (Li et al. 2003; Newhouse et al. 2007). Preeclamptic 
placentae have been demonstrated to have decreased total mitochondria densities, 
along with increased constituents of glycolysis, implying increased glycolytic activ-
ity (Vangrieken et al. 2021). As previously discussed, glycolytic energy production 
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is mainly utilized by undifferentiated, proliferative stem cells as well as during peri-
ods of oxidative stress, whereas differentiated cells are mainly dependent on 
OXPHOS metabolism (Hu et al. 2016a). This study also reports increased gene and 
protein expression of mitochondrial fission marker, DRP1, with no alterations to 
fusion markers (Vangrieken et al. 2021). The pathogenesis of PE is also linked with 
increased ROS levels (Madazli et  al. 2002; Matsubara et  al. 2015; Myatt 2010). 
ROS production directly regulates mitochondrial dynamics, suggesting variations in 
redox homeostasis related to ROS levels may be associated with mitochondrial 
dynamic balance and morphological alterations (Willems et al. 2015). Gestational 
diabetes mellitus (GDM), another pregnancy-related disorder, has also been related 
to mitochondrial homeostasis. GDM is a metabolic disorder associated with 
decreased fetal/placental weight ratio (Daskalakis et  al. 2008), in addition to 
increased placental oxidative stress and ER stress (Lappas et al. 2011; Yung et al. 
2016; Zhu et al. 2015). In contrast to preeclamptic placentae, enhanced mitochon-
dria fusion is seen in placentae from pregnancies complicated by GDM (Daskalakis 
et al. 2008). From a cellular bioenergetic standpoint, mitochondrial fusion is associ-
ated with increased oxidative phosphorylation demand and as a compensatory 
mechanism for mitochondrial damage attributable to placental cell stress by means 
of preserving mtDNA content, mitochondrial membrane potential and respiratory 
function (Abbade et  al. 2020; Mishra and Chan 2016; Youle and van der Bliek 
2012). Similar to PE, decreased placental mitochondrial levels are seen with GDM 
(Daskalakis et al. 2008), potentially linking both disorders to altered metabolic out-
puts. Ultimately, both PE and GDM pregnancy disorders comprise metabolic altera-
tions related to mitochondrial morphology and bioenergetics directly impacting 
trophoblast cell fate, and thereby, further investigation into direct processes by 
which these effects manifest is imperative into the elucidation of potential therapeu-
tic mechanisms. 
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Chapter 7 
Early Syncytialization of the Ovine 
Placenta Revisited 

Heewon Seo, Fuller W. Bazer, and Gregory A. Johnson 

Abstract Placentation is the development of a temporary arrangement between the 
maternal uterus and blastocyst-derived placental tissues designed to transport nutri-
ents, gases, and other products from the mother to the embryo and fetus. Placentation 
differs histologically among species, but all types of placentation share the common 
trait of utilizing highly complex cell-to-cell and tissue-to-tissue morphological and 
biochemical interactions to remodel the uterine-placental interface. An elegant 
series of electron microscopy (EM) images supports the classification of ovine pla-
centation as synepitheliochorial, because uterine luminal epithelial (LE) cells are 
maintained at the uterine-placental interface through incorporation into trophoblast 
syncytial plaques. In this review, we utilize immunofluorescence microscopy to pro-
vide further insights into early syncytialization of the ovine placenta. These obser-
vations, based on results using immunofluorescence microscopy, complement and 
expand, not replace, our understanding of syncytialization in sheep. 

7.1  Introduction 

Ovine conceptuses (embryo/fetus and associated placental membranes) remain free 
floating within the uterine lumen as they transform from spherical blastocysts to 
filamentous conceptuses between Days 6 and 17 of gestation (Johnson et al. 2018; 
Johnson 2018). The majority of the trophoblast cells within elongating ovine con-
ceptuses are mononucleate, and these cells secrete interferon tau to signal preg-
nancy recognition and participate in the initial attachment of the trophoblast to the 
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uterine luminal epithelium (LE) for implantation (Godkin et al. 1984; Farin et al. 
1989; Guillomot et al. 1990). During this peri-implantation period of pregnancy, 
binucleate trophoblast giant cells (BNCs) begin to differentiate from the mononu-
cleate trophoblast cells. BNCs first appear between Days 14 and 16 of gestation in 
sheep conceptuses and comprise 15–20% of the trophoblast during the apposition 
and attachment phases of implantation (Wooding et al. 1986; Wooding 2022). It has 
been proposed that BNCs arise through consecutive nuclear divisions without cyto-
kinesis, also termed mitotic polyploidy (Wimsatt 1951; Hoffman and Wooding 
1993; Klisch et al. 1999). A role for the endogenous beta retroviruses (enJSRV) in 
this process is likely (Dunlap et al. 2006; Spencer et al. 2007) suggesting the poten-
tial for BNCs to also, or in total, form through cell-cell fusion similar to what has 
been proposed for syncytins in humans and mice (Mi et al. 2000; Blond et al. 2000; 
Blaise et al. 2003; Frendo et al. 2003; Mallet et al. 2004; Dupressoir et al. 2005). 
This provides a possible explanation for the trinucleate cells observed in the tropho-
blast layer of cows that are presently considered to be the result of aberrant mitotic 
polyploidization (Klisch et al. 1999, 2004) (see Fig. 7.1) and for reports of multi-
nucleated cells in the sheep trophoblast (Seo et al. 2019). Initial BNCs contain small 
numbers of granules but become fully granulated as they mature. Mature BNCs 
migrate through the microvillar junctions between the trophoblast and uterine LE to 
initiate syncytialization within the LE layer of the uterine-placental interface. In 
addition to being instrumental in syncytia formation, BNCs secrete hormones such 
as placental lactogen and pregnancy-associated glycoproteins (PAGs). The mea-
surement of PAGs levels in serum can be used reliably to assess BNC development 
and diagnose pregnancy in sheep and cattle (Ruder et al. 1988; Karen et al. 2003; 
Wallace et al. 2015). 

Placentation is the close juxtaposition of the microcirculatory systems of the 
mother and placenta for the exchange of nutrients, gases, and wastes, as well as to 

Fig. 7.1 Immunofluorescence staining for pregnancy-associated glycoprotein (PAG, green color) 
and E-cadherin (E-cad, red color) within the trophoblast layer of a bovine conceptus. 
Immunostaining for PAG was observed in a small number of trophoblast giant cells containing 
three nuclei. DAPI (4′,6-diamidino-2-phenylindole) stains cell nuclei blue and is used for histo-
logical reference. D, day; P, pregnancy; Tr, trophoblast cells. The width of field for immunofluo-
rescence images captured at 20× and 63× is 142 μm and 220 μm, respectively 
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provide protection and serve as a source of hormones. Placentation is classified 
based on histological analyses regarding the number of uterine and placental cell 
layers/types that are present, as well as the extent of trophoblast invasion into uter-
ine tissue, degree of trophoblast differentiation, and the number of trophoblast lay-
ers separating maternal and fetal blood (Wimsatt 1951; Grosser 1909; Amoroso 
1952; Wimsatt 1975; Mossman 1991). Variations within this framework provide the 
basis for the definition of diverse types of placentation ranging from noninvasive 
epitheliochorial to highly invasive hemochorial. Although differences in histology 
at the uterine-placental interface of ruminants vary among species, placentation in 
ruminants, as a group, is a unique intermediate between noninvasive and highly 
invasive forms of placentation (Green et al. 2021). Trophoblast invasion is limited 
to the uterine LE, with varying degrees of syncytialization observed. There is no 
invasion of trophoblast cells into the uterine stroma, and all cell layers within the 
uterine stroma remain intact, although connective tissue decreases to minimize 
interhemal distance between the uterine and placental vasculatures. Ovine placenta-
tion is classified as synepitheliochorial because uterine LE is considered to be modi-
fied through syncytialization with trophoblast cells and not syndesmochorial in 
which uterine LE is not present at the uterine-placental interface (Wooding 1992). 

What has been understood about trophoblast differentiation and the formation of 
syncytia at the uterine-placental interface of sheep was derived from analyses of an 
elegant series of electron microscopy (EM) images (Wooding 1984). Conventional 
wisdom is that BNCs migrate to the uterine LE and fuse with individual LE cells to 
form trinucleate trophoblast-LE syncytial hybrid cells (Fig. 7.2, Panel a). Through 
continued migration and fusion of BNCs with individual LE cells, as well as fusion 

Fig. 7.2 Panel a. Binucleate trophoblast giant cells (BNCs) migrate and fuse with individual uter-
ine luminal epithelial (LE) cells to form trinucleate syncytial cells (beginning about Day 16 of 
pregnancy in sheep), thereby assimilating within the uterine LE. Panel b. The syncytia of sheep 
subsequently enlarge through continued BNC migration and fusion to form syncytial plaques. The 
syncytial plaques are conceptus-maternal hybrid cells composed of uterine LE and conceptus 
BNCs, and they eventually form the epithelial interface between uterine and placental tissues 
within the placentome. In sheep, the syncytial plaques are a consistent feature in placentomes 
throughout pregnancy
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with newly formed syncytia with the uterine LE, the trinucleate syncytial cells sub-
sequently enlarge into syncytial plaques containing large numbers of nuclei 
(Fig. 7.2, Panel b). In this review, we will revisit the early stages of syncytialization 
in sheep based on recent observations made through immunofluorescence 
microscopy.

7.2  Immunofluorescence Microscopy Analyses Identify 
the Possible Destiny of Specific Cells Engaged 
in Syncytialization 

The uterine and placental tissues were processed by conventional means. Pregnant 
ewes were hysterectomized, and several 1–1.5 cm sections of the uterine wall and 
associated placenta from different regions of each uterine horn were (1) snap-frozen 
in Tissue-Tek Optimal Cutting Temperature compound (OCT; Miles Inc., Oneonta, 
NY), cooled in liquid nitrogen vapor, and stored at −80 °C, or (2) fixed in fresh 4% 
paraformaldehyde in PBS (pH 7.2), changed to 70% ethanol after 24 h, and then 
dehydrated and embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). 
Uterine-placental tissues embedded in OCT were cryo-sectioned at 8 μm, whereas 
tissues embedded in Paraplast-Plus were sectioned at 5 μm and then deparaffinized 
in xylene and rehydrated to water through a graded alcohol series. All tissue sec-
tions were affixed to Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). 

The antibodies utilized in these studies were selected for their immunoreactivity 
to proteins expressed by uterine LE, mononucleate trophoblast, BNCs, or syncytia. 
Epithelial cadherin (E-cadherin) is a transmembrane protein unique to adherens 
junctions that connect mononuclear epithelial cells, and it is expressed by ovine 
uterine LE and mononuclear trophoblast. E-cadherin was identified in uterine- 
placental tissues with a mouse anti-E-cadherin monoclonal IgG (BD Biosciences; 
San Jose, CA; 610182; 1:200 dilution). Cytokeratins are intermediate filaments 
unique to the cytoskeleton of epithelial cells that resist mechanical stress and are 
expressed by ovine uterine LE and mononuclear trophoblast. Cytokeratins 1, 5, 6, 7, 
8, 10, 11, and 18 were identified in ovine uterine and placental tissues with a mouse 
anti-cytokeratin monoclonal IgG (Sigma-Aldrich; C-6909; 1:500 dilution). 
Phosphoserine phosphatase (PSPH) is an enzyme required to convert 3- phosphoserine 
to serine and is expressed by the ovine uterine LE (Seo et al. 2021; Johnson et al. 
2022). PSPH was identified in uterine-placental tissues by a rabbit anti-PSPH poly-
clonal antibody (Lifespan Biosciences, Seattle, WA; LS-B2935; 1:100). Pregnancy- 
associated glycoproteins (PAGs) are expressed by ovine placental trophoblast cells, 
and most members of the PAG family are expressed predominantly in BNCs. PAGs 
were identified in BNCs, syncytia, and some mononucleate trophoblast in uterine- 
placental tissues by a rabbit anti-PAG polyclonal IgG (kindly provided by Jonathan 
A. Green, University of Missouri-Columbia, Columbia, MO; 1:100 dilution). Serine 
hydroxymethyltransferase 2 (SHMT2) is an enzyme required for the conversion of 
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tetrahydrofolate (THF) to methylene-THF within the one-carbon metabolic path-
way and is expressed by ovine trophoblast cells (Sah et  al. 2022). SHMT2 was 
identified in uterine-placental tissues by a rabbit anti-SHMT2 IgG (Sigma-Aldrich; 
HPA020543; 1:100 dilution). 

Slides were incubated overnight at 4 °C with the primary antibody and then were 
incubated for 1  h at room temperature with a secondary antibody conjugated to 
Alexa Fluor 488 or Alexa Fluor 594. Slides were then counterstained with Prolong 
Gold Antifade reagent containing DAPI (4′,6-diamidino-2-phenylindole; Life 
Technologies) to identify nuclei. Images were taken using an Axioplan 2 micro-
scope (Carl Zeiss, Thornwood, NY) interfaced with an Axioplan HR digital camera. 
For dual immunofluorescence staining, the two primary antibodies generated in dif-
ferent species (rabbit or mouse) were added to the tissue sections simultaneously on 
the first day, and the two secondary antibodies (Alexa Fluor 488-conjugated and 
Alexa Fluor 594-conjugated) were added to the tissue sections simultaneously on 
the second day. 

Immunofluorescence microscopy allows the examination of large tissue sections 
that include the entire interface of a uterine-placental cross section to identify spe-
cific cell types according to the differential expression of a protein(s) unique to each 
cell type (Fig. 7.3).

7.3  Are BNCs the Only Cells That Migrate into the Uterine 
Luminal Epithelium? 

Although PAGs are predominantly expressed by BNCs, PAGs are also expressed by 
mononuclear trophoblast cells in sheep (Green et al. 2021). As demonstrated in the 
uterine/placental tissue section in Fig.  7.3, both PAG-positive BNCs and PAG- 
positive mononucleate trophoblast cells are present within the conceptus tropho-
blast. Both cell types are also evident in the uterine-placental tissue section shown 
in panel a of Fig. 7.4. The PAG-positive mononucleate trophoblast cells in Figs. 7.3 
and 7.4 may be the BNCs in which the observed nucleus obscured perception of the 
second nucleus, but the frequency of the occurrence of these cells suggests that 
some PAG-positive cells are mononuclear as reported previously (Nagel et al. 1993; 
Xie et al. 1997; Green et al. 2000). If trophoblast cell entry into the uterine LE is 
limited to the fusion of BNCs to uterine LE cells or fusion of BNCs to growing 
syncytial plaques, then PAG-positive mononuclear cells and PAG-positive BNCs 
should not be present in the uterine LE. However, the uterine LE of uterine- placental 
tissue sections in Fig. 7.4 include PAG-positive mononucleate trophoblast cells and 
BNCs. Again, it is possible that the two nuclei observed in these PAG-positive 
BNCs have obscured a third nucleus and these cells are actually trinucleate syncy-
tia. However, it is unlikely that the single nuclei observed in the PAG-positive 
mononucleate cells obscure the perception of two other nuclei within the cell, so 
these cells are likely either mononuclear cells or BNCs. It is unlikely that these 
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Fig. 7.3 (Top Panel) Immunofluorescence staining illustrating global views of the ovine uterine- 
placental interface in sheep during the early stages of syncytia formation (Day 20). 
Immunofluorescence staining for pregnancy-associated glycoprotein (PAG, green color) identifies 
binucleate trophoblast giant cells (BNCs) and immunofluorescence staining for epithelial cadherin 
(E-cadherin) identifies the uterine luminal epithelium (LE) and mononuclear trophoblast cells. 
DAPI (4′,6-diamidino-2-phenylindole, blue color) identifies cell nuclei. It is clear that the forma-
tion of binucleate cells (green color) is not uniform across the uterine-placental interface on Day 
20 of gestation. (Bottom Panel) Both BNC and PAG-positive mononucleate cells are present in 
the trophoblast layer. D, Day; P, pregnancy; GE, glandular epithelium. The width of field for the 
immunofluorescence image captured at 10× and 40× is 890 μm and 220 μm, respectively

PAG-positive mononuclear trophoblast cells and PAG-positive BNCs penetrated the 
uterine LE via the fusion of BNCs with the apical ends of individual uterine LE 
cells; therefore, they likely migrated into the uterine LE through limited dissocia-
tion of uterine LE and mechanical intrusion. This possibility was discounted in the 
rabbit due to a lack of evidence from analyses of EM images, but the authors only 
“suggested” that fusion is the “normal” method of epithelial penetration by the tro-
phoblast of the rabbit (Enders and Schlafke 1971). Based on results in Fig.  7.4, 
PAG-positive mononucleate trophoblast cells likely migrate between the lateral sur-
faces of uterine LE cells to reside within the uterine LE as noted for the mononucle-
ate trophoblast cell apparently inserting itself between cells in the uterine 
LE. Immune cells routinely traffic through intact layers of epithelial cells (Zemans 
et al. 2009; Strazielle et al. 2016), and invasion of trophoblast cells into the uterine 
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Fig. 7.4 Mononuclear and binuclear trophoblast cells (BNCs) migrate from the trophoblast layer 
to the uterine luminal epithelium (LE) between Day 17 and Day 20 of gestation in sheep. (Panel 
a) Immunofluorescence staining for pregnancy-associated glycoprotein (PAG, all panels green 
color), cytokeratin (left panel red color), caspase 3 (middle panel red color), and E-cadherin (right 
panel red color) detected anti-PAG immunostaining in cells (PAG-positive cells) that have a single 
nucleus within both the trophoblast layer (Tr) and uterine luminal epithelium (LE). The PAG- 
positive mononuclear trophoblast cells appear to be inserting themselves between uterine LE. The 
width of field for immunofluorescence images is 220 μm. (Panels b, c) Immunofluorescence stain-
ing for PAG (green color) and E-cadherin (red color) detected BNCs within the uterine LE layer. 
The width of field for immunofluorescence images for Panels b and c is 593 μm and 220 μm, 
respectively. DAPI (4′,6-diamidino-2-phenylindole) stains cell nuclei blue and is used for histo-
logical reference

7 Early Syncytialization of the Ovine Placenta Revisited



134

LE by human blastocysts is proposed to occur in that way (Aplin and Ruane 2017; 
Siriwardena and Boroviak 2022). The presence of PAG-positive mononuclear cells 
in the uterine LE provides the opportunity for BNCs in the trophoblast to fuse with 
mononuclear trophoblast cells to form trinucleate syncytia entirely of trophoblast 
origin as is illustrated in Fig. 7.5.

7.4  What Is the Fate of Uterine LE During Syncytialization? 

Ovine placentation was initially classified as syndesmochorial based on evidence 
that the uterine LE cells were lost during placentation (Grosser 1909, 1927). 
Subsequently, investigators concluded that uterine LE cells are incorporated into 
syncytial plaques and, therefore, classified sheep as having synepitheliochorial 

Fig. 7.5 (Panel a) The presence of pregnancy-associated glycoprotein (PAG)-positive mononu-
clear cells within the uterine LE suggests that in some cases the trinucleate cells observed in the 
uterine LE layer may form through fusion between mononuclear trophoblast cells and BNCs. 
PAG-positive mononuclear trophoblast cells migrate between uterine LE cells where their unusu-
ally large size compared to the uterine LE cells results in the physical stretching of the neighboring 
LE cells to accommodate their presence. Trophoblast binucleate cells then migrate to the uterine 
LE and potentially fuse with these PAG-positive mononucleate cells to form trinucleate syncytial 
cells that are entirely of trophoblast origin. (Panel b) Immunofluorescence staining for PAG (green 
color, top panels), E-cadherin (red color, top and bottom right panels), phosphoserine phosphatase 
(PSPH; red color, bottom left panel), and serine hydroxymethyltransferase 2 (SHMT2; green color, 
bottom right panel) on Days 17, 18, and 20 of gestation shows what appear to be trophoblast cells 
(arrow heads) invading into the uterine luminal epithelial (LE) layer. D, Day; P, pregnancy; Tr, 
trophoblast. DAPI (4′,6-diamidino-2-phenylindole) stains cell nuclei. The width of field for the 
immunofluorescence images captured at 40× and 63× is 220 μm and 140 μm, respectively 
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placentation (Wooding 1992), as illustrated in Fig.  7.2. As stated earlier in this 
review, the presence of PAG-positive mononuclear trophoblast cells in the uterine 
LE suggests the possibility of the formation of some syncytial plaques that are 
devoid of uterine LE. Further, gaps form in the uterine LE during the process of 
syncytialization (Seo et al. 2019; Wooding 1984). Those observations suggest that 
some LE cells are not incorporated into syncytial plaques but that they are elimi-
nated from the uterine-placental interface of sheep. 

Two ideas have been put forward to address the elimination of some uterine LE 
at the uterine-trophoblast interface, both involving trophoblast cells. One idea is that 
uterine LE cells that do not participate in fusion with BNCs die and the remaining 
residues are phagocytized by trophoblasts resulting in gaps in the uterine LE 
(Wooding 2022). The other idea involves trophoblast cell migration into the uterine 
LE, phagocytosis of apoptotic LE cells by trophoblast cells, further migration of 
these trophoblasts into the uterine stroma, and elimination of uterine LE within the 
stroma, resulting in gaps in the uterine LE (Seo et al. 2019). 

The possible resolution of the two ideas is addressed based on the results shown 
in Fig. 7.6. Panel a and Panel b of Fig. 7.6 reveal H&E staining of a region of the 
uterine-placental interface on Day 20 of gestation indicating that uterine LE has 
been eliminated and no intact cells remain to separate trophoblast and uterine 
stroma. Interestingly, neutrophils have accumulated within the uterine stroma adja-
cent to the region lacking uterine LE. This suggests an innate immune response has 

Fig. 7.5 (continued)
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Fig. 7.6 (Panels a, b) H&E staining reveals a region of the uterine-placental interface without 
uterine LE cells separating trophoblast and endometrial stroma on Day 20 of gestation. Neutrophils, 
some of which are undergoing apoptosis, are present in the uterine stroma adjacent to this region 
of the uterine-placental interface, suggesting an innate immune response, within this region of the 
uterine stroma. Dotted lines approximate the uterine LE layer. The width of field for the H&E 

(continued)
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images captured at 20× and 63× is 738 μm and 234 μm, respectively. (Panel c) Immunofluorescence 
staining for pregnancy-associated glycoprotein (PAG, green color) and E-cadherin (red color) on 
Day 17 of gestation shows the presence of PAG-positive cells within the uterine LE layer. These 
cells appear to be mononuclear PAG-positive, presumably trophoblast cells. In this same region of 
the uterine-placental interface, E-cadherin-positive uterine LE cells are rounded-up and dissoci-
ated from the columnar epithelial cells. Yellow arrow heads indicate E-cadherin-positive cells 
within the uterine stroma. Dotted lines approximate the interface between trophoblast and uterine 
LE. The width of field for the immunofluorescence image is 220 μm. (Panel d) Immunofluorescence 
staining for serine hydroxymethyltransferase 2 (SHMT2; green color) and phosphoserine phos-
phatase (PSPH; red color) on Day 18 of gestation shows SHMT2-positive trophoblast cells pene-
trating the uterine LE that is positive for immunoreactive PSPH. DAPI (4′,6-diamidino-2-phenylindole) 
stains cell nuclei. The width of field for the immunofluorescence images is 140 μm. (Panel e) 
SHMT2-positive cells are present in the trophoblast (Tr) and uterine LE and within the uterine 
stroma (St) on Day 18 of gestation. White arrow heads indicate cells positive for immunoreactive 
SHMT2 within the uterine stroma. Dotted line approximates the basement membrane of the uter-
ine LE. The width of field for the immunofluorescence images is 140 μm. DAPI (4′,6-diamidino- 2-
phenylindole) stains cell nuclei blue for histological reference

drawn these highly phagocytic cells to this specific region of the uterine stroma, 
supporting the idea that immune cells traffic to regions of uterine LE loss, perhaps 
to phagocytize degenerating cells as has been previously proposed (Seo et al. 2019). 
Panel c of Fig. 7.6 shows a region of uterine LE from Day 17 of pregnancy that 
contains a mixture of PAG-positive trophoblast cells and E-cadherin-positive cells 
that appear to have rounded up and dissociated from the columnar epithelial cells. 
Within the stroma adjacent to this region of remodeling uterine LE, there are cells 
whose cytoplasm immunostains for E-cadherin. During apoptosis, expression of 
E-cadherin is not detected at the cell surface, but it accumulates in the cytosol 
(Steinhusen et al. 2001). Panel d of Fig. 7.6 shows two areas of uterine LE from Day 
18 of pregnancy that include SHMT2-positive trophoblast cells penetrating the uter-
ine LE. Although the immunostaining is faint, SHMT2-positive cells are present in 
the uterine stroma adjacent to the region in which there is remodeling of the uterine 
LE (see panel e of Fig. 7.6). Collectively, these results demonstrate that (1) uterine 
LE is eliminated from some regions of syncytialization leaving the gaps in the uter-
ine LE; (2) phagocytic immune cells, including, but perhaps not limited to, neutro-
phils, are present in the uterine stroma adjacent to these regions of uterine LE 
remodeling and syncytialization; (3) E-cadherin positive cells are present in the 
uterine stroma adjacent to these regions of uterine LE remodeling and syncytializa-
tion; and (4) SHMT2-positive cells, likely of trophoblast lineage, are present in the 
uterine stroma adjacent to these regions of uterine LE remodeling and syncytializa-
tion. Therefore, conceptus trophoblast cells potentially migrate to the uterine LE, 
engulf uterine LE, and transport uterine LE into the uterine stroma for phagocytosis 
by immune cells (Seo et al. 2019).
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7.5  Based on This Scenario, Several Factors Remain 
to Be Clarified 

First, the factors that induce the death of uterine LE cells are unknown. The integrity 
of uterine LE depends on proteins making up junctional complexes, but the inser-
tion of trophoblast cells between uterine LE may result in the dissociation of cell- 
cell junctional complexes and subsequent apoptosis of the affected uterine LE 
(Bruner and Derksen 2018). Alternatively, conceptuses may secrete soluble factors 
that induce apoptosis of uterine LE (Welsh 1993; Ashary et  al. 2018). Second, 
although EM has been used to detect the uptake of residues from dead uterine LE 
(Wooding 2022), there is no direct evidence for the engulfment of apoptotic LE by 
trophoblast cells. Third, the basement membrane of uterine LE must be breached. 
Evidence for E-cadherin-positive cells that have transformed from a columnar to a 
round morphology suggests that these cells have dissociated from the basement 
membrane. Further, the removal of the uterine LE suggests that the integrity of the 
basement membrane is compromised. The basement membrane is not a true mem-
brane but is composed of a basal lamina that includes transmembrane integrins that 
bind laminins that bind type 4 collagen to anchor the cells to the connective tissue 
and an underlying reticular lamina composed of type 3 collagen. The integrity of the 
basal lamina is dependent on the integrity of the epithelial cells, and maintenance of 
that integrity is questionable during syncytialization. The reticular lamina does not 
represent a significant barrier to cell migration. Another possible explanation for the 
delivery of apoptotic LE cells into the stroma is that invading trophoblast cells exert 
a physical force that displaces uterine LE cells and pushes them through a compro-
mised basement membrane (Chang and Chaudhuri 2019). Fourth, there is ample 
precedence for trophoblast invasion into the uterine stroma. In humans, neighboring 
cytotrophoblast cells fuse to generate the syncytiotrophoblast at the time of adhe-
sion of the blastocyst to the uterine LE that initiates implantation. It is the syncytio-
trophoblast that penetrates through the uterine LE during the implantation of human 
blastocysts (Huppertz and Gauster 2011). The mechanism by which syncytiotro-
phoblasts create a route for penetration is unknown, but the blastocyst may migrate 
between uterine LE through transepithelial migration which is similar to transendo-
thelial migration by leukocytes (Uchida et al. 2016). However, histological studies 
suggest that the syncytiotrophoblast eliminates uterine LE cells at sites of implanta-
tion in non-human primates and humans (Enders 2000). Therefore, it is likely that 
syncytialization precedes trophoblast invasion and that it is the syncytiotrophoblasts 
that actively breach the uterine LE to allow the blastocyst to invade the endometrial 
stroma (Aplin and Ruane 2017; Siriwardena and Boroviak 2022).
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7.6  Conclusions 

Placentation in ruminants is intermediate between the noninvasive type, as observed 
in the epitheliochorial placenta of pigs, and the invasive type, as observed in the 
hemochorial placentae of mice and humans. In ruminants, trophoblasts invade uter-
ine tissue, but the invasion is limited to the uterine LE wherein there are varying 
degrees of syncytialization among species. There is no invasion of trophoblast cells 
into the uterine stroma, and all cell layers within the uterine stroma remain intact, 
although connective tissue is decreased to minimize the interhemal distance between 
the uterine and placental vasculatures. Through careful examination of a series of 
EM images, ovine placentation was classified as synepitheliochorial because uter-
ine LE is considered to be modified through syncytialization with trophoblast cells 
and not syndesmochorial in which uterine LE is removed in areas of the uterine- 
placental interface. This review provides evidence based on careful analyses of 
immunofluorescence microscopy images to complement and extend existing knowl-
edge of placentation in sheep. Interpretation of those analyses is summarized in 
Fig. 7.7 to expand understanding of mechanisms responsible for syncytialization of 
cells during placentation in sheep. Two points to consider are the possibility that 
PAG-positive mononuclear trophoblast cells participate in syncytialization of the 
uterine-placental interface of sheep and that the majority of uterine LE may be 
eliminated from the uterine-placental interface through phagocytosis within the 

Fig. 7.7 (1) Pregnancy-associated glycoprotein (PAG)-positive mononuclear trophoblast cells 
potentially migrate and insert themselves between uterine luminal epithelial (LE) cells. (2) 
Binucleate trophoblast giant cells (BNCs) physically interact with uterine LE or potentially PAG- 
positive mononuclear trophoblast cells in preparation for fusion. (3) BNCs fuse with mononuclear 
cells in the uterine LE. (4) A trinucleate syncytial cell forms and is composed of trophoblast and 
LE or only trophoblast. (5) In regions of the uterine-placental interface, uterine LE cells round up, 
dissociate, and begin to die, perhaps through apoptosis, to form gaps in the uterine LE. (6) 
E-cadherin-positive cells are present in the uterine stroma in regions where the uterine LE has 
developed gaps. (7) BNCs continue to fuse with growing syncytia which will eventually compose 
what was the uterine LE of the uterine-placental interface. In this model, only BNCs were drawn 
to illustrate fusion with cells in the uterine LE layer. However, PAG-positive mononuclear tropho-
blast cells may also fuse with mononuclear cells or growing syncytial plaques in the uterine LE 
during placentation in sheep
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uterine stroma. It is important to note that these results, based on histological analy-
ses of cells at the uterine-placental interface, imply physiological aspects of preg-
nancy that are subject to debate and future alteration with new scientific findings. 
Interpretations, based on histological analyses, are key to developing a better under-
standing of syncytialization in the sheep placenta.

Acknowledgments This work was supported by National Research Initiative Competitive Grant 
no. 2022-67015-36376 from the USDA National Institute of Food and Agriculture. 

References 

Amoroso EC (1952) Placentation. In: Parkes AS (ed) Marshall’s physiology of reproduction. 
Longmans Green, London, pp 127–311. Chapter 15 

Aplin JD, Ruane PT (2017) Embryo-epithelium interactions during implantation at a glance. J Cell 
Sci 130(1):15–22 

Ashary N, Tiwari A, Modi D (2018) Embryo implantation: war in times of love. Endocrinology 
159(2):1188–1198 

Blaise S, de Parseval N, Bénit L, Heidmann T (2003) Genomewide screening for fusogenic human 
endogenous retrovirus envelopes identifies syncytin 2, a gene conserved on primate evolution. 
Proc Natl Acad Sci U S A 100(22):13013–13018 

Blond JL, Lavillette D, Cheynet V, Bouton O, Oriol G, Chapel-Fernandes S, Mandrand B, Mallet 
F, Cosset FL (2000) An envelope glycoprotein of the human endogenous retrovirus HERV-W 
is expressed in the human placenta and fuses cells expressing the type D mammalian retrovirus 
receptor. J Virol 74(7):3321–3329 

Bruner HC, Derksen PWB (2018) Loss of E-cadherin-dependent cell-cell adhesion and the devel-
opment and progression of cancer. Cold Spring Harb Perspect Biol 10(3):a029330 

Chang J, Chaudhuri O (2019) Beyond proteases: basement membrane mechanics and cancer inva-
sion. J Cell Biol 218(8):2456–2469 

Dunlap KA, Palmarini M, Spencer TE (2006) Ovine endogenous betaretroviruses (enJSRVs) and 
placental morphogenesis. Placenta Suppl A:S135–S140 

Dupressoir A, Marceau G, Vernochet C, Bénit L, Kanellopoulos C, Sapin V, Heidmann T (2005) 
Syncytin-A and syncytin-B, two fusogenic placenta-specific murine envelope genes of retrovi-
ral origin conserved in Muridae. Proc Natl Acad Sci U S A 102(3):725–730 

Enders AC (2000) Trophoblast-uterine interactions in the first days of implantation: models for the 
study of implantation events in the human. Semin Reprod Med 18:255–363 

Enders AC, Schlafke S (1971) Penetration of the uterine epithelium during implantation in the 
rabbit. Am J Anat 132(2):219–230 

Farin CE, Imakawa K, Roberts RM (1989) In situ localization of mRNA for the interferon, ovine 
trophoblast protein-1, during early embryonic development of the sheep. Mol Endocrinol 
3:1099–1107 

Frendo JL, Olivier D, Cheynet V, Blond JL, Bouton O, Vidaud M, Rabreau M, Evain-Brion D, 
Mallet F (2003) Direct involvement of HERV-W Env glycoprotein in human trophoblast cell 
fusion and differentiation. Mol Cell Biol 23(10):3566–3574 

Godkin JD, Bazer FW, Thatcher WW, Roberts RM (1984) Proteins released by cultured day 15–16 
conceptuses prolong luteal maintenance when introduced into the uterine lumen of cyclic ewes. 
J Reprod Fertil 71:57–64 

Green JA, Xie S, Quan X, Bao B, Gan X, Mathialagan N, Beckers JF, Roberts RM (2000) 
Pregnancy-associated bovine and ovine glycoproteins exhibit spatially and temporally distinct 
expression patterns during pregnancy. Biol Reprod 62(6):1624–1631

H. Seo et al.



141

Green JA, Geisert RD, Johnson GA, Spencer TE (2021) Implantation and placentation in rumi-
nants. Adv Anat Embryol Cell Biol 234:129–154 

Grosser O (1909) Vergleichende anatomie und entwicklungsgeschichte der eihaute und der pla-
centa. Braumuller W, Vienna and Leipzig 

Grosser O (1927) Fruhentwicklung, Eihautbidung und Placentation des Menschen und der 
Saugetiere. J. F. Bergmann, Munchen 

Guillomot M, Michel C, Gaye P, Charlier N, Trojan J, Martal J (1990) Cellular localization of an 
embryonic interferon, ovine trophoblastin and its mRNA in sheep embryos during early preg-
nancy. Biol Cell 68:205–211 

Hoffman LH, Wooding FB (1993) Giant and binucleate trophoblast cells of mammals. J Exp Zool 
266:559–577 

Huppertz B, Gauster M (2011) Trophoblast fusion. Adv Exp Med Biol 713:81–95 
Johnson GA (2018) Domestic animal placentation. In: Skinner MK (ed) Encyclopedia of repro-

duction, vol 2. Academic Press, Elsevier, pp 448–454 
Johnson GA, Bazer FW, Burghardt RC, Wu G, Seo H, Kramer AC, McLendon BA (2018) Cellular 

events during ovine implantation and impact for gestation. Anim Reprod 15(Suppl 1):843–855 
Johnson GA, Seo H, Bazer FW, Wu G, Kramer AC, McLendon BA, Cain JW (2022) Metabolic 

pathways utilized by the porcine conceptus, uterus and placenta. Mol Reprod Dev. https://doi. 
org/10.1002/mrd.23570 

Karen A, Beckers JF, Sulon J, de Sousa NM, Szabados K, Reczigel J, Szenci O (2003) Early 
pregnancy diagnosis in sheep by progesterone and pregnancy-associated glycoprotein tests. 
Theriogenology 59(9):1941–1948 

Klisch K, Hecht W, Pfarrer C, Schuler G, Hoffmann B, Leiser R (1999) DNA content and ploidy 
level of bovine placentomal trophoblast giant cells. Placenta 20:451–458 

Klisch K, Thomsen PD, Dantzer V, Leiser R (2004) Genome multiplication is a generalised phe-
nomenon in placentomal and interplacentomal trophoblast giant cells in cattle. Reprod Fertil 
Dev 16(3):301–306 

Mallet F, Bouton O, Prudhomme S, Cheynet V, Oriol G, Bonnaud B, Lucotte G, Duret L, Mandrand 
B (2004) The endogenous retroviral locus ERVWE1 is a bona fide gene involved in hominoid 
placental physiology. Proc Natl Acad Sci U S A 101(6):1731–1736 

Mi S, Lee X, Li X, Veldman GM, Finnerty H, Racie L, LaVallie E, Tang XY, Edouard P, Howes 
S, Keith JC Jr, McCoy JM (2000) Syncytin is a captive retroviral envelope protein involved in 
human placental morphogenesis. Nature 403(6771):785–789 

Mossman HW (1991) Classics revisited: comparative morphogenesis of the fetal membranes and 
accessory uterine structures. Placenta 12(1):1–5 

Nagel RJ, Xie S, Roberts RM (1993) Aspartic proteinases as markers of trophoblast differentiation 
in sheep. Biol Reprod 48(suppl 1):93. (abstract 139) 

Ruder CA, Stellflug JN, Dahmen JJ, Sasser RG (1988) Detection of pregnancy in sheep by radio-
immunoassay of sera for pregnancy-specific protein B. Theriogenology 29(4):905–912 

Sah N, Stenhouse C, Halloran KM, Moses RM, Seo H, Burghardt RC, Johnson GA, Wu G, Bazer 
FW (2022) Creatine metabolism at the uterine-conceptus interface during early gestation in 
sheep. Biol Reprod 107(6):1528–1539 

Seo H, Bazer FW, Burghardt RC, Johnson GA (2019) Immunohistochemical examination of tro-
phoblast syncytialization during early placentation in sheep. Int J Mol Sci 20:4530 

Seo H, Johnson GA, Bazer FW, Wu G, McLendon BA, Kramer AC (2021) Cell-specific expression 
of enzymes required for serine biosynthesis and glutaminolysis in farm animals. Adv Exp Med 
Biol 1285:17–28 

Siriwardena D, Boroviak TE (2022) Evolutionary divergence of embryo implantation in primates. 
Philos Trans R Soc Lond B Biol Sci 377(1865):20210256 

Spencer TE, Johnson GA, Bazer FW, Burghardt RC, Palmarini M (2007) Pregnancy recognition 
and conceptus implantation in domestic ruminants: roles of progesterone, interferons and 
endogenous retroviruses. Reprod Fertil Dev 19:65–78

7 Early Syncytialization of the Ovine Placenta Revisited

https://doi.org/10.1002/mrd.23570
https://doi.org/10.1002/mrd.23570


142

Steinhusen U, Weiske J, Badock V, Tauber R, Bommert K, Huber O (2001) Cleavage and shedding 
of E-cadherin after induction of apoptosis. J Biol Chem 276(7):4972–4980 

Strazielle N, Creidy R, Malcus C, Boucraut J, Ghersi-Egea JF (2016) T-lymphocytes traffic into 
the brain across the blood-CSF barrier: evidence using a reconstituted choroid plexus epithe-
lium. PLoS One 11(3):e0150945 

Uchida H, Maruyama T, Masuda H, Uchida S, Miki F, Hihara H, Katakura S, Yoshimasa Y, Tanaka 
M (2016) How to create an embryo penetration route. Am J Reprod Immunol 75:326–332 

Wallace RM, Pohler KG, Smith MF, Green JA (2015) Placental PAGs: gene origins, expression 
patterns, and use as markers of pregnancy. Reproduction 149(3):R115–R126 

Welsh AO (1993) Uterine cell death during implantation and early placentation. Microsc Res Tech 
25(3):223–245 

Wimsatt WA (1951) Observations on the morphogenesis, cytochemistry, and significance of the 
binucleate giant cells of the placenta of ruminants. Am J Anat 89(2):233–281 

Wimsatt WA (1975) Some comparative aspects of implantation. Biol Reprod 12(1):1–40 
Wooding FB (1984) Role of binucleate cells in fetomaternal cell fusion at implantation in the 

sheep. Am J Anat 170(2):233–250 
Wooding FB (1992) Current topic: the synepitheliochorial placenta of ruminants: binucleate cell 

fusions and hormone production. Placenta 13(2):101–113 
Wooding FBP (2022) The ruminant placental trophoblast binucleate cell: an evolutionary break-

through. Biol Reprod 107(3):705–716 
Wooding FB, Flint AP, Heap RB, Morgan G, Buttle HL, Young IR (1986) Control of binucleate 

cell migration in the placenta of sheep and goats. J Reprod Fertil 76(2):499–512 
Xie S, Green J, Bao B, Beckers JF, Valdez KE, Hakami L, Roberts RM (1997) Multiple pregnancy- 

associated glycoproteins are secreted by day 100 ovine placental tissue. Biol Reprod 
57(6):1384–1393 

Zemans RL, Colgan SP, Downey GP (2009) Transepithelial migration of neutrophils: mechanisms 
and implications for acute lung injury. Am J Respir Cell Mol Biol 40(5):519–535

H. Seo et al.



143© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2024 
M. Kloc, A. Uosef (eds.), Syncytia: Origin, Structure, and Functions, Results 
and Problems in Cell Differentiation 71, 
https://doi.org/10.1007/978-3-031-37936-9_8

Chapter 8 
Syncytia in Utricularia: Origin 
and Structure 

Bartosz J. Płachno, Małgorzata Kapusta, and Piotr Świątek 

Abstract In animals and plants, multinucleate cells (syncytia and coenocytes) are 
essential in ontogeny and reproduction. Fuso-morphogenesis is the formation of 
multinucleated syncytia by cell–cell fusion, but coenocytes are formed as a result of 
mitosis without cytokinesis. However, in plants, coenocytes are more widespread 
than true syncytia. Except for articulated laticifers, most plant syncytia have a tro-
phic function. Here, we summarize the results of histological, histochemical, and 
ultrastructural analyses of syncytia in the Utricularia species from the 
Lentibulariaceae family. Utricularia syncytia, known only from a few species, are 
heterokaryotic because the syncytium possesses nuclei from two different sources: 
cells of maternal sporophytic nutritive tissue (placenta) and endosperm haustorium. 
Thus, syncytium contains both maternal and paternal genetic material. In species 
from section Utricularia, syncytia are highly active structures (with hypertrophied 
nuclei, cell wall ingrowths, and extensive cytoskeleton) that exist only during 
embryo development. They serve as an example of evolutionary unique trophic 
structures in the plant kingdom.
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8.1  Introduction 

In both plants and animals, there are two main types of multinucleate cells: syncytia 
(syncytium from Greek: σύν syn “together” and κύτος kytos “box”) and coenocytes. 
Although these cells may be very similar in both structure and function, they differ 
in origin (unfortunately, many authors use the terms “syncytium” and “syncytial” to 
describe coenocytic structures). The syncytium is formed by cell fusion (fuso- 
morphogenesis). Also, an egg cell could be classified as two nucleate syncytium 
shortly after fertilization but before karyogamy. However, coenocyte is formed by 
multiple nuclear divisions without their accompanying cytokinesis. Syncytia and 
coenocytes are formed during ontogeny and reproduction processes and may have a 
trophic function (Shemer and Podbilewicz 2000; Kloc et  al. 2004; Świątek and 
Urbisz 2019). For example, in gymnosperms, angiosperms, and some pteridophytes, 
coenocytic developmental phases (megagametophyte, nuclear endosperm) are 
essential in sexual reproduction (Rudall and Bateman 2019). Also, in animal devel-
opment, coenocytic phase is common, because, in the initial stages of gametogen-
esis, male and female germ cells develop in full synchrony as interconnected cells 
called germline cysts (Pepling et  al. 1999; Greenbaum et  al. 2011; Chaigne and 
Brunet 2022). Syncytial cells have also been utilized in metazoans to form many 
complex organs, e.g., bones, muscles, and placentae (Shemer and Podbilewicz 
2000, 2003). However, syncytia occur more rarely in plants than coenocytes and 
have mainly the trophic role. They are specialized, terminally differentiated multi-
nucleated structures which are very active but shortly lived: an amoeboid tapetum 
(Anger and Weber 2006; Pacini and Juniper 1983; Tiwari and Gunning 1986), a 
nucellar plasmodium of Podostemaceae (Arekal and Nagendran 1975; Mukkada 
1962; Jäger-Zürn 1997; Murguía-Sánchez et al. 2002), the endospermal syncytium 
of Nothapodytes foetida (family Icacinaceae) (Swamy and Ganapathy 1957), and 
syncytia of Utricularia (e.g., Khan 1954; Płachno and Świątek 2011). Other exam-
ples of plant syncytia are articulated laticifers (Esau 1965) which produce latex and 
associated metabolites for the defense of plants against insects (Hagel et al. 2008) 
and plant syncytia caused by parasitic nematodes (Sobczak and Golinowski 2009; 
Sobczak and Matuszkiewicz 2023, in this book). 

Why are these syncytia in Utricularia remarkable, unusual, and worth mention-
ing? Because this type of syncytium possesses nuclei from two different sources: 
cells of maternal sporophytic nutritive tissue (placental tissue) and endosperm haus-
torium (paternal + maternal genetic material). 

The present chapter summarizes and discusses the results of past and recent 
ultrastructural and histochemical analyses of Utricularia syncytia. This chapter is 
based mainly on a series of our works (Płachno et  al. 2011, 2013; Płachno and 
Świątek 2011) but also on our recent unpublished results.
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8.2  Utricularia (Bladderworts) 

Utricularia (family Lentibulariaceae, Lamiales, Eudicots) are herbaceous, most 
often small to medium-sized flowering carnivorous plants (Fig. 8.1). Utricularia 
show great phenotypic plasticity and are aquatic plants (affixed or free-floating or 
rheophytes) or terrestrials, lithophytes, and epiphytes. Generally, they are associ-
ated with wetlands or seasonally wet habitats (Taylor 1989; Miranda et al. 2021). 
These plants are rootless and known for unusual vegetative organs, which follow 
structural features differing from typical flowering plants (Rutishauser 2016; Reut 
et al. 2021; Reut and Płachno 2023), but also known for the fastest closing traps in 

Fig. 8.1 Utricularia intermedia Hayne in natural habitat at the Jeleniak-Mikuliny Nature Reserve 
near the town Lubliniec, Poland
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the plant world (Poppinga et al. 2017). The genus Utricularia includes around 250 
species (Miranda et  al. 2021), classified into three subgenera, Polypompholyx, 
Bivalvaria, and Utricularia, and about 35 sections (Müller and Borsch 2005; Jobson 
et al. 2017).

8.2.1  Syncytium Occurrence 

Unfortunately, given the vast number of Utricularia species, the embryology of 
only a few has been studied in detail (see for references Khan 1992; Płachno 2011). 
Thus, our knowledge about the occurrence of syncytia is insufficient. Some sections 
of Utricularia have not been studied at all. Also, most researchers, who studied 
Utricularia female gametophyte and endosperm development, used the paraffin 
method and did not give photographic documentation but gave line drawings only 
(which sometimes are very esthetic and detailed; see, e.g., Wylie and Yocom 1923; 
Khan 1954). These are already a form of subjective interpretation of the results and 
make revising challenging. Syncytia were not found in members of subgenus 
Polypompholyx (Lang 1901; Siddiqui 1978); however, only two species from this 
subgenus were studied in the case of endosperm development. Syncytia have been 
recorded in terrestrial species only in U. caerulea (Kausik 1938), section 
Nigrescentes and U. reticulata (Kausik and Raju 1955), section Oligocista; both 
species are classified into subgenus Bivalvaria. Syncytia have also been described 
in species of the section Utricularia, subgenus Utricularia: U. macrorhiza (Wylie 
and Yocom 1923), U. aurea (Khan 1954), U. inflexa (Farooq 1964), U. vulgaris 
(Jankun and Płachno 2000; Płachno and Świątek 2011), U. intermedia (Płachno and 
Świątek 2011; Płachno et al. 2013), and U. minor (Płachno et al. 2013). Thus, syn-
cytia were found in almost all examined representatives of section Utricularia. 
However, with current limited knowledge, it is difficult to say whether syncytia have 
appeared multiple times in different Utricularia lineages or once in the ancestor of 
Bivalvaria + Utricularia lineage. 

8.2.2  Placental Nutritive Tissues and “Naked” Embryo Sacs 

When discussing syncytia, two characteristic features of Utricularia cannot be 
overlooked: placental nutritive tissue and naked embryo sac, which are essential for 
syncytia formation. Placental nutritive tissue (also termed “Nährgewebe,” 
“Drüsengewebe,” and “receptive tissue”) (Merz 1897; Merl 1915; Wylie and Yocom 
1923; Khan 1954) develops near the base of the ovule in the placenta in members of 
subgenera Bivalvaria and Utricularia (Fig.  8.2a). In members of subgenus 
Polypompholyx, nutritive tissue occurs in the funiculus (Płachno and Świątek 2008). 
Placental nutritive tissue cells stain more intensely compared to cells of surrounding 
tissues, and nutritive tissue cells differ in shape and size from other placenta cells 
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Fig. 8.2 Utricularia intermedia. (a) Placenta fragment showing a nutritive tissue (Nt), an ovule 
(Ov), an embryo sac (es), and an egg cell (eg); Differential interference contrast (DIC) optics. 
Section stained with DAPI (blue fluorescence). Bar is equal to 50 μm. (b) Schematic drawing of 
Utricularia ovule (blue color) showing relationships between the embryo sac (green color), nutri-
tive tissue (violet color) 

(Wylie and Yocom 1923). Also, nutritive tissue cells differ from placental paren-
chyma cells in lacking giant vacuoles and large amyloplasts with starch grains. In 
some species, placental nutritive tissue consists of colenchymatous cells (Płachno 
and Świątek 2008; Płachno 2011). In U. nelumbifolia, nuclei located in placental 
nutritive tissues have spindle-like tubular projections—chromatubules (Płachno 
et  al. 2017). Depending on the species, placental nutritive tissues may be small 
group cells (e.g., in U. sandersonii, Płachno and Świątek 2008) or consist of several 
thousand cells (e.g., in U. macrorhiza, Wylie and Yocom 1923). Various researchers 
agree that placental nutritive tissue supplies nutrients to the embryo sac and later to 
the embryo (e.g., Merz 1897; Wylie and Yocom 1923; Khan 1954; Płachno and 
Świątek 2008); however, there is no experimental confirmation of this suggestion. 
But the occurrence of arabinogalactan proteins in the placental nutritive tissue sug-
gests that it may function as an obturator in some Utricularia species (Płachno 
et al. 2021). 

In some Utricularia (members of sections: Vesiculina, Utricularia, Orchidioides, 
Foliosa, Calpidisca, Nigrescentes), the embryo sac grows beyond the limit of the 
integument and has contact with placental nutritive tissue (Płachno et  al. 2021, 
2022; Płachno 2011 and references therein) (Fig. 8.2a, b). In members of section 
Utricularia, the embryo sac is aggressive and invades the placental nutritive tissue 
even at the 4-nucleate stage (Khan 1954; Farooq and Siddiqui 1964; Farooq 1965).

8 Syncytia in Utricularia: Origin and Structure
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8.2.3  Syncytium Development 

In Utricularia, the endosperm is ab initio cellular, and the mature endosperm con-
sists of the endosperm proper and terminal haustoria (micropylar and chalazal) 
(Khan 1992). The development of syncytium in Utricularia species from section 
Utricularia (Figs. 8.3a, b and 8.4a–c) can be divided into several stages (see Wylie 
and Yocom 1923; Khan 1954; Płachno and Świątek 2011). Initially, a micropylar 
haustorium occupies the micropylar part of the former central cell and is two- 
nucleate, thus having direct contact with placental nutritive tissue. In the next stage, 
the cell walls separating the haustorium from the nutrient tissue brakes and syncy-
tium formation starts. When the syncytium is formed, the cell walls of placental 
nutritive tissue cells gradually lose their structure (Fig.  8.4c), firstly in the cells 
closest to the former haustorium. In a fully formed syncytium, there is a complete 
absence of cell walls between the haustorium and the syncytium. In the cytoplasm 
of the mature syncytium, there are two giant, ameboid-shaped nuclei from the endo-
spermal haustorium and many nutritive-tissue cell nuclei, which are much smaller 
(Fig. 8.4a, b). Khan (1954) reported more than 150 nuclei in the syncytia of U. aurea. 
Khan (1954) and Farooq (1964) suggested that the giant nuclei (from endospermal 
haustorium) may break into independent nuclei. Płachno and Świątek (2011) 
observed in U. vulgaris that the lobes of these giant nuclei were only connected by 
thin strands, which suggests a similar mechanism to that of U. aurea and U. inflexa. 
These authors proposed that the size of giant nuclei and their nucleoli and their 
irregular shape may indicate high ploidy. Thus, the structure of these nuclei and 
their gradual enlargement suggests the occurrence of endoreduplication cycles.

Fig. 8.3 (a, b) Schematic drawings of two developmental stages of young Utricularia seeds 
(according to Płachno et al. 2013, changed), showing relationships between the endosperm–pla-
centa syncytium, chalazal haustorium, endosperm proper and embryo; placenta (P), seed (S, blue 
color), nutritive tissue (violet color), endosperm proper (ep, green color), embryo (Em, red color), 
syncytium (Syn, yellow color), Cp (chalazal endosperm haustorium)
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Fig. 8.4 Utricularia minor. (a–c) Syncytium structure. (a) Placenta (Pl) fragment showing two 
syncytia (arrows), seed (Se); Bar is equal to 100 μm. (b) Section through the syncytium; syncytium 
(Syn), giant endosperm nucleus (N), nucleus from the nutritive tissue cell (star), placenta (Pl); Bar 
is equal to 20 μm. (c) The peripheral part of the syncytium (Syn), where the protoplast of nutritive 
cell merge with the syncytium; digested nutritive tissue cell walls (cw), nucleus from nutritive tis-
sue cell (star); Bar is equal to 1.2 μm. (a, b) Semithin sections stained with methylene blue; light 
microscopy image. (c) Transmission electron microscopy image 

The syncytium functions during embryo development; once the embryo has 
accumulated nutrients, the syncytium fades away. Therefore, the syncytium should 
be regarded as a short-lived trophic structure serving as an organ that draws sub-
stances from the placenta to nourish the embryo.
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8.2.3.1  Syncytium as “Super” Transfer Cell 

Płachno and Świątek (2011) observed numerous wall ingrowths on cell walls of the 
syncytium in U. intermedia. Thus, this syncytium should be regarded as a “super” 
transfer cell. The transfer cells develop for the intensive short-distance transport 
between the symplast and apoplast (Gunning and Pate 1974; Offler et  al. 2003; 
Offler and Patrick 2020). Thus, occurring cell wall ingrowths in syncytium supports 
the idea that this structure is active in nutrient transport between the placenta and 
endosperm + embryo. Especially that cell wall ingrowths are frequent in the various 
active trophic plant structures, e.g., endosperm haustoria (Nagl 1992; Świerczyńska 
et  al. 2013a, b) and suspensors (Kozieradzka-Kiszkurno et  al. 2012). Cell wall 
ingrowths also occur in nematode-induced syncytia, where there is an increased 
water and nutrient transport between syncytia and xylem elements (Sobczak and 
Golinowski 2009). However, it should be noted that cell wall ingrowths have been 
found in syncytia in only one Utricularia species, so only the future studies will 
determine whether all Utricularia syncytia are transfer cells. 

8.2.3.2  Syncytium Ultrastructure and Organization 

The cytoplasm of mature trophic plant cells is dense and rich in endoplasmic reticu-
lum, active dictyosomes, microtubules, bundles of microfilaments, microbodies, 
mitochondria, and plastids (see, e.g., Nagl 1992; Kozieradzka-Kiszkurno et  al. 
2012; Świerczyńska et al. 2013a). Also, syncytia induced in plants during a nema-
tode infection are characterized by a proliferation of cytoplasm, endoplasmic reticu-
lum, ribosomes, and other organelles but also by a reduction of vacuoles (Sobczak 
and Golinowski 2009). In terms of these features, Utricularia syncytia are like other 
types of plant trophic cells and syncytia (Fig.  8.5) (Płachno and Świątek 2011; 
Płachno et al. 2011).

Many multinucleate plant structures are organized into regular nuclear cytoplas-
mic domains (Brown and Lemmon 2001; Baluška et al. 2004a, b; Nguyen et al. 
2002). Using syncytia, Płachno et al. (2013) tried to verify the hypothesis that the 
size of the nuclear-cytoplasmic domains/cell bodies depends on the nuclei volume 
(see Baluška et al. 2004a, b, 2006). They found that, in Utricularia syncytium, there 
were different-sized cytoplasmic domains whose architecture depended on the 
source and size of the nuclei. Two giant nuclei, derived from endosperm hausto-
rium, were surrounded by a three-dimensional microtubule cage, forming a huge 
cytoplasmic domain. However, at the periphery of the syncytium, where new proto-
plasts of the nutritive cells joined the syncytium, the microtubules formed a net-
work, which surrounded small, nutritive tissue-derived nuclei. Comparing these 
results with other heterokaryotic coenocytes and syncytia from other plant species 
would be interesting.

B. J. Płachno et al.



151

Fig. 8.5 Utricularia minor. Mature syncytium ultrastructure; giant endosperm nucleus (N), nucle-
olus (n), nucleus from the nutritive tissue cell (star), mitochondrion (m), dictyosome (arrow), 
endoplasmic reticulum (ER). Bar is equal to ~3 μm. Transmission electron microscopy image

8.3  Conclusions 

According to Płachno and Świątek (2011) formation of a syncytium in Utricularia 
creates a huge surface for the exchange of nutrients between the placenta and the 
endosperm. This provides an economical way to redistribute cell components, to 
release nutrients from digested cell walls and fused protoplasts which can be used 
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for the embryo. Thus, the formation of a syncytium in Utricularia is part of the 
specialized reproductive strategies of these unusual carnivorous plants and seems to 
be an apomorphic feature. Unfortunately, at the present state of the investigations, 
the available data do not provide a clear answer about the occurrence and evolution 
of Utricularia syncytia. Only future detailed embryological studies of various rep-
resentatives of the various Utricularia sections will give the answer. Utricularia 
syncytia should be studied using modern techniques of three-dimensional imaging 
and molecular analyses, especially since genomes of two Utricularia species from 
section Utricularia were already sequenced (Ibarra-Laclette et  al. 2013; Bárta 
et al. 2015). 
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Chapter 9
Syncytial Assembly Lines: Consequences 
of Multinucleate Cellular Compartments 
for Fungal Protein Synthesis

Alex Mayer, Grace McLaughlin, Amy Gladfelter, N. Louise Glass, 
Alexander Mela, and Marcus Roper

Abstract Fast growth and prodigious cellular outputs make fungi powerful tools in 
biotechnology. Recent modeling work has exposed efficiency gains associated with 
dividing the labor of transcription over multiple nuclei, and experimental innova-
tions are opening new windows on the capacities and adaptations that allow nuclei 
to behave autonomously or in coordination while sharing a single, common cyto-
plasm. Although the motivation of our review is to motivate and connect recent 
work toward a greater understanding of fungal factories, we use the analogy of the 
assembly line as an organizing idea for studying coordinated gene expression, 
generally.
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9.1  Introduction

Among the most diverse of all of the kingdoms of life, fungi can be found in every 
biosphere, from deep bedrock to atmospheric particulates (Kendrick 2017). Fungal 
syncytism—the ability of a single fungal mycelium to harbor tens, or even millions, 
of nuclei, bathed in a single, common cytoplasm—has shaped fungal life histories 
and created distinctive routes to phenotypic plasticity, reproduction, and dispersal 
(Roper et al. 2011). In particular, the tolerance of the fungal syncytia for internal 
genetic diversity, acquired via mutation or, more rarely, through a transfer of nuclei 
or genetic materials between genetically dissimilar mycelia, allows for levels of 
genetic experimentation that make pathogenic fungi formidable adversaries to their 
hosts and allows fungi to adapt in real-time to new niches and habitats. Their poten-
tial to rapidly adapt to new hosts inspired (Buxton 1960) to call fungi the mutable 
and treacherous tribe” (though Caten traces the phrase back even earlier (Caten 
1996)). Internal diversity and fungal nuclear totipotence challenge definitions of 
what counts as a fungal individual and at what level in the hierarchy from gene to 
mycelium selection occurs (Buss 2014). However, almost 80 years ago, Pontecorvo, 
one of the pioneers of microbial genetics, predicted that fungal heterokaryosis 
would be both a challenge and an opportunity for the then nascent science of popu-
lation genetics (Pontecorvo 1946). He argued that the fluid nuclear populations 
existing in a fungal syncytium had proportions that are set by the dynamics of com-
petition and cooperation, intrinsic fitness, and drift (Pontecorvo 1946). Recent 
experiments promise to turn Pontecorvo’s vision into a quantitative scientific model 
(Roper et al. 2011). In particular, live cell imaging of histone-labeled nuclei allows 
quantification of nuclear dispersal (Roper et  al. 2013), while quantitative PCR 
allows measurement of the number of nuclei present from different populations and 
has been used to infer the presence of selection upon individual nuclear populations 
(Samils et al. 2014; Meunier et al. 2018) and to demonstrate that selfish nuclear 
populations can invade a syncytium (Bastiaans et al. 2014; Grum-Grzhimaylo et al. 
2021). These results on the genetic dynamics of nuclei within fungal syncytia may 
provide a conceptual template for explaining the widespread appearance of syncytia 
across the Tree of Life (Skejo et al. 2021).

Although syncytism has profound consequences for fungal evolution, the subject 
of this review is the less scrutinized question of how syncytism has allowed fungi to 
evolve into remarkable factories for the production of secreted enzymes. Although 
secreted enzymes have direct importance in biotechnology, we will expand our 
focus to study nuclear coordination for protein production generally. Recent model-
ing has highlighted the importance of the distinctive form of syncytism adopted by 
fungi in enabling their prodigious cellular outputs (Heaton et al. 2020). The absence 
of cell walls between nuclei permits rapid translocation of resources and organelles 
across substrates and allows the labor involved in multistep synthesis pathways to 
be divided among many nuclei—creating syncytial assembly lines—with corre-
sponding efficiency gains. Here we will discuss evidence and ideas from biological 
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experiments and mathematical modeling, focusing on the adaptations which in a 
single mycelium allow nuclei to coordinate across an entire organism or to maintain 
autonomy. We will discuss the implications of sharing mRNAs or proteins between 
nuclei upon the amounts of proteins that can be expressed, the stability and predict-
ability of expression, and of the amount of labor that each nucleus must perform.

Our work ties into an ancient story of microbial domestication: humans have 
utilized enzymes from domesticated filamentous fungi in food production since the 
beginning of written records. Reports of the use of kōji or qū molds (predominantly 
Aspergillus oryzae and other species) to produce soy sauce, miso, and fermented 
beverages date back at least as far as 300 BCE (Chen et al. 2022). Even further back, 
insects have practiced farming of filamentous fungi for some 50 million years, with 
the best known example of insect fungal-domestication being the farming of 
Lepiotaceae fungi by leaf-cutter ants (Chapela et al. 1994). The common motif in 
these systems is that filamentous fungi produce suites of secreted enzymes whose 
complexity and quantity are unmatched within the other kingdoms of life. The story 
of fungal domestication is largely one of humans and other animals discovering and 
exploiting these remarkable abilities.

Despite the likely importance of syncytial cell organization to fungal cellular 
factories and the growing utility these factories have found in biotechnology (Punt 
et al. 2002; Xiao and Zhong 2016; Lübeck and Lübeck 2022; Meyer et al. 2021), 
how nuclei sharing a common cytoplasm manifest different identities while dwell-
ing in the same cell remains a mystery. The study of adaptations that enable nuclei 
to function autonomously or collectively and switch between such behaviors 
remains in its infancy. The purpose of this review is to describe the features of fun-
gal syncytia that permit nuclei to marshal coordinated responses to global cues 
received by the mycelium, such as the fungivory, while simultaneously allowing 
individualized expression profiles, including the capacity of nuclei to divide autono-
mously of each other. A particular focus of our review is on how the sharing of 
mRNAs and proteins between nuclei increases efficiency by stabilizing protein 
abundances against noise and how the division of labor drastically reduces the bur-
den of mRNA expression upon individual nuclei.

Our focus is on fungal syncytia; however, many of the adaptations identified for 
filamentous fungi, such as RNA-protein condensates, are also known to be present 
in syncytia from the other kingdoms of life and also in uninucleate cells. The ability 
of fungi to knit together syncytia over immense spatial scales, to build immortal 
networks that can stretch for meters and even kilometers, and to do so despite a radi-
cally fluid cellular environment (which includes nuclear and organelle translocation 
at mm/second and growth rates that can reach 10 μm/s) makes them a powerful tool 
for studying robust models of syncytial organization.
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9.2  Heterogeneous Responses, Nuclear Autonomy, 
and Collective Behavior

Filamentous fungi can have hundreds to millions of nuclei residing within a con-
tinuous cytosol (Fig. 9.1a). These nuclei are highly dynamic, moving from a com-
bination of cytoskeletal forces and fluid flow. As they are all bathed in a common 
cytosol, diffusible mRNAs and proteins can, theoretically, be widely exchanged 
between nuclei. Thus, both the cues that the nuclei receive from the cytosol and the 
macromolecules that each nucleus produces can be shared among many nuclei.

Despite a fungus’ continuous cytosol, fungal syncytia are capable of heteroge-
neous responses, such that individual hyphae or parts of the mycelium may have 
very different expression profiles. In Aspergillus niger, different hyphal tips show 
widely separated levels of expression of the glucoamylase gene glaA (Vinck et al. 
2005) and different RNA profiles generally (de Bekker et al. 2011). Closing of sep-
tal pores is one method that Aspergillus uses to maintain expression heterogeneity 
between hyphae (Bleichrodt et al. 2012). On a larger scale, microarray experiments 
in N. crassa mycelia show functional differentiation of different parts of the myce-
lium, through stark contrasts in mRNA abundance, that reflect functional specializa-
tions of different parts of the colony, such as commitment to growth or sporulation 
(Kasuga and Glass 2008). The Live Canvas project of Luis Larrondo and collabora-
tors provides a complementary and visually arresting demonstration of the potential 
of different parts of an N. crassa mycelium to function autonomously of each other 
(Luis Larrondo, pers. comm.). In these experiments, luciferase reporting (Morgan 
et al. 2003) is used to monitor the circadian time of an N. crassa mycelium. Masks 

Fig. 9.1 Multinucleated fungal mycelia and slime molds exhibit heterogeneity in expression lev-
els and behavior. (a) The filamentous fungi Ashbya gossypii contains hundreds of nuclei in a com-
mon cytosol. (b) Ashbya nuclei divide asynchronously from immediate neighbors despite residing 
in a common cytosol (Gladfelter et al. 2006). (c) Although slime molds display coordinated nuclear 
division, a significant degree of heterogeneity can be observed across the plasmodium for various 
genes, according to spatially resolved RNA-seq analyses. For instance, the clustering of CDC20 
expression level reveals distinct expression patterns even among neighboring nuclei (top right) 
(Gerber et al. 2022)
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applied to the mycelium allow only the targeted regions of the mycelium to be 
exposed to light. After this exposure, regions of the mycelium inside and outside of 
the mask maintain out of phase rhythms of luciferase expression, with some parts 
bright and others dark, and the relative roles of the two parts alternating every 12 h. 
Using this method, Larrondo uses the fungus as an artistic canvas on which to recre-
ate images.

Where the distribution of nuclear products has been examined in fungal-like 
organisms, it appears that syncytial cells can divide labor for some processes while 
simultaneously sharing the labor for others. Thus, heterogeneity or independent 
nuclear behaviors can exist for some tasks, while simultaneously other processes 
are performed collectively by all nuclei. Although not fungi, slime molds have mor-
phological similarities to filamentous fungi with large numbers of nuclei flowing 
through complex networks of interconnected tubes. The slime mold Physarum poly-
cephalum was an early workhorse of cell cycle research because of its dramatically 
synchronized nuclear division cycles, which might suggest a uniform sharing of 
goods and products (Sudbery and Grant 1976). However, single nuclear sequencing 
has revealed a much more complex story (Gerber et al. 2022): in fact, even nearby 
nuclei may be transcribing distinct clusters of genes, indicating that in addition to 
being shared among many nuclei, tasks can be subdivided among individual nuclei 
within the same syncytium (Fig. 9.1c). Taken together, these data indicate that free 
exchange and compartmentalization of molecules must be selective, with some 
pathways segregated into different nuclei while others freely mix.

The cell cycle provides a window on the level of coordination of gene expression 
among nuclei across different syncytium-forming species and systems. In early cell 
fusion experiments, Rao and Johnson (1970) exposed HeLa cells to Sendai virus, 
inducing them to fuse. By fusing cells in different cell cycle stages, they showed that 
sharing cytoplasm quickly synchronized nuclear division among the individual 
nuclei present within these synthetic syncytia. Synchronized nuclear phases also 
occur in binucleate Saccharomyces cerevisiae cells carrying mutations that prevent 
pairs of nuclei originating from a single mitosis from separating into mother and 
daughter cell compartments (see Fig. 7 of Hoepfner et al. 2002). The synchronous 
nuclear division also occurs in natural syncytia, including in network-forming slime 
molds as noted above (Nygaard et al. 1960). In the slime mold Physarum polyceph-
alum, a fusion of two plasmodiums started at different cell cycle stages rapidly 
synchronizes when protoplasmic continuity has been established (Loidl and 
Sachsenmaier 1982). A variant of complete synchronization, sometimes called 
parasynchronization, occurs in the filamentous fungus Aspergillus nidulans, in 
which waves of mitosis are initiated at the hyphal tips and then propagate subapi-
cally (Clutterbuck 1970). Synchrony of nuclear division also appears to dominate in 
insect embryos such as Drosophila which have rapid waves of coordinated mitosis 
in early development (Foe et al. 1993; Hayden et al. 2022). In fact, the appearance 
of nuclear-division synchrony in syncytia was foundational to understanding that 
cell division was controlled by diffusible factors in the cytosol. The factors were 
eventually discovered to be small cyclin proteins, which push cells toward mitosis 
by activating cyclin-dependent kinases (CDKs). Cell cycle states are controlled by 
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families of small proteins that should be diffusible enough to pass between and 
synchronize adjacent nuclei in the same cytosol.

In the model ascomycetes Neurospora crassa and Ashbya gossypii, nuclear divi-
sion is asynchronous, showing that nuclei may be isolated from each other in the 
absence of septa (Fig. 9.1b). Specifically, in A. gossypii, careful reconstruction of 
nuclear division sequences, both spatially and across nuclear lineages, has shown 
that mother-daughter nuclei retain some correlation in time of division, but more 
distantly related nuclei have uncorrelated division times, even when they neighbor 
each other within the fungal cytoplasm (Anderson et  al. 2013). The syncytium’s 
capacity for nuclear asynchronicity is even more remarkable, because Ashbya gos-
sypii is genetically highly similar to brewer’s yeast, a cell cycle model, and regulates 
its cell cycle in a similar manner, through a cyclin/CDK biochemical oscillator 
(Gladfelter et al. 2006).

Intriguingly, the asynchronicity of nuclear division is not necessarily absolute, 
but may vary depending on the mycelium’s environment. For example, although the 
nuclei of N. crassa divide asynchronously early in mycelial development (Roca 
et al. 2010), mitosis in mature mycelia is entrained to the fungus’s circadian clock, 
like much of Neurospora’s cellular machinery (Vitalini et al. 2006; Sancar et al. 
2015). Hong et al. showed that in mycelia grown under conditions of variable light 
or temperature, more than half of nuclei entered mitosis during the late evening 
hours, a significant increase from the rest of the day (Hong et al. 2014). This pattern 
of nighttime division likely ensures that the nuclear abundances anticipate the 
demands of the fungus’s characteristic growth rhythm: expanding the mycelium 
through hyphal tip extension during the daytime and packing nuclei into profuse 
conidia (asexual spores) during nighttime (Hong et al. 2014). Hence, while nuclei in 
Neurospora do not completely synchronize their phases, the circadian clock can at 
least partially coordinate their divisions over the entire network. Conversely, in 
Aspergillus nidulans, which exhibits parasynchronous or wave-synchronized mito-
ses when grown under optimal conditions, synchrony is lost when the fungus is 
grown on nutrient-poor media (Rosenberger and Kessel 1967). Since the fungus’ 
growth and conidiation rates are slowed on nutrient-poor substrates, it is possible 
that A. nidulans transitions to an asynchronous state to avoid drastic variability in 
the nuclear-to-cytoplasmic ratio, which occurs when the mycelium rapidly transi-
tions from n nuclei to 2n nuclei.

Although we are not aware of experimental measurements of fitness impacts of 
synchronous or asynchronous mitosis, it is likely that the ability of fungal syncytia 
to toggle between asynchronous and synchronous divisions confers adaptive advan-
tages to fungal syncytia. Synchronous division requires the syncytium to tolerate 
large variations and rapid changes in nuclear-cytoplasmic ratio and may be ineffi-
cient, since all nuclei must commit resources to cell cycle initiation and nuclear- 
synthesis at the same time. But, synchronous cell cycles may be beneficial by 
allowing all nuclei to respond to homogeneous external stimuli in unison. Conversely, 
autonomous nuclei enable large syncytia to respond locally to external stimuli, such 
as spatially heterogeneous soil or environmental conditions that may modulate rates 
of cell expansion on fine scales. But, for synchronous and asynchronous division to 
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be modifiable behaviors, fungi much have a mechanism for remodeling cytoplasm 
to allow or limit the diffusion of proteins or mRNAs that control cell cycle.

9.3  Partitioning of the Cytoplasm

Individualized nuclear behaviors require that resources and nuclear products remain 
controllably localized near the sites of their production. In the higher fungi (dikarya), 
internal cell walls, or septa, divide the protoplasmic space into smaller compart-
ments (Fig. 9.2a) (Kendrick 2017). Septa are often porous, however, allowing adja-
cent compartments to exchange signals and materials (Pieuchot et  al. 2015). 
Specialized structures act to rapidly close the pores, allowing them to act as bulk-
heads that limit outflow of protoplasm if the cell wall is breached (Dhavale and Jedd 
2007), or as part of the normal aging and divestment of resources from subapical 
compartments (Bleichrodt et al. 2015), or as a precursor to cell death in a compart-
ment in which the vegetative incompatibility response has been triggered (Glass and 
Dementhon 2006).

Although septa perform in the same way as cell membranes by creating physical 
barriers between populations of nuclei, the ability of nuclei in the same compart-
ment and only a few microns apart to undergo cell cycle asynchronously implies 

Fig. 9.2 Mechanisms of compartmentalizing fungal cells. (a) Septal pores can create distinct 
compartments within hyphae. Here, the left septum is closed, restricting the flow of cytoplasm and 
diffusion of macromolecules between the left and middle compartments. (b) Mechanical forces, 
such as eddies formed by cytoplasmic flow, can create locally distinct pockets of cytosol (pink). (c) 
Liquid-liquid phase separation creates membraneless compartments near nuclei. (d) The closure of 
septal pores completely blocks the diffusion of cytoplasmic GFP into upstream compartments 
(left). When the pore is open, its diffusion is considerably restricted (right). Bar  =  100  μm 
(Bleichrodt et al. 2015). (e) Fluid flow within Neurospora hyphae creates eddies near the septa, 
which function to create locally distinct regions of cytosol (Pieuchot et al. 2015). Image provided 
courtesy of Laurent Pieuchot. (f) Particle tracking of genetically expressed nanoparticles revealed 
heterogeneity in cytoplasmic crowding along Ashbya hyphae (McLaughlin et al. 2020). (g) Within 
Ashbya, CLN3 mRNA (a G1 cyclin) is clustered non-randomly around nuclei by the RNA binding 
protein Whi3 (Lee et al. 2013). (h) Deleting Whi3 leads to more synchronous mitosis, as illustrated 
by the actively dividing nuclei in magenta (scale: 5 μm) (Lee et al. 2013)
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that fungal syncytia also have the ability to localize cell cycle control molecules, 
and likely other mRNAs and proteins, within the protoplasm (Fig. 9.2c). Localization 
of these molecules means overcoming their tendency to diffuse due to random, ther-
mal fluctuations or active stirring of the cytoplasm due to motor proteins (Lin et al. 
2016) and due to bulk protoplasmic flows associated with growth (Abadeh and 
Lew 2013).

The relative importance of the two mechanisms (random mixing and bulk flow) 
in preventing localization is mathematically encapsulated into a quantity called the 
Pèclet number, Pe, which is made up of the bulk cytoplasmic velocity, U; typical 
length scale (e.g., hyphal diameter), a; and the diffusivity, D, of the species of mol-
ecule under consideration: Pe = Ua/D. If Pe > 1 (large distances or flow rates), then 
bulk flow is the dominant challenge to keeping molecules localized, whereas if 
Pe  <  1 (large diffusivities), then diffusion is the greater challenge (Roper et  al. 
2015). The dependence of molecular diffusivity upon size means that diffusion may 
be the dominant force of delocalization for small molecules (large D) such as 
metabolites or ions, but flows may dominate the delocalization of mRNAs or large 
proteins (small D).

In fungi with moderate growth speeds, such as Aspergillus spp., proteins may 
diffuse along the length of cytoplasmic compartments. Septal pores, even open, 
provide a significant barrier to free diffusion of molecules: Bleichrodt et al. used 
FRAP experiments to measure the diffusion of cytoplasmic GFP in Aspergillus 
nidulans mycelia, and pore closure effectively eliminated all diffusion across a pore, 
and even open pores severely constrained protein diffusion, reducing the effective 
diffusivity of the GFP by a factor of 500 (Fig. 9.2d) (Bleichrodt et al. 2015). They 
also found that the likelihood of a septal pore being plugged increases with distance 
from the extending hyphal tips of A. nidulans mycelia. Rather than a single con-
nected cytoplasm, the system of open and closed septal pores partitions the growing 
periphery of the mycelium into a set of island-like neighborhoods.

In the fast-growing ascomycete fungi N. crassa, bulk cytoplasmic flows can 
range from microns to 100s of microns per second (Abadeh and Lew 2013). These 
flows readily carry organelles, including nuclei, through septal pores. Although 
pores do not limit advective transport of molecules to the same degree that they limit 
diffusion, macromolecules present in a downstream compartment cannot diffuse 
upstream through a pore (Roper et al. 2015), explaining how signals can be passed 
so that apical compartments receive cues originating upstream, but not conversely 
(Roper et al. 2015).

The pore itself carves out a neighborhood within the syncytium: the rush of cyto-
plasm through the small septal pore pushes on the cytoplasm trapped in the corners 
of the compartment between hyphal wall and septum and sets it wheeling into a 
slowly turning eddy (Pieuchot et al. 2015) (Fig. 9.2b, e). Nuclei and other organelles 
may become trapped within the eddy, accumulating there for minutes before being 
swept through the pore. Eddy-trapped nuclei accumulate SPA-19, a protein involved 
in maintaining the septum (Pieuchot et al. 2015). Flow-maintained compartments 
offer a solution to the problem of functional localization in syncytia with high Peclet 
numbers (e.g., fast growing mycelia), because the hydrodynamic forces keeping 
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nuclei trapped increase in proportion to the flow speeds. Fungal mycelia have com-
plex and anisotropic geometries, with branching points, tips, and bends all acting as 
other potential locations of fluid-flow driven eddies that could trap nuclei, though 
we are not aware of any systematic effort to identify trapping regions outside of 
septal pore-eddies.

Septa create insulated functional territories containing handfuls to hundreds of 
nuclei, but evidence of nuclear asynchrony indicates that insulation can be achieved 
within a continuous cytoplasm. Through tracking of genetically expressed nanopar-
ticles, the cytosol along Ashbya hyphae was shown to be highly heterogeneous, with 
higher levels of crowding observed locally around nuclei in a cell cycle-dependent 
manner (Fig.  9.2f) (McLaughlin et  al. 2020). Lee et  al. showed that Ashbya G1 
cyclin mRNAs are held close to nuclei through phase separation occurring due to 
RNAs binding with a partner protein (Fig. 9.2g) (Lee et al. 2015; Zhang et al. 2015). 
Mutants lacking the RNA-binding protein have a significantly more synchronous 
nuclear division (Fig. 9.2h). The RNA-protein (“RNP”) condensates are attached to 
the ER, helping anchor them in the vicinity of nuclei (Snead et al. 2022). Unlike 
compartments produced via cell membranes, RNP-condensates are fluid, able to 
change both their sizes and their locations. Moreover, two condensates can coalesce 
if brought into contact (Langdon et al. 2018). The physicochemical foundations of 
how compartments stably form and how compartment specificity is maintained (i.e., 
how non-target mRNAs are excluded from condensates) remain subjects of active 
investigation, but RNA secondary structure has been shown to exclude cyclin-CLN3 
mRNAs from droplets containing septin-BNI1 mRNAs, even though the two 
mRNA-species condense with the same protein partner (Whi3) (Langdon et al. 2018).

9.4  Coordinating Across the Mycelium

In the last section, we focused on methods for limiting communications between 
nuclei, identifying adaptations that allow individual nuclei or groups of nuclei to 
behave autonomously within a continuous protoplasm. However, response to stim-
uli from the environment and efficient utilization of resources often require that 
fungi marshal responses of many nuclei require that cues, metabolites, and resources 
be swiftly translocated over long distances within the mycelium.

As with uninucleate cells, the cytosol surrounding each nucleus carries cues 
from the environment outside the mycelium. However, unlike uninucleate cells, the 
local cytosol also contains dispersible molecules produced by the other nuclei pres-
ent within the syncytium. The extent to which nuclei readout these signals is a topic 
of ongoing research. Recent work has highlighted the diversity of nuclear transport 
proteins present in the membranes of Aspergillus nidulans nuclei, enabling the 
nuclei to sample their surrounding cytosol (Markina-Iñarrairaegui et al. 2011). In 
addition to identifying specific functions for these proteins in this and other fungal 
species, an open question is whether and how a given nucleus can distinguish the 
cues or signals it receives from its neighbors from the signals it produces itself. 
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Although we are not aware of experiments seeking to answer this question, the 
problem is held in common with social unicellular organisms. For example, the 
social amoeba Dictyostelium spp. uses self-generated cAMP gradients to migrate 
toward common focii (Gerisch and Wick 1975). Oscillatory expression of cAMP 
produces traveling waves of the chemoattractant, allowing individual cells to “lis-
ten” for a collectively generated signal with a distinctive time character (Schaap and 
Wang 1986). Prior to the formation of a single connected mycelium, clonal N. crassa 
germlings also use time varying signals to coordinate their homing growth (Fleissner 
et al. 2009): each pair of attracting cells expresses synchronized, but out of phase, 
levels of the proteins MAK-2 and SO, which has been likened to making one che-
moattractant while listening for the other one (Fleissner et al. 2009). Advances in 
single nucleus RNA-profiling may produce evidence that syncytial nuclei are using 
one or both mechanisms to solve the highly similar problems of communication.

The establishment and maintenance of polar-growth provide a useful paradigm 
for understanding both cytoplasmic partitioning and nuclear coordination. In addi-
tion to requiring nuclear division, hyphal growth requires a constant traffic of vesi-
cles containing hyphal wall proteins to each growing tip (Steinberg 2007); these 
vesicles are trafficked via motor proteins, along microtubules, which is a mecha-
nism for relatively short-distance translocation. Additionally, the phenomenal rate 
of growth of some fungi (e.g., N. crassa, growing at 1 μm/s) seems too large for a 
single sub-apical nucleus to supply all of the cell wall needed for growth. We infer 
that multiple nuclei close to the hyphal tip are likely expressing cell wall proteins. 
How are these nuclei marshalled? Ca2+ gradients are known to be primary players in 
maintaining polarized growth (Brand et al. 2007), and recent innovations in geneti-
cally encoded Ca2+ indicators allow for visualization of the polarity gradients (Kim 
et al. 2021). It would be very interesting to explore the allometry between these 
gradients and the rate of growth of the tip, as a first step toward understanding 
whether they play a role, also, in nuclear coordination.

Many fungal mycelia can extend themselves essentially indefinitely, so long as 
they continue to encounter new resources to maintain their growth (Stajich et al. 
2009). In these species, mycelial expansion is a form of foraging in which new 
nutrient sources or hosts are continuously integrated into the syncytium, and 
resources for growth, ingested in one location, must be transported to others. 
Communication of changing conditions across the mycelium may allow the fungus 
to react more effectively to emerging threats, such as fungivory, or to encounters 
with new hosts or resource patches.

For both resource movement and communications, the mycelium itself serves as 
a highly efficient transportation network, in which either motors or bulk protoplas-
mic flow carry resources through the mycelium (Roper et  al. 2015), along with 
nuclei themselves (Fig. 9.3a).

Work on foraging basidiomycete fungi has revealed some of the physical optimi-
zation principles that shape the growth of mycelial transportation networks. 
Foraging basidiomycete fungi travel through leaf litter and soil and can link carbon 
sources or hosts for meters or kilometers (Dowson et al. 1989). Since the fungus has 
no prior information about the locations of carbon sources, network organization 

A. Mayer et al.



169

Fig. 9.3 Transport networks in filamentous fungi. (a) Cytoplasmic flow in N. crassa hyphae. On 
the left, arrows indicate the direction of nuclear flows as individual nuclei stream toward hyphal 
tips. In the center, the nuclear trajectories from the same region over a 4-second period are dis-
played with line segments indicating their displacements over 0.2-second intervals and color- 
coded based on their velocity in the direction of growth. On the right, a subsample of nuclear 
displacements is shown in a magnified region of the image, accompanied by the mean flow direc-
tion in each hypha indicated by blue arrows (Roper et al. 2013). (b) A C. cinerea mycelium embed-
ded in a microfluidic device designed by Schmeider et al. (2019). The signal of a glucose analog, 
2-NBDG, exhibits periodic fluorescence in specific hyphae, which are labeled by the white arrow. 
Here, time is in seconds, and the scale bar is 20 μm

must be adaptable and indeterminate. Once sources are found, the network rapidly 
integrates them into an extended network that is efficient in its use of materials, 
energetically thrifty in the sense that the amount of work that it does in transporting 
resources is kept as low as possible and resilient to damage (Heaton et al. 2012).

Although there has been extensive study of fungal network architectures, much 
less data exists on how cytoplasmic traffic is managed on a network scale. Schmieder 
et  al. (2019) used microfluidic devices to tease apart the hyphae of Coprinopsis 
cinerea. The fungi grew through microfluidic chambers that served as ports in which 
a fluorescently labeled glucose analog, or fungivorous nematode worms, could be 
introduced. The microfluidic setup enabled the observation of the spread of the 
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glucose analog and the activation of defense-response genes induced by fungivory 
at the scale of individual hyphae (Fig. 9.3b). The study showed that the mycelial 
network operates like a human-built highway system, with most transport occurring 
within trunk hyphae. Intriguing cytoplasmic transport within trunk hyphae oscil-
lates between phases of flow toward the mycelial periphery and flow toward the 
interior. The physical mechanism by which flow can switch direction remains 
undiscovered; protoplasmic flows typically follow growth (Abadeh and Lew 2013), 
bidirectional protoplasmic flows may require that the fungus alternate growth in two 
directions (Roper and Dressaire 2019).

9.5  Implications of Syncytial Cell Structure 
for Protein Synthesis

It is clear that syncytia exploit global integration and coordinated responses as well 
as regional and localized processes, with the ability to harbor both kinds of pro-
cesses in the cell and switch between these modes depending on conditions. How 
can we begin to understand the mechanistic benefits of global or local modes of 
coordination? In these next sections we develop several theoretical frameworks for 
considering the benefits of a syncytial state for conserving resources, sustainable 
production, and minimizing noise in synthesis or signaling.

Filamentous fungi are distinguished for their use as cellular factories, capable of 
synthesizing and secreting a wealth of enzymes at an industrial scale (Lübeck and 
Lübeck 2022). A central question in the study of global gene expression in syncytia 
is how this vast output of enzymes is achieved while still maintaining consistent 
expression of housekeeping proteins, which are essential for basic cell function. 
One potential evolutionary advantage of syncytism is through the economical divi-
sion of transcriptional labor. In Hausser et al. (2019), analysis of high-throughput 
sequencing data in several model organisms reveals a strong evolutionary bias 
toward combining low transcription and high translation to achieve a given protein 
abundance, which they attribute to cells being adapted to minimize the energetic 
costs of mRNA transcription. Another possible advantage toward infrequent tran-
scription may come from reducing transcriptional interference, which occurs when 
the transcription of one gene interferes with the transcription of an independently 
regulated gene (Shearwin et al. 2005). However, transcription rates are generally 
prevented from being driven too low, because small mRNA copy numbers are more 
strongly affected by expression noise, leading to larger fluctuations in protein abun-
dance (Raser and O’shea 2005). In our recent modeling work, we have studied 
whether syncytism allows for even lower floors on mRNA copy numbers and more 
stochastic, less frequent transcription because the dispersion of proteins between 
nuclear neighborhoods smooths out fluctuations in single nucleus expression. In 
this section, we present a simple mathematical model of gene expression in 
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multinucleated cells and illustrate how nuclear cooperation for common goods may 
emerge spontaneously through stochastic transcription.

Mathematical models for gene expression vary extensively in scope and method-
ology. In this review, we focus on simplified mass-action kinetics-based models, 
which involve modeling the synthesis, decay, and binding of biochemical compo-
nents, to form a dynamical picture of the gene network. Typically, mass-action mod-
els incorporate the transcription of RNAs, translation of proteins, and their 
corresponding degradation as single-step reactions that occur with certain propensi-
ties. In uninucleate gene expression models, the cytoplasm is generally assumed to 
be well-mixed, which allows for gene networks to be studied purely temporally. The 
well-mixed assumption necessitates that gene products are highly diffusive in their 
cytoplasmic environment, allowing for spatial heterogeneities to be smoothed out. 
The nucleus may additionally be modeled as a well-mixed compartment within the 
cell, in which case each participating molecule will be prescribed nuclear import/
export rates. This added layer of complexity is necessary when modeling feedback 
mechanisms such as the binding of transcription factors that regulate circadian 
clocks (Forger and Peskin 2003; Gonze et al. 2003).

When extending gene expression models from uninucleate cells to multinucleate 
syncytia, the partitioning of mRNAs and proteins becomes an important model ele-
ment. To model this partitioning, we must measure or make assumptions about the 
spatial organization of nuclei in the cytosol, as well as the extent to which they 
enjoy transcriptional autonomy. Indeed, nuclear spacing is highly regulated in fungi; 
in A. gossypii, microtubule and motor protein-assisted repulsion between neighbor-
ing nuclei space them regularly through the syncytium (Anderson et al. 2013). Even 
in syncytia in which nuclei are rapidly moved by protoplasmic flows, eddy currents 
can lead to formation of stable nuclear aggregates. For these reasons, we treat the 
cytosol as being divided into distinct nuclear neighborhoods, which may function 
as “cells-within-cells” (Gladfelter et al. 2006).

In syncytia, nuclei can exhibit different degrees of nuclear cooperation and 
nuclear autonomy. Nuclear cooperation refers to the situation where nuclei within 
the syncytium express the same set of genes, potentially in a synchronous fashion, 
and work together to control the overall function of the syncytium. Conversely, in 
the case of transcriptional autonomy, nuclei are shielded from the influence of one 
another and exhibit distinct transcriptional programs (Youn et al. 2010).

Nuclear cooperation may emerge spontaneously, without the need for explicit 
programming or direct communication between nuclei. Even in genotypically iden-
tical nuclei, transcription of RNAs will generally not be precisely coordinated, due 
to stochastic effects, and resulting in heterogeneity in gene product levels between 
nuclear compartments, which is exacerbated in the case of transcriptional bursting, 
where mRNAs are synthesized in infrequent pulses rather than individually. 
However, due to the homogenizing ability of molecular diffusion, the sharing of 
proteins between nuclear compartments may suppress noise in compartmental pro-
tein abundance, providing the time scale of diffusion is sufficiently fast. To illustrate 
this idea, we consider an elementary model for syncytial gene expression, which 
consists of a linear arrangement of N nuclear compartments, which we assume to be 
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uniform in size (Fig. 9.4). This model resembles the typical morphology of hyphal 
compartments in A. gossypii, which consists of N ≈ 8–10 nuclei spaced L ≈ 2–5 μm 
apart (Anderson et al. 2013; Kaufmann and Philippsen 2009). A protein, modeled as 
a Brownian particle with diffusivity D, will diffuse half a cell length NL/2 in time 
Δτp = N2L2/4π2D, at which point there is roughly an even probability that it occupies 
any of the N compartments. Taking the protein GFP for example, which has diffu-
sivity D ≈ 30 μm2/s in eukaryotic cytoplasm (Mika et al. 2014), the homogenization 
time in a hyphal compartment of A. gossypii is ∆τp ≈ .75s. As the kinetics of gene 
expression often operates on the time scale of minutes (Hausser et al. 2019), we 
may make the limiting assumption that at any given time t, the total protein content 
p(t) is disseminated with uniform probability between nuclear compartments. In 
Mayer et al. (preprint), the magnitude of relative fluctuations of protein abundance 
in a compartment in this model is found to have the approximate scaling
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(see Fig. 9.5), where pmono is the distribution of protein in a mononucleated cell with 
identical expression kinetics and

Fig. 9.4 Modeling mRNA and protein distributions in a syncytial cell. (a) A linear arrangement of 
N identical nuclear compartments. Proteins can freely diffuse between compartments, whereas 
mRNAs are confined to their nucleus of origin. (b) A single nuclear compartment with character-
istic length L
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Fig. 9.5 The sharing of proteins in syncytial cells permits consistent protein expression under 
identical transcriptional kinetics. Left panel: in mononucleated cells (top), global protein abun-
dance strictly depends on the synthesis rates of mRNA in the nucleus and translation rates in the 
cytoplasm. In syncytial cells (bottom), proteins are free to diffuse into other nuclear neighbor-
hoods, and typically protein diffusive time scales are substantially faster than the gene expression 
time scales of transcription, translation, and decay. Right panel: Stochastic simulations derived 
from standard and syncytial models of gene expression reveal that spatial averaging of diffusive 
proteins results in a tighter distribution of local proteins in nuclear neighborhoods of syncytial 
cells. In the syncytial model, we simulate the sharing of proteins among ten nuclei, all of which 
have identical transcription kinetics. In the limit of rapid diffusion, CV2 is reduced by a factor of 
1/10 compared to the scenario where protein sharing is prohibited
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Here τm is the average mRNA lifetime, τp is the average protein lifetime, and τB 
is the average waiting time between transcriptional bursts. As transcription is often 
an energetic bottleneck in gene circuits (Hausser et al. 2019), this result suggests 
that the syncytia permit more stochastic transcription (i.e., larger and more infre-
quent bursts) before reaching a compartmental noise ceiling driven by selection. 
Preliminary analysis of smFISH data in A. gossypii on the cell cycle-associated 
genes encoding cln2 and clb2 supports this hypothesis revealing potentially diver-
gent modes of transcription to analogous genes in the genetically similar S. cerevi-
siae (Mayer et al.).

While the sharing of protein between nuclei can act to suppress fluctuations due 
to noisy transcription, it introduces a degree of fluctuations via the random diffusion 
of proteins away from their nuclei of origin. This effect is most pronounced when 
nuclei are each independently expressing identical numbers of proteins, which may 
occur if the protein’s abundance is tightly regulated by nondiffusive molecules such 
as RNAs (Singh 2011). In our syncytial model, we assume each nucleus expresses 
a target protein copy number of ptarget which provides maximum fitness benefit per 
nuclear neighborhood. Given that the N compartments are uniform, the total number 
of protein in the syncytium is given by ptot = Nptarget. At steady state, the probability 
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that a single protein occupies a particular compartment is simply 1/N. Therefore, the 
distribution of proteins in a syncytium follows a multinomial distribution with a 
uniform compartment occupancy probability (see Fig. 9.6). The number of proteins 
a particular nucleus has access to, pcomp, follows a binomial distribution with Nptarget 
trials and success probability 1/N. The fluctuations in protein number per compart-
ment is then given by
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It can be shown that for large N, pcomp ∼ Poisson(ptarget), which sets an upper limit 
on the noise contribution of diffusion to CV2(pcomp) = 1/ptarget. For proteins expressed 
at high levels, i.e., on the order of 102 molecules/nucleus, this degree of noise is 
negligible. Although little data exists on whole proteome abundances in A. gossypii, 
if it follows its near relative, the yeast S. cerevisiae, for which 90% of proteins are 
expressed with median levels over 822 per cell, then we expect protein partitioning 
noise to be negligible.

What about low abundance proteins, such as transcription factors? For such pro-
teins, random diffusions can lead to very uneven distributions through the syncy-
tium. However, even when instant-to-instant distributions of proteins may be very 
uneven, function may only be impaired if the protein level in a given nuclear neigh-
borhood is persistently too low or too high (Wang and Zhang 2011). If the 

Fig. 9.6 Compartmental protein abundance is subject to Poissonian diffusive noise in the limit 
where protein synthesis is deterministic (i.e., cellular protein abundance fixed)
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time-varying protein in each nuclear neighborhood is p(t), then the phenotype asso-
ciated with the protein likely reflects the time averaged abundance of the protein. 
Supposing this time averaging occurs over a characteristic time scale T (e.g., the 
time taken for protein recruitment to a particular organelle, which is often on the 
order of seconds or 10s of seconds), then
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Although p(t) fluctuates on a time scale τP, if these fluctuations are rapid, mean-
ing that τP ≪ T, then deviations from the mean are suppressed (see Fig. 9.7).

9.6  Circadian Rhythm Through the Lens 
of Nuclear Coordination

Although much biochemical interest in fungal syncytia is associated with secreted 
proteins, due to their many-fold uses in biotechnologies, specific pathways for 
secreted protein production are usually not understood at the level of individual 
nuclei. By contrast, the circadian clock in N. crassa is likely to provide an essential 
case study for understanding space and time-resolved patterns of nuclear 

Fig. 9.7 A stochastic time series of compartmental protein abundance in syncytial gene expres-
sion model with finite diffusion rate. Averaging over characteristic time periods reduces the per-
ceived magnitude of protein copy number fluctuations
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coordination, because of recent innovations both in developing carefully parameter-
ized models for the expression pathways that drive the clock and innovative new cell 
manipulation tools allowing the contributions of individual nuclei to be systemati-
cally examined. N. crassa is a common model organism for studying circadian 
rhythm, as many of the molecules and regulatory motifs involved in its circadian 
rhythm are conserved in other organisms, including mammals (Dunlap and Loros 
2017; Ko and Takahashi 2006). The fundamental mechanism of the circadian clock 
in N. crassa involves two interdependent feedback loops—one positive and one 
negative—that pivot on the phosphorylation-mediated interactions between the 
White Collar Complex (WCC) and the protein frq. In its active state, the WCC is a 
transcriptional activator for frq, promoting the synthesis of frq mRNAs. Within the 
cytoplasm, the frq protein associates with the FRQ-interacting RNA helicase (FRH) 
and the casein kinase-1a (CK1), culminating in the formation of the FRQ-FRH 
complex (FFC), which drives the incremental phosphorylation of frq and ultimately 
directs its degradation. During this process, the FCC may be imported into the 
nucleus, where it interacts with and phosphorylates the WCC, eventually leading to 
its inactivation (see Fig. 9.8a) (Dunlap et al. 2007). Due to the tractability of its 
principal molecular components, data-calibrated mathematical models have been 
created to analyze the self-sustaining and entrainable characteristics of the circadian 
clock (Upadhyay et al. 2019; Bellman et al. 2018), as well as to model the circadian- 
linked oscillations in metabolism (Dovzhenok et  al. 2015) and cell cycle (Hong 
et al. 2014).

The synchronization of circadian clocks is a fundamental characteristic of circa-
dian rhythms in populations of cells. Circadian clocks in uninucleate cells distrib-
uted through a tissue typically exhibit phase synchronization (Sgro et al. 2015), but 
stochastic variation in gene expression hinders this synchronization (Deng 
et al. 2016).

Cheong et al. (2022) used fluorescent imaging of an mCherry labeled clock asso-
ciated promoter to study the spatial scales over which synchronization among 
N. crassa nuclei that were not cytoplasmically connected: they packed unfused 
N. crassa conidial cells into two specialized microfluidic devices, a large chamber 
that simulated an artificial tissue (Fig. 9.8b) and a microwell device which inhibited 
cell-to-cell contact. Cells that were packed into microwells of increasing density 
showed higher levels of synchronization, evidencing the presence of a quorum- 
sensing molecule that can diffuse between individual cells. Based on the time scales 
over which cells became synchronized, they inferred this molecule must be protein- 
sized. Although only minimally syncytial (since each conidium may contain one, 
two, or even up to 10 nuclei), the ability to track the emergence of synchrony 
between nuclear neighborhoods in syncytia is a tantalizing prospect for understand-
ing how circadian clocks are assembled.

Microfluidic tools are likely to play a key role in allowing individual nuclear 
activities to be monitored. A recent study by Lee et al. (2016) introduced a novel 
method for tracking single nuclei over circadian periods in N. crassa. To overcome 
the challenge posed by the fungus’s rapid growth rate, which could cause nuclei to 
migrate outside of the imaging region, the researchers utilized a microfluidic device 
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Fig. 9.8 The circadian clock of N. crassa offers valuable context for understanding nuclear coor-
dination in syncytial cells. (a) A simplified diagram of the Neurospora circadian clock. When 
active, the White Collar Complex (WCC) upregulates FRQ expression. FRQ forms a component 
of the FRQ-FRH complex (FFC), which may inactivate WCC through a series of phosphoryla-
tions. (b) Cheong et al. (2022) employed a large chamber microfluidic device to investigate the 
synchronization of circadian clocks in densely packed conidial cells of N. crassa. In the study, 
fluorescence intensity was used to represent the “hand” of the circadian clock. Scale bar: 50 μm. 
(c) A microfluidic design proposed by Lee et al. (2016) to perform single nucleus tracking over 
long time periods in hyphal N. crassa cells. (d) Bartholomai et al. (2022) performed smFISH on 
N. crassa to localize the circadian clock associated mRNA frq at various time points. Maximum- 
intensity Z projections of composite images of frq (depicted in magenta) and nuclei (depicted in 
green) are presented, with arrows indicating nuclei that contain colocalized frq transcripts (scale 
bar, 5 μm)

with a spiral design that effectively held nuclei within specified regions of interest 
(see Fig.  9.8c). smFISH (single-molecule fluorescence in situ hybridization), 
already exploited in yeast, and to study fungal cell cycle, is a powerful and flexible 
tool for creating static snap shots of the coronae of mRNAs surrounding each 
nucleus. Bartholomai et al. (2022) used it to quantify and locate frq mRNA at vari-
ous points in the circadian cycle. They discovered regular clustering of frq mRNA 
near nuclei (Fig.  9.8d), mediated by interactions with the RNA-binding protein 
PRD-2. Surprisingly, frq mRNA levels were found to not exceed single digits per 
nucleus during a cycle, and only a small fraction of nuclei was found to be actively 
transcribing at any given time, despite being synchronized to the same oscillator. 
These low copy numbers are quantitatively discordant with existing mathematical 
models that tend to require much higher transcription rates. They also suggest that 
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circadian rhythm may be one of the first direct test beds for the general result, given 
in the previous section, that syncytia can stably and economically operate with more 
stochastic and lower transcription rates than uninucleate cells.

To probe whether syncytism allows for robust circadian clocks with low, noisy 
transcription rates, Zinn-Brooks and Roper (2021) employed a syncytial gene 
expression model for linked nuclear neighborhoods, akin to the model outlined in 
Fig.  9.4. This simplified model only encompassed the negative arm of the 
transcription- translation feedback loop, simplifying the circuit to the level of a soli-
tary protein controlling its own transcriptional inhibition. This single feedback 
model closely mimics the circadian oscillations of per proteins observed in mam-
mals, as modeled by Wang and Peskin (2018), but with the added capability of the 
hypothetical clock protein to diffuse freely between different nuclear neighbor-
hoods. Stochastic simulations on this system demonstrated that the sharing of clock 
proteins between neighborhoods facilitated precise and synchronized oscillations 
with a period of 24 h at transcription rates nearly 1000-fold slower than a uninucle-
ate system with comparable oscillatory precision. As discussed in Section 5, this 
noise insensitivity is due to the averaging of proteins between nuclear neighbor-
hoods. Importantly, the mathematical models exposed how the labor of transcrip-
tion is divided between nuclei; a readout that is hard to obtain from the static 
snapshots offered by smFISH measurements. At low transcription rates, often a 
single nucleus was responsible for synthesizing the majority of mRNAs for the 
entire syncytial compartment, and this energy-saving division of labor occurred 
spontaneously and without additional mechanisms for coordination existing outside 
of the negative feedback loop.

9.7  Perspectives

In this review, we have highlighted specific adaptive characteristics that are present 
in fungal syncytia, allowing nuclei to coexist in a shared cytoplasm. The diverse 
mechanisms employed by filamentous fungi to compartmentalize their cytosol and 
transport resources allow for independent nuclear behavior when required, such as 
with asynchronous cell division, while also facilitating coordinated responses to 
environmental stimuli. An essential trait found in syncytial cells is the ability to 
allocate the workload of RNA synthesis among multiple nuclei. We have termed 
this a “syncytial assembly line,” based on our presented mathematical model of 
gene expression in syncytia that indicates that nuclei can achieve the necessary copy 
number precision for a specific gene, even with increased transcriptional stochastic-
ity, by sharing proteins across a large, continuous cytosol. The efficiency gains 
resulting from this division of transcriptional labor could explain the remarkable 
enzymatic output of filamentous fungi, enabling them to thrive in challenging envi-
ronments and serve as a valuable resource for industrial protein production.

The themes of nuclear cooperation in syncytia explored in this review are not 
limited to filamentous fungi. Windner et al. (2019) outline a top-down system of 
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nuclear regulation in Drosophila muscle cells, beginning with the global scaling of 
muscle cell size and number of nuclei conserved across cell types. As in some fila-
mentous fungi, nuclei are distributed uniformly throughout the cell via microtubule 
repulsion (Deshpande et al. 2021), demarcating cytoplasmic territories which con-
tain nuclei which may vary considerably in size and DNA content. In spite of this 
heterogeneity, the authors suggest that the diffusion of the nucleolar protein such as 
Fibrillarin across neighborhood boundaries may perform a critical role in homoge-
nizing transcriptional activity, by regulating nucleolar-nuclear volume ratios. This 
mechanism suggests that the sharing of proteins between cytoplasmic territories can 
coordinate nuclear activity, which can help to smooth out expression heterogeneity 
at the cell level (Windner et al. 2019). This global coordination of nuclei is impor-
tant in tissues such as mammalian myofibers, where the nuclei work in concert to 
control muscle contraction (Dos Santos et al. 2020).

Although we have highlighted circadian rhythm as a natural first place for bring-
ing together mathematical modeling with experimental observations, we hypothe-
size that the sharing of gene products between compartments in syncytial fungi may 
contribute to robust gene expression in a variety of cellular processes. Further 
research and mathematical modeling in this area is necessary to fully understand the 
complex mechanisms underlying fungal syncytial behavior and to identify novel 
strategies for enhancing protein production and optimizing biotechnological 
processes.
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Chapter 10
Ancestors in the Extreme: A Genomics 
View of Microbial Diversity in Hypersaline 
Aquatic Environments

Lulit Tilahun, Asfawossen Asrat, Gary M. Wessel, and Addis Simachew

Abstract The origin of eukaryotic cells, and especially naturally occurring syncy-
tial cells, remains debatable. While a majority of our biomedical research focuses 
on the eukaryotic result of evolution, our data remain limiting on the prokaryotic 
precursors of these cells. This is particularly evident when considering extremo-
phile biology, especially in how the genomes of organisms in extreme environments 
must have evolved and adapted to unique habitats. Might these rapidly diversifying 
organisms have created new genetic tools eventually used to enhance the evolution 
of the eukaryotic single nuclear or syncytial cells? Many organisms are capable of 
surviving, or even thriving, in conditions of extreme temperature, acidity, organic 
composition, and then rapidly adapt to yet new conditions. This study identified 
organisms found in extremes of salinity. A lake and a nearby pond in the Ethiopian 
Rift Valley were interrogated for life by sequencing the DNA of populations of 
organism collected from the water in these sites. Remarkably, a vast diversity of 
microbes were identified, and even though the two sites were nearby each other, the 
populations of organisms were distinctly different. Since these microbes are capable 

Supplementary Information The online version contains supplementary material available at 
https://doi.org/10.1007/978- 3- 031- 37936- 9_10.

L. Tilahun · A. Simachew 
Institute of Biotechnology, Addis Ababa University, Addis Ababa, Ethiopia
e-mail: lulit.tilahun@aau.edu.et; addis.simachew@aau.edu.et 

A. Asrat 
Department of Mining and Geological Engineering, Botswana International University of 
Science and Technology, Palapye, Botswana 

School of Earth Sciences, Addis Ababa University, Addis Ababa, Ethiopia
e-mail: kassayea@biust.ac.bw; asfawossen.asrat@aau.edu.et 

G. M. Wessel (*) 
Department of Molecular and Cell Biology and Biochemistry, Brown University,  
Providence, RI, USA
e-mail: rhet@brown.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37936-9_10&domain=pdf
https://doi.org/10.1007/978-3-031-37936-9_10
mailto:lulit.tilahun@aau.edu.et
mailto:addis.simachew@aau.edu.et
mailto:kassayea@biust.ac.bw
mailto:asfawossen.asrat@aau.edu.et
mailto:rhet@brown.edu


186

of living in what for humans would be inhospitable conditions, the DNA sequences 
identified should inform the next step in these investigations; what new gene 
 families, or modifications to common genes, do these organisms employ to survive 
in these extreme conditions. The relationship between organisms and their environ-
ment can be revealed by decoding genomes of organisms living in extreme environ-
ments. These genomes disclose new biological mechanisms that enable life outside 
moderate environmental conditions, new gene functions for application in biotech-
nology, and may even result in identification of new species. In this study, we have 
collected samples from two hypersaline sites in the Danakil depression, the shore-
lines of Lake As’ale and an actively mixing salt pond called Muda’ara (MUP), to 
identify the microbial community by metagenomics. Shotgun sequencing was 
applied to high density sampling, and the relative abundance of Operational 
Taxonomic Units (OTUs) was calculated. Despite the broad taxonomic similarities 
among the salt-saturated metagenomes analyzed, MUP stood out from Lake As’ale 
samples. In each sample site, Archaea accounted for 95% of the total OTUs, largely 
to the class Halobacteria. The remaining 5% of organisms were eubacteria, with an 
unclassified strain of Salinibacter ruber as the dominant OTU in both the Lake and 
the Pond. More than 40 different genes coding for stress proteins were identified in 
the three sample sites of Lake As’ale, and more than 50% of the predicted stress- 
related genes were associated with oxidative stress response proteins. Chaperone 
proteins (DnaK, DnaJ, GrpE, and ClpB) were predicted, with percentage of query 
coverage and similarities ranging between 9.5% and 99.2%. Long reads for ClpB 
homologous protein from Lake As’ale metagenome datasets were modeled, and 
compact 3D structures were generated. Considering the extreme environmental 
conditions of the Danakil depression, this metagenomics dataset can add and com-
plement other studies on unique gene functions on stress response mechanisms of 
thriving bio-communities that could have contributed to cellular changes leading to 
single and/or multinucleated eukaryotic cells.

10.1  Introduction

Microorganisms are extraordinary in their abilities to evolve, adapt, maintain, and 
change under vast extremes of terrestrial, aquatic, or potentially extraterrestrial 
environments (Tait et al. 2017; Viswadeepika and Bramhachari 2022; Coleine and 
Delgado-Baquerizo 2022). Many unique and extreme environments exist globally 
that harbor diverse populations of microbiota, many containing diverse gene sets 
that enhance future evolvability (Viswadeepika and Bramhachari 2022; Berg et al. 
2020; Rodriguez and Durán 2020; Berg et al. 2021; Oren 2006). Among the multi-
ple extreme conditions known, salinity is widespread as 96% of the global water 
(corresponding to 70% of Earth’s surface) is either ocean or sea water (https://www.
usgs.gov/special- topics/water- science- school/science/how- much- water- there- 
earth). In addition, salinization of groundwater, caused by encroachment of sea 
level, is increasing the concentration of soluble salts in soils (Srivastava et al. 2019). 
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Hence, organisms dwelling in the vast saline Earth surface, both aquatic and ter-
restrial, are exposed to osmotic and oxidative stresses caused by high salt concentra-
tions of their environment. Most high-stress organisms are prokaryotic, especially 
in the extremophile environments, but a continuum of such environmental condi-
tions suggests that transitions in rapid adaptability could lead to changes in organis-
mal biology that we might not consider when thinking of our 37 °C CO2 incubators 
(Oren 2006; Adem et  al. 2014; Shrivastava and Kumar 2015). We believe that 
dynamic changes in moderate to extreme environments, and back, may have selected 
for prokaryotic cells able to find new ways to survive and thrive. Perhaps those pro-
karyotic cells on their own did not give rise to nuclear, or even syncytial cell types, 
but we consider favorable a cell type undergoing significant adaptations to environ-
mental conditions as a template for a most extreme change—acquiring endosymbi-
onts, and coopting them for adaptations to more moderate environmental conditions.

Microbes which habitat high salt conditions have devised mechanisms at least 
for salt-tolerance but likely as well for other extreme conditions often associated 
with hypersaline environments. Often the hypersaline niches include environmental 
stresses like osmotic stress, temperature changes, diverse light conditions and inten-
sities, exposure to heavy metals and organic pollutants, etc. Strategies and the adap-
tations acquired by hypersaline-dwelling microbes have made them critical for 
consideration of agricultural, industrial, and pharmaceutical applications (Dindhoria 
et al. 2023 and references therein).

Lake As’ale (also known as Lake Karum or Assale) is a paradigm for hypersaline 
lakes (Oren 2010; Makhdoumi-Kakhki et al. 2012; Lanzén et al. 2013; Mernagh 
et al. 2014; Viver et al. 2018; Asrat 2016) and is located in the northern part of the 
Danakil depression, south of the Dallol volcano (Asrat 2016; Cavalazzi et al. 2019; 
Abbate et al. 2015). The Danakil depression is part of the East African Rift System 
(EARS), which is a segment of proto-oceanic crust and characterized by low annual 
rainfall, high temperature, and intense sunlight (Asrat 2016; Cavalazzi et al. 2019; 
Abbate et  al. 2015; Ahrens 2011; Beyth 1978; Fazzini et  al. 2015; Hughes and 
Hughes 1992). Various extreme geologic features, such as the acidic hypersaline 
hydrothermal systems on and around mount Dallol, are present in the depression 
(Cavalazzi et al. 2019; Belilla et al. 2019; Tilahun et al. 2021a, b). A previous study 
indicated that Lake As’ale used to be part of the Red Sea until a volcanic barrier 
flow separated it less than 32,000 years ago (Beyth 1978). Thus, Lake As’ale is 
considered to be formed after the auxiliary sinking of the Danakil depression result-
ing in periodic flooding of the Red Sea (Beyth 1978; Hughes and Hughes 1992). 
Moreover, the Lake is dotted by actively mixing salt ponds in many places with 
colorful and bubbling “cold” springs (Asrat 2016). One such pond, called Mud’ara 
(MUP), is located at the northwestern margin of the lake (Asrat 2016).

The general poly-extreme environmental conditions of Danakil depression (high 
temperature, high salinity, and high UV radiation) are also characteristics of Lake 
As’ale (Asrat 2016; Cavalazzi et al. 2019). Prior investigations using metagenomics 
revealed the dominance of prokaryotes in the open water of Lake As’ale and in the 
other hyper-acidic and saline hydrothermal systems of the depression (Cavalazzi 
et  al. 2019; Belilla et  al. 2019; Tilahun et  al. 2021a, b). This poly-extreme 
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environmental condition of Lake As’ale can inflict osmotic and oxidative stresses 
on the inhabiting microbes in addition to the hypersaline conditions (Xie et al. 2019; 
Pedone et al. 2020). Oxidative stress can be a source for elevation of mutation rates 
or modification of solvent accessibility of amino acids that leads to misfolding of 
proteins (Vidovic et al. 2014). Naturally, prokaryotes are well equipped at a molecu-
lar level to overcome oxidative stress and protect themselves from disruptions of 
protein stability and misfolding (Vidovic et al. 2014; Susin et al. 2006; Voth and 
Jakob 2017; Verghese et al. 2012; Tittelmeier et al. 2020). Resistance to misfolding 
of proteins due to oxidative damage is intrinsic and can be assisted by molecular 
chaperones (Vidovic et al. 2014; Susin et al. 2006; Voth and Jakob 2017; Verghese 
et al. 2012; Tittelmeier et al. 2020). Heat shock proteins (HSP) such as DnaK, DnaJ, 
GrpE, and ClpB are molecular chaperones involved in the proper folding and refold-
ing of newly synthesized and damaged (misfolded) proteins, respectively (Vidovic 
et al. 2014; Susin et al. 2006; Voth and Jakob 2017; Verghese et al. 2012; Tittelmeier 
et al. 2020). Yet, synthesis of HSPs is not only activated as a response to exposure 
to heat shock stress but also to diverse environmental stresses such as freezing 
(hypothermia), chemicals such as ethanol, free radicals, and ultraviolet radiation 
(Verghese et al. 2012; Tittelmeier et al. 2020). Accordingly, the main function of 
HSPs is to stabilize and assist proteins proper folding of nascent polypeptides and 
refolding of misfolded proteins that otherwise may accumulate and become deadly 
to any organism (Vidovic et  al. 2014; Susin et  al. 2006; Voth and Jakob 2017; 
Verghese et al. 2012; Tittelmeier et al. 2020).

In this study, our focus of investigation is the shorelines of Lake As’ale and MUP 
in the Danakil depression (Fig. 10.1a and b). In contrast to open waters, shorelines 
of any lake can be more stressful to its inhabitants because of the constant fluctua-
tions of water level and hydrochemistry (Mortsch 1998; Maihemuti et al. 2020). 
Therefore, through shotgun metagenome analysis, extremophiles in the brine sam-
ples from the shoreline of Lake As’ale and MUP were studied to check their similar-
ity to the Lake’s open water diversity. Further in silico queries were accomplished 
to identify the genome composition and proteins predicted to overcome the environ-
mental stresses. In addition, from the generated assembled metagenome data, we 
predicted the open reading frames (ORFs) for chaperone proteins and 3D protein 
configurations to determine if their structure is acclimatizing, and distinct from 
respective reference proteins, and how viral and fusogenic proteins may have 
evolved.

10.2  Materials and Methods

10.2.1  The Study Site

The brine samples from Lake As’ale were collected randomly from accessible sites 
in the shoreline but with mindfulness of minimal human and animal contact in order 
to reduce the chances of sample contamination (Fig.  10.2a). The selected three 
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different locations of Lake As’ale were at −115 m and −120 m below sea level and 
labeled as LA (UTM 0646610E, 1558846N), LADP5 (UTM 0648365E, 1558709N), 
and LADP6 (UTM 0645195E, 1558770N). Brine samples from Muda’ara pond 
(MUP) were collected at UTM location 0645190E, 1558764N, −109 m below sea 
level. MUP is a small, greenish, and highly mixing pond located at the northwestern 
shore of Lake As’ale (Figs. 10.1b and 10.2b). The distances between the three sam-
ple sites of Lake As’ale and MUP were calculated using an online Latitude/
Longitude Distance Calculator (https://www.nhc.noaa.gov/gccalc.shtml). Hence, 
LA and LADP5 are approximately 1.8 km apart; LADP5 and LADP6 are approxi-
mately 1.4 km apart, and MUP is located adjacent to LADP6.

10.2.2  Sample Collection and Processing

The shorelines of Lake As’ale were very shallow (cms), while MUP was very small 
but strongly mixing. The distances between the shoreline and the sample collection 
sites LADP5, LA, and LADP6/MUP are 176 m, 125 m, 767 m, respectively. All 
brine samples were collected from the surface water, in triplicates and indiscrimi-
nately using sterile High Density Polyethylene (HDPE) bottles on February 3 and 
4, 2015.

A total of 2000 ml surface brine samples were collected from each sample site, 
where 200 ml per filter was filtered without dilution using 0.22 μm GE® polycar-
bonate filter membranes. The residual microbial cells on the membranes were stored 
in 2  ml Lasany® internal threaded Cryovials with sucrose lysis buffer (0.75  M 
sucrose, 20 mM EDTA, 200 mM NaCl, and 50 mM Tris-HCl, pH 9.0). When ana-
lyzing the physico-chemical properties of the samples, 200 ml of water filtrate was 
placed in sterile containers. All the prepared samples for molecular and physico- 
chemical analysis were transported to the Microbial Biotechnology Laboratory, 
Addis Ababa University, under controlled cooling conditions subsequently stored at 
−20 °C and 4 °C, respectively, until further analysis was conducted.

10.2.3  Physico-chemical Analysis and Water 
Isotope Measurement

In situ measurements of pH, conductivity, and temperature were performed using 
the 430 Enterprise Portable pH and Conductivity Meter 430271 (Jenway). Salinity 
was measured using a refractometer (DIGIT-0120 ATC, VWR) after diluting the 
brine samples 1 to 10 times with deionized water. Selective ex situ hydrochemical 
analyses and water isotope measurement were carried out as described in Tilahun 
et al. (2021a).
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Fig. 10.1 Satellite map of Lake As’ale (a) and image of sampling locations (b) on the shore of 
Lake As’ale and the Mud’ara pond (Source: Google Map)

10.2.4  DNA Extraction and Metagenome Sequence Processing

Community genomic DNA was extracted at the Microbial Biotechnology Laboratory 
(Addis Ababa University, Ethiopia) and at the PrIMO Laboratory (Brown University, 
Providence RI, USA) using a modified CTAB method adapted from Zhou et  al. 
(1996). DNA was cleaned and concentrated using DNA Clean & Concentrator™-5 
from Zymo Research. The quantity and quality of DNA was checked using 
PicoGreen Assay and Thermo Scientific NanoDrop 3300 Fluorospectrometer. All 
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Fig. 10.2 Sample sites photo. Lake As’ale (a); Mud’ara pond (b) (Photo by Tilahun, 2015)

filtered brine samples yielded genomic DNA quantities exceeding the required 1 ng 
for Illumina 2500 library preparation (Table 10.3). DNA library preparation and 
post sequencing quality control (quality filtering and trimming) was performed as 
described in Tilahun et al. (2021a).

10.2.5  Taxonomy Profiling and Statistical Analysis

10.2.5.1  Mapping of Direct Assembly-Free Sequence Reads

The sequence reads of the samples from the three runs were merged together and 
put into MetaPhlAn 2 bioinformatics tool which maps direct sequence reads against 
a reduced set of clade-specific marker sequences (Segata et al. 2012; Truong et al. 
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2015). Microbial relative abundance table was generated using default parameters 
and bowtie2 alignment. Distribution and heatmaps were generated with “metaph-
lan_hclust_heatmap.py” script using default options and the “-d braycurtis,” “-minv 
0.01” flags.

R Studio with Vegan and Mass packages (RStudio Team 2020; Venables and 
Ripley 2002; Oksanen et al. 2017) was used for calculating similarity indices (Bray- 
Curtis index and Jaccard’s index), diversity indices (Shannon’s index and Simpson’s 
index), and nonparametric estimation of number of species in a community. The 
functions “vegdist” and “diversity” in the Vegan package were applied to calculate 
the dissimilarity indices (Bray-Curtis index and Jaccard’s index) and diversity indi-
ces (Shannon’s index and Simpson’s index), respectively. For calculating Bray- 
Curtis dissimilarity, the default for the function “vegdist” was used. Hierarchical 
clustering was plotted based on Bray-Curtis dissimilarity distance using function 
“spantree,” which finds a minimum spanning tree for dissimilarities connecting 
all points.

Principal Component Analysis (PCA) of the microbial datasets was generated 
using ClustVis (Metsalu and Vilo 2015), a web tool for visualizing clustering of 
multivariate data (BETA). For calculating PCA, default method SVD with imputa-
tion was used, which performed imputation and singular value decomposition 
(SVD) iteratively until estimates of missing values converge (Yata and 
Aoshima 2010).

10.2.5.2  Taxonomy Binning of Metagenome-Assembled Reads

Quality checked reads were assembled using metaSPADes with a flag “meta” and 
kmers 21, 33, and 55 (Nurk et al. 2017). The resulted metagenome contigs were 
aligned against NCBI non-redundant protein database using double index alignment 
of next generation data (DIAMOND) v0.9.24; BLASTx with the sensitive mode, 
frameshift alignment for assembled long sequences, and a default e-value cut-off of 
0.001 (Buchfink et  al. 2015). MEtaGenome analyzer 6 Community Edition 
(MEGAN6 CE) was used to perform taxonomic assignment of assembled contigs 
(Huson et al. 2016, 2018). The parameters used to retrieve metagenome-assembled 
genomes and compute estimation of the taxonomical content from the samples 
using MEGAN6 Long-read (MEGAN-LR) are described in Tilahun et al. (2021a).

Comparison of the multiple samples in this study was accomplished by using the 
“Compare” dialog on MEGAN6 CE and by selecting the “Use Normalized Counts” 
to normalize all counts to the smallest number of reads of the studied samples. 
Using “Cluster analysis viewer” dialog on MEGAN6 CE, Bray-Curtis dissimilarity 
index was used to calculate distances based on the leaves of the corresponding 
Phylogeny and Principle Coordinates Analysis (PcoA) as well as hierarchical clus-
tering (UPGMA tree) were plotted.
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10.2.5.3  Functional Binning of Metagenome-Assembled Genomes 
(MAGs) and Prediction of Chaperone Proteins

Each assembled long read was mapped onto a gene that has a known functional role 
and then compared to one or more different subsystems by computing SEED RefSeq 
id and using “Compare” dialog on MEGAN6 CE, respectively. The comparison was 
calculated by selecting “use Absolute count” to compare the original counts of reads 
for each sample and by ignoring all unassigned reads. Functional profile of stress 
response genes for all sample sites was studied by generating “Stress_Response.
rma” file using SEED-MEGAN and compared using “Compare” dialog on 
MEGAN6 CE.  Long reads of consensus amino acid sequences, associated with 
chaperone proteins from SEED’s protein metabolism class, were retrieved using 
MEGAN’s-Alignment tool and exported in fasta format. The consensus translated 
ORFs for chaperone proteins were mapped to respective reference protein sequences 
using NCBI. NCBI’s Blastp was used (with cut-off value 1e-10) to analyze sequence 
similarity of translated ORFs grouped specifically in chaperone protein DnaJ and 
DnaK as well as ClpB protein families. Furthermore, BLAST’s “Distance tree of 
results” was applied to compute pairwise alignment of query (that have greater than 
94% query coverage) against non-redundant protein sequences (nr) database using 
default parameters. The selection of query translated sequences for homology as 
well as further structural analysis was performed using InterProScan version: 
5.56–89.0 and SWISS-MODEL server as described in Tilahun et al. (2021a).

10.3  Results

10.3.1  Geochemical and Physico-chemical Properties

The studied shoreline sites of Lake As’ale and MUP are categorized as hypersaline 
environments with salinity exceeding or equal to 32% (Gomez 2014). Lake As’ale 
and the nearby groundwater systems, including MUP, are generally fed by the peri-
odic runoff from the highlands located west of the Danakil depression (Abbate et al. 
2015; Hughes and Hughes 1992). However, due to the phreatic eruption on mount 
Dallol on January 2015, the hydrochemistry of the nearby groundwater systems was 
likely affected by the released volcanic gases, which can readily mix and alter the 
pH (Tilahun et al. 2021a; Master 2016; Jasim et al. 2018). Hence, contrary to the 
report on the open water (Belilla et al. 2019), the pH of the brine samples collected 
from the shoreline of Lake As’ale and MUP was acidic (pH 5.6 and 4.25, respec-
tively). The results of in situ geochemical measurements are listed in Table 10.1.

The two selected sampling sites for further hydrochemistry analysis (LA and 
MUP) were approximately 3.2 km apart from each other. MUP is characterized by 
depleted values of δ18O and δ2H (−1.38/mil and 3.42/mil, respectively) while brine 
of LA is characterized by enriched δ18O and δ2H (11.51/mil and 46.36/mil, 
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Table 10.1 Geochemical data of the sample sites

Lake/
pond 
labeling 
code

GPS location

Altitude 
(m)

Description of 
sampling sites pH

Average 
salinity

Average 
T°

Average 
EC (mS/
cm)

UTM.
EW

UTM.
NS

LA 646610 1558846 −120 Large shallow 
lake on white 
salt plain

5.6 0.32 32 °C 237 at 
32 °C

LADP5 648365 1558709 −115 Large shallow 
lake on white 
salt plain

5.61 0.32 32 °C 236 at 
32 °C

LADP6 645195 1558770 −115 Large shallow 
lake on white 
salt plain

5.61 0.32 31 °C 237 at 
31 °C

MUP 645190 1558764 −111 Small mixing 
greenish color 
pond adjacent to 
Lake As\ale

4.25 0.36 30 °C 235 at 
30 °C

Table 10.2 Selected hydrochemical and stable water isotope measurements

Sample 
site

Mg2+ 
(g/l)

NO2
− 

(mg/l)
NO3

− 
(g/l)

TP 
(g/l) COD

SO4
2− 

(g/l)
Cl− 
(g/l)

δ18O (/
mil)

δ2H (/
mil)

LA 59.4 1.34 0.2 Nil 2450 0.4 217.3 11.51 46.36
MUD 7.8 2.4 0.13 Nil 1925 0.1 219.1 −1.38 3.42

respectively). Evapo-transpiration affects more shallow surface water bodies than 
groundwater (Yeh and Lee 2018). As a result, the values of oxygen and hydrogen 
isotopes indicated intense evaporation with selective heavier isotopes enrichment in 
the Lake’s waters. Hence, the cold spring in the MUP is less evaporated, is mixed, 
and is continuously fed by groundwater from the highlands whose source is pre-
dominantly rainfall depleted in δ18O and δ2H. In general, the observed variations of 
amounts of Mg2+, NO2

−, SO4
2−, and isotopes of oxygen and hydrogen in MUP and 

LA (Table 10.2) indicate extreme evaporation and insignificant precipitation in the 
Danakil depression (Ahrens 2011; Fazzini et al. 2015).

10.3.2  Microbial Richness in the Shorelines of Lake 
As’ale and MUP

Species richness and diversity of microbial communities are inversely affected by 
salinity in hypersaline aquatic environments (Oren 2006; Lanzén et  al. 2013; 
Simachew et al. 2016; Podell et al. 2014; Yang et al. 2016; Plominsky et al. 2018; 
Banda et al. 2020). In our study, the OTU abundance calculated by MetaPhlAn 2 
identified less than 50 OTUs from the surface brine samples of Lake As’ale’s 
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Table 10.3 Summary of metagenomics and statistical measures of diversities based on non- 
assembled sequence reads

Sample site/
sequence ID

Estimated DNA 
concentration for 
sequencing

Total 
number of 
reads

Observed 
OTU

Fisher’s 
alpha 
index

Shannon’s 
index

Simpson’s 
index

LADP5 
(LTW0004)

79 ng/μl 13103002 38 2.45 1.34 0.4

LADP6 
(LTW0005)

52 ng/μl 14021795 47 3.06 1.01 0.59

LA 
(LTW0006)

137 ng/μl 10440347 35 2.28 0.91 0.36

MUP 
(LTW0007)

58 ng/μl 11016361 49 3.26 1.56 0.68

shoreline and MUP (Table  10.3). Likewise, less than 161 OTUs were identified 
from studied sample sites by MEGAN6 CE (Table  10.4). The consequences of 
extreme salinity, pH, and some ions such as Mg2+are known to impact microbial 
community compositions and richness in extreme environments such as the ones 
inhabiting the Dead Sea (Oren 2006; Oren 2010; Belilla et  al. 2019; Yang et  al. 
2016; Oren 2005; Nissenbaum 1975; Hallsworth et al. 2007; Logares et al. 2013).

Results from investigating the assembled and non-assembled metagenomic DNA 
sequence reads from studied sample sites revealed more diverse microbial commu-
nities in MUP than the shoreline sites of Lake As’ale (Tables 10.3 and 10.4; 
Supplementary Table 1, Figs. S1–S3). Detailed analysis of the taxonomic content of 
sample sites was obtained from MEGAN6 CE after analyzing the metagenome- 
assembled reads (Table 10.4; Supplementary Table 2). More than 35% of the total 
~9.6 million aligned bases were assigned to 205 OTUs at species level (Table 10.4). 
Similar to MetaPhlAn 2 results, MEGAN6 CE outputs showed higher number 
OTUs (154 OTUs) identified at species level for MUP compared to the sample sites 
of Lake As’ale (111–132 OTUs) (Supplementary Table 2). The multivariate analy-
ses performed to visualize sample sites similarities based on the results of 
MetaPhlan2 and MEGAN6 CE clearly indicated the difference between Lake As’ale 
and MUP species wise (Fig.  10.3, Supplementary Figs. S1 and S2) (Iscen et  al. 
2008; Oksanen 2015).

10.3.3  Diversity of Extremophilic Prokaryotes

All the sampled sites in this study were highly dominated by prokaryotes (Figs. 10.4 
and 10.5, Supplementary Table 1, Supplementary Fig. S3). The archaeal OTUs were 
abundant in the shoreline sites of Lake As’ale and MUP as in the case of many other 
hypersaline or soda or slightly acidic or neutral lakes (Oren 2006; Oren 2010; 
Makhdoumi-Kakhki et al. 2012; Lanzén et al. 2013; Mernagh et al. 2014; Belilla 
et al. 2019; Simachew et al. 2016; Plominsky et al. 2018; Banda et al. 2020). Though 
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Fig. 10.3 Minimum 
spanning tree of the 
Bray-Curtis distances 
between the samples based 
on MetaPhlAn2 taxonomic 
profiling from direct 
metagenomic shotgun 
sequencing data using R 
studio [a]. Hierarchical 
clustering using 
Unweighted Pair Group 
Method with Arithmetic 
Mean (UPGMA) was also 
plotted by calculating 
Bray-Curtis distances of 
taxonomic profiles of 
assembled contigs using 
MEGAN 6 CE [b]

bacterial and viral OTUs were also encountered, their representation was at a mini-
mum percentage in all studied sites (Table 10.4 and Figs. 10.4 and 10.5). Presence 
of eukaryotic OTUs was reported in a previous study on the open water of Lake 
As’al by Belilla et al. (2019). However, eukaryotic OTU were absent in the current 
study on the shoreline sites of Lake As’ale and MUP (Figs.  10.4 and 10.5, 
Supplementary Table  1, Supplementary Fig. S3). The reason for the absence of 
eukaryotes might be due to the molecular fitness of prokaryotes to adjust to different 
stressful environmental conditions of shallow parts of any lake such as new pattern 
of water level fluctuations and hydrochemistry, intense UV radiation, and low rain-
fall (Mortsch 1998; Maihemuti et al. 2020).

The class Halobacteria was dominant in all studied sites (Fig. 10.5, Supplementary 
Fig. S3). Members of archaeal class Halobacteria are well known and common 
inhabitants of hypersaline environments (Oren 2010; Burns et  al. 2004; Ventosa 
et al. 2004; Yang et al. 2007; Sorokin et al. 2014). Five families of Halobacteria 
(Halobacteriaceae, Haloarculaceae, Halococcaceae, Natriabaceae, and 
Halorubraceaea) were identified after Metaphlan2 and MEGAN 6 CE mapping 
(Supplementary Tables 1–3). MEGAN 6 CE performed well in assigning reads at 
species level because long assembled reads were analyzed (Tran and Phan 2020). 
As a result, more than 125 OTUs from each sampled site in this study were profiled 
at species and higher taxonomic level from all domains of life using MEGAN 6 CE 
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Fig. 10.4 Distribution of domains of organisms and viruses along the subsampling sites of Lake 
As’ale and Mud’ara pond based on MetaPhlAn2

(Table  10.4; Supplementary Table  2). Moreover, additional groups of archaea 
(Candidatus Nanohaloarchaeota, Methanonatronarchaeaceae, Thermoplasmata, 
Unclassified Archaea, and Euryarchaeota) were identified by MEGAN6 CE 
(Supplementary Fig. S3). Bacterial and viral OTUs were also identified in the stud-
ied sample sites. Surprisingly, diverse groups of bacterial OTUs were identified 
even if the majority of the sequence reads were binned to archaeal domain (Fig. 10.7; 
Supplementary Tables 1 and 2). Salinibacter ruber was the most represented bacte-
rial OTU in the current study (Figs. 10.6 and 10.7; Supplementary Tables 1 and 2). 
S. ruber is an intraspecifically diverse, strictly halophile, and highly distributed 
organism in different hypersaline environments (Oren 2006; Lanzén et  al. 2013; 
Viver et al. 2018; Simachew et al. 2016; Antón et al. 2002; Mormile et al. 2009; 
Ventosa and Arahal 2009; González-Torres and Gabaldón 2018). Archaeal dsDNA 
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Fig. 10.5 Domain level classification of assembled reads based on normalized counts of assigned 
bases using DIAMOND-MEGAN6 CE

viruses were also identified by MEGAN6 CE, in either MUP or one or more shore-
line sample sites of Lake As’ale. Though extreme environments are known troves of 
tremendous diversity of unknown viruses, the limitations in finding universally con-
served markers in viral genomes makes them challenging to study (Edwards and 
Rohwer 2005; Paez-Espino et al. 2016). Moreover, as viral quasispecies, they are 
distributed across very different habitats, attributing viral OTUs from the metage-
nome data to particular hosts was carried out in caution (Kazlauskas et al. 2019). 
Hence, MUP and LADP6 were the only sample sites with non-assembled NGS 
reads mapped to viral OTUs (Supplementary Table 1) while MEGAN6 CE was able 
to bin numerous aligned bases to archaeal Halovirus in LADP6, LA, and MUP 
(Table 10.4; Supplementary Table 2; Supplementary Fig. S3).

10.3.4  Prediction of Proteins Involved in Stress Response 
in Lake As’ale and MUP

More than a thousand different genes were predicted in samples from Lake As’ale 
compared to the total 668 different genes predicted from MUP samples 
(Supplementary Table  4). While various stress response protein families were 
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Fig. 10.6 Heat map of top 25 abundant OTUs in sampling sites of Lake As’ale and Mud’ara pond 
generated by MetPhlAn2

predicted in Lake As’ale and MUP, only 27 stress proteins were identified in MUP, 
and 40 different stress proteins were identified in the three sample sites of Lake 
As’ale (Supplementary Table 5). Constant fluctuations of environmental conditions 
at the shorelines of Lake As’ale, as in the case of any lake, can intensify stresses that 
cause the observable high number of stress-related proteins and also differences in 
survival strategies (Mortsch 1998; Maihemuti et al. 2020; Matarredona et al. 2020; 
Fulda et al. 2010).

Oxidative stress inside cells contributes to the disproportional production and 
accumulation of reactive oxygen species (ROS), decrease ATP levels that will inacti-
vate molecular chaperones, and increase of aggregated misfolded proteins (Xie et al. 
2019; Pedone et al. 2020; Matarredona et al. 2020; Fulda et al. 2010; Zhang et al. 
2016; Winter et al. 2005). Thus, from the total of 86 predicted protein families, more 
than 50% are either scavenging enzymes for ROS, or proteases or regulatory proteins 
involved in response to oxidative stress (Supplementary Table 5). In connection with 
the differences in the geochemistry and hydrochemistry results (Tables 10.1 and 
10.2), only twelve of the predicted stress protein families were commonly shared in 
all studied sites (Supplementary Table 5). These shared protein families have known 
functions in response to acid stress, to ROS, hyperosmotic and heat-shock, regula-
tion/reprogramming of cellular metabolism through cell signaling, and anaerobic 
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Fig. 10.7 Distribution of Archaea (a) and Bacteria (b) OTUs at Genus Taxonomy level along the 
sample sites based on MEGAN-DIAMOND alignment. More than 91% of the aligned reads are 
assigned to the top 21 archaeal genera in both Lake As’ale and MUP. In addition, more than 94% 
and 90% of the aligned reads are assigned to the top 18 bacterial genera in both Lake As’ale and 
MUP, respectively

respiration (Zhang et al. 2016; Broadbent et al. 2010; Rajput et al. 2021; Rawat and 
Maupin-Furlow 2020; Price et  al. 2008; Audrito et  al. 2020; Jamali et  al. 2020; 
Valette et al. 2017; Zhang et al. 2015). Furthermore, four protein families (gamma-
glutamyl transpeptidase (GGT) (EC 2.3.2.2), glutaredoxin-related protein, glutathi-
one S-transferase omega (EC 2.5.1.18), and peroxiredoxin (EC 1.11.1.15) were 
uniquely predicted from Halobacteria class in MUP. Under extreme oxidative condi-
tions, GGT and glutaredoxin (alternative to thioredoxin) proteins can aid scavenging 
glutathione as a source of amino acid and/or sulfur (Rawat and Maupin-Furlow 2020; 
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Sánchez-Riego et  al. 2013; Saini et  al. 2021). Peroxiredoxin (EC 1.11.1.15) and 
glutathione S-transferase omega (EC 2.5.1.18) are powerful antioxidants that can 
regulate and detoxify chemicals such as aliphatic/aromatic hydroperoxides and per-
oxynitrite from cell by conjugating the toxins with glutathione, respectively (Rajput 
et al. 2021; Poole et al. 2011).

In general, posttranslational modifications of proteins such as carbonylation, side 
chain oxidations, misfolding, and accumulation are triggered by severe oxidative 
stress and attended by the expression of proteases and molecular chaperones 
(Vidovic et al. 2014; Zhang et al. 2016; Winter et al. 2005; Zhang et al. 2015). The 
molecular chaperones, or HSPs, are intrinsically upregulated with ROS-scavenging 
enzymes, mainly to resist protein misfolding and maintain normal intracellular ATP 
concentration, respectively (Vidovic et  al. 2014; Fulda et  al. 2010; Zhang et  al. 
2016; Kim et al. 2021; Chatterjee et al. 2020; Yusof et al. 2022; Kim et al. 2008; 
Zolkiewski et al. 2012; Wen et al. 2020). Though ROS scavenging enzymes were 
annotated in all sample sites of the current study, only one chaperone protein, DnaK, 
was commonly predicted in all sites (Supplementary Table 5). In addition to the 
heat-shock stress response, DnaK/DnaJ chaperone system has been found to protect 
protein against carbonylation under oxidative stress (Zhang et  al. 2016; Kim 
et al. 2021).

Further investigation on amino acid sequences of the chaperone proteins was 
done to check the novelty of the proteins. Partial or complete consensuses ORFs for 
HSP were obtained from all sample sites (Table  10.5). DnaJ (Hsp60) and ClpB 
(Hsp100s family) were primarily obtained from bacteria; heat-shock protein GrpE 
was from archaea, and DnaK (Hsp70) was predicted from bacteria as well as archaea 
in all sampling sites of Lake As’ale (Table 10.5). In the case of MUP, short but 
important ORFs for chaperone proteins such as DnaK, ClpB, and high-temperature 
protein G/HtpG (Hsp90) instead of DnaJ and GrpE were annotated (Table 10.5).

We used BLAST to visualize the distance tree for the long sequences with query 
coverage greater than 94% to the reference sequences (Supplementary Fig. S4a–c). 
The distance trees indicate the predicted ClpB proteins are ATP-dependent chaper-
one ClpB proteins potentially transferred from Salinibacter to Bacteroidetes 
(Supplementary Fig. S4 a[I], b[I], c[II]). In addition, the predicted chaperone DnaJ 
protein (Supplementary Fig. S4 a[II]) is potentially considered to be transferred 
from Salinibacter while the predicted chaperone DnaK proteins from LADP6 and 
LA (Supplementary Fig. S4 b[II], c[I]) are considered to be transferred from 
Bacillaceae and euryarchaeotes, respectively. These predicted proteins are con-
served among bacteria and class Halobacteria (particularly DnaK) of eukaryar-
chaea, and the protein-protein comparison result can implicate the possibility of 
new taxonomic branches of strains of the respective reference microbes (Chatterjee 
et al. 2020; Mogk et al. 2003; Gabaldón 2007; Khaledian et al. 2020).

The extended ORFs of ClpB obtained from Lake As’ale’s metagenome sequence 
data were associated to the genus Salinibacter. The heavy Hsp families (HtpG 
[Hsp90] and ClpB [Hsp100s]) are generally absent in any archaeal species 
(Matarredona et al. 2020; Zolkiewski et al. 2012; Large et al. 2009). The predicted 
ClpB proteins were as compact as their respective reference homologous proteins 
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but were super coiled (Supplementary Table 6; Supplementary Figs. S5–S7). Unlike 
ClpB identified in E. coli, the compactness of the predicted homologous protein 
entails the adaptation strategies of the extremophiles in extreme environments such 
as Lake As’ale (Zolkiewski et al. 2012). A single amino acid replacement (N-T) on 
ATP binding site of ClpB was also observed (Supplementary Table 6). Though it is 
difficult to be certain on the functionality of the specific predicted protein, the sub-
stitution of a non-charged polar amino acid by another non-charged polar residue 
may be tolerated to keep the functionality of the protein (Betts and Russell 2003). 
ClpB protein was also predicted in MUP; however the sequence was partial, and 
only the ClpA/ClpB_AAA_lid domain was identified (Table 10.5).

Long consensus translated sequences for DnaK (Hsp70) were retrieved from all 
metagenome data (Table 10.5). DnaK is known to be induced as response to envi-
ronmental stressors in both eukaryotes and prokaryotes, and their synthesis can usu-
ally be increased or decreased during stressful conditions (Susin et al. 2006; Yusof 
et  al. 2022). Generally, DnaK carries out its chaperone functions (stabilize and 
assist proteins refolding) in collaboration with Hsp40 (DnaJ) and GrpE as Hsp70 
system (Voth and Jakob 2017). Furthermore, together with ClpB, the Hsp70 system 
extracts and refolds aggregated proteins once non-stress environmental conditions 
have been restored (Susin et  al. 2006; Ungelenk et  al. 2016). Identification of 
numerous partial sequences of Hsp40 (DnaJ) showed the DnaK/J chaperone 
machinery together with ClpB in Salinibacter and Bacillus are needed for survival 
of cells after exposure of multiple environmental stresses at the shorelines of Lake 
As’ale. Partial ORFs for DnaK were binned to a number of genera in class 
Halobacteria, and no genes for DnaJ from archaea were predicted (Table  10.5). 
Though DnaK is one of the two most common families of heat-shock proteins in 
haloarchaea (Matarredona et  al. 2020), the gene hsp70 (dnaK) may be absent in 
several archaeal species of different phylogenetic branches (Macario and de Macario 
1999). Further in-depth investigation on the gene hsp70 system in the haloachaea 
inhabitants of Lake As’ale and MUP will help unveil evolutionary puzzle that raises 
the important question of what replaces the product of this gene, Hsp70 (DnaK), in 
protein biogenesis and refolding and for stress resistance.

10.4  Discussion

In this investigation, we learned that Lake As’ale and the MUP are two different 
extreme habitats found in the Danakil depression. We anticipated, based on the 
nature of their hypersalinity, that we would find consensus of their microbial con-
tents. Instead, the results of the physico-chemical and the metagenomics analysis 
showed discord between these two aquatic environments, even though they are in 
proximity of each other. Differences in ionic contents such as Mg2+ and SO4

2− and 
H+ appear to drive the differences in diversity and abundance of prokaryotes inhabit-
ing the studied environments. Furthermore, different stress response proteins were 
also predicted, indicating different strategies to overcome their respective 
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environmental strains. The diversity in microbial niches is rich in this environment 
leading to marked diversity in microbial populations. Further, the microbes inhabit-
ing the shoreline brine of Lake As’ale differ from the previously studied open water 
inhabitants of the Lake. So, even in the same lake, a diversity in microbial popula-
tions reflect diverse physical environments within the lake. In accordance with the 
high concentration of divalent ions and lower pH measured in the current study, 
various genes from the inhabiting prokaryotes were annotated as proteins known for 
their involvement in responding to oxidative stress. The prediction of different 
chaperone Hsp genes was indicative of how the bacterial and archaeal communities 
in the two studied places stabilize and assist proteins refolding under stressful con-
ditions. More compact and coiled chaperone ClpB homologous proteins were pre-
dicted in Lake As’ale. These data can be used to model stress-response mechanisms 
for oxidation of extremophiles of the Danakil depression and in organisms which 
may experience such stresses outside of this specific hypersaline environment. 
Additional investigation is recommended to understand the individual extremo-
phile’s stress adaptation mechanisms and their role in the ecosystem.

10.5  Conclusion

We conclude that the niches within these hypersaline aquatic environments are 
richly diverse for the microbes discovered. While physiochemical measurements in 
such studies are of high sensitivity and accuracy, they appear to be less sensitive, 
and with lower acuity, than the microbial populations present in identifying unique 
niches in the wild. Future analyses will benefit from micro-sampling of these 
extreme environments both for physiochemical conditions, but also for localized 
microbial populations. Just as a forest is rich in four-dimensional niches, we con-
clude that these hypersaline aquatic environments are similarly dynamic and diverse, 
especially when considering the extreme stresses seen and predicted in these micro-
environments. With protocols used and developed herein, we conclude that future 
studies of extreme environments will do better at identifying the physiochemical 
niche environments by analysis of the microbial populations inhabiting them, than 
that of the gross physiochemical analysis predicting microbial inhabitants. We are 
particularly interested in testing the changes in the cells along gradients of extreme 
environments with the hypothesis that those cells subjected to dynamically high 
stress to extreme conditions are ripe for new biological inventions such as membra-
nous organelles and membrane-bound genomes.
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Chapter 11 
Somatic Cell Fusion in Host Defense 
and Adaptation 

Jeffrey L. Platt and Marilia Cascalho 

Abstract Evidence of fusion of somatic cells has been noted in health and in dis-
ease for more than a century. The most obvious but uncertain hallmark has been the 
presence of multiple nuclei in cells. Although multinucleated cells are found in 
normal and diseased tissues, the benefit or harm of such cells can be difficult to 
elucidate. Still more difficult however is the identification of mononuclear cells 
previously formed by fusion of somatic cells with one or more nuclei disposed. The 
later process can introduce mutations that promote viral diversification, cancer, and 
tissue senescence. Less obvious the potential benefits of cell fusion. Recent work in 
cell biology, immunology, and genomic analysis however makes it possible to pos-
tulate benefits and potentially arrive at novel therapeutic agents and approaches that 
replicate or enhance these benefits. 

11.1  Introduction 

The division of one cell into two occurs roughly 1016 times in a human lifetime 
(Cairns 1975) and few processes have been investigated more thoroughly and are 
better understood. The reverse process, cell fusion, has been recognized and inves-
tigated for nearly two centuries (Barski et al. 1961; Schwann 1847), yet the fre-
quency, mechanisms, and consequences of fusion of somatic cells in various 
conditions remain largely inscrutable, sometimes sparking divergent theories and 
controversy. Using our initial observations on cell fusion as an illustration, we shall 
discuss the hurdles to investigation of the process and a potential solution and then 
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consider how cell fusion might benefit or impose risks on higher eukaryotic 
organisms. 

11.2  Identification of Somatic Cell Fusion 

We were drawn to the subject of cell fusion by unanticipated observations made in 
the course of research aimed at testing whether human thymus tissue and T cells 
could be generated de novo by introduction of human hematopoietic stem cells 
(HSC) into fetal pigs (Ogle et al. 2009). The experiments had both practical and 
theoretical rationales, as de novo formation and selection of T cells from stem cells 
of a given individual might be used to repair immunodeficiencies, and since T cell 
development requires presence of thymus cells. Besides practical uses, the experi-
mental approach could provided an opportunity to examine trans-differentiation of 
adult stem cells, then a matter of controversy. After administration of human HSC 
at mid gestation, we detected human cells in the porcine thymus and in the blood at 
birth and at various times up to 2 years of age. The human cells included lympho-
cytes expressing markers and exhibiting functional properties characteristic of 
human T cells. The human T cells comprised a diverse antigen receptor repertoire 
and proliferated in response to allogeneic human cells but not in response to porcine 
cells or cells from the human source of HSC.  The T cells also proliferated in 
response to antigenic components of vaccines that had been administered to the 
young pigs. A large fraction of the human T cells contained “T cell receptor exci-
sion circles,” indicating the T cells had acquired antigen receptors by recent recom-
bination of T cell antigen receptor genes in the chimeric thymus of the porcine host 
(and did not reflect undetected contamination of HSC by mature T cells). 

In addition to “normal” human lymphocytes, we also found a population of 
mononuclear cells with both human proteins and porcine proteins on the surface. 
The presence of porcine proteins on the surface of human cells might be explained 
if the human cells had adsorbed proteins released from porcine cells and circulating 
in the plasma. The human cells might also acquire proteins with lipid anchors 
released from porcine cells into the lipid fraction of blood, as previously observed 
in two other systems (Kooyman et al. 1995; McCurry et al. 1995). 

To explore how human cells (or porcine cells) acquired heterologous surface 
markers, we used Epstein-Barr virus (EBV) to transform and expand human B cells 
present in the blood of chimeric pigs. Since EBV transforms human but not porcine 
B cells, the human B cells can be cultivated, and the population expanded in the 
absence of porcine plasma and lipid. After serial passage, the expanded population 
of human cells continued to express markers of human B cells, as expected, and a 
population of the cells also continued to express porcine markers, such as the sac-
charide Galα1-3Gal, a product of α1,3-glactosyltransferase expressed by pigs but 
not humans. Consistent with ongoing synthesis and expression of Galα1-3Gal on 
the expanded human B cells, the cells had mRNA encoding α1,3-glactosyltransferase 
and certain other porcine markers.
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The human B cells thus contained coding and regulatory sequences needed to 
enable ongoing expression of one or more porcine proteins. The mechanism of 
gene transfer or cell hybridization was not obvious given occurrence in piglets in 
multiple experiments with human HSC from multiple sources and the high level and 
enduring expression (cells obtained up to 2 years after and cells subjected to mul-
tiple passages). The mechanism became apparent however when nuclei were probed 
for human and porcine DNA and karyotyping was performed. Chromosomal DNA 
contained abundant ALU sequences (as expected, since the cells could be trans-
formed with EBV) but also hybridized porcine repeat sequences. The chromosome 
number varied, usually between numbers typical of human and pig; the banding 
patterns varied, some chromosomes hybridizing both human and porcine probes. In 
situ hybridization in tissue sections revealed hybrid cells in various tissues, includ-
ing blood, spleen, skin, and thymus. These findings were consistent with changes in 
karyotype, gene expression, and protein products of inter-species hybrid cells gen-
erated by spontaneous or virus-induced fusion  in vitro and explored for many 
decades (Ephrussi and Weiss 1965; Harris et al. 1965). Our observations provided 
the first report of spontaneous fusion of somatic cells of disparate species in vivo. 

11.3  Adaptive Evolution of Hybrid Cells and Viruses 

Hybrid B cells in the human-pig chimera appeared to have been subject to selection 
in utero or after birth or both. One type of selection observed in hematopoietic cell 
transplantation is exerted by natural killer cells which eliminate “foreign cells” and 
abnormal autogenous cells lacking discernable major histocompatibility complex 
class 1 (hMHCI)-encoded polypeptides. The expression or lack of expression of 
hMHCI-encoded polypeptides on the surface of hybrid B cells in a given piglet 
might differ owing to generation of hybrid cells in multiple fusion events. However, 
since the same source of human hematopoietic stem cells and hence the same MHCI 
was introduced into fetuses of a given pregnancy, expressed sequences should mani-
fest the same allotypic properties. On the other hand, cells lacking expression of 
MHCI might be subject to selection by natural killer cells in hybrid animals leading 
to uniformity of expression in a given individual. Consistent with the impact of 
selection, hybrid B cells in a given piglet always expressed or always lacked hMHCI 
suggesting selection by natural killer cells might have  determined survival of 
the hybrid cells. 

Selection and evolution also potentially influenced viral activation and transmis-
sion in chimeric animals. Pigs harbor an endogenous retrovirus, porcine endoge-
nous retrovirus, that potentially infect human cells under certain conditions (Patience 
et al. 1997). However, the virus has not been reported to infect human recipients of 
porcine xenotransplants (Irgang et  al. 2003; Paradis et  al. 1999). It was striking 
therefore to observe that porcine endogenous retrovirus sequences were detected in 
hybrid cells in chimeric pigs, and perhaps more importantly that the virus acquired 
capacity for transmission to normal human cells (Ogle et  al. 2004b). This 
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observation was consistent with the concept that cell fusion potentially fuels 
viral evolution and potentially recombination in hybrid cells enables selection of 
multiple disparate genomic sequences that could adaptively confer resistance (Ogle 
et al. 2005). 

11.4  Hurdles to Detecting and Investigating Somatic 
Cell Fusion 

The discovery of spontaneously generated human-porcine hybrid cells in chimeric 
pigs (Ogle et al. 2004b) highlights some vexing obstacles to advancing knowledge 
of similar phenomena. Fusion of one cell with another in vivo cannot be observed 
directly but must be deduced by exclusion of other explanations for detection of bi- 
nucleated or multi-nucleated cells and a hybrid genome or from experimental obser-
vations on cells in culture. Likewise the mechanisms promoting somatic cell fusion 
must be surmised indirectly, e.g.,  by detecting changes in numbers of hybrid or 
multinucleated cells after blockade or induced expression of putative fusogen and 
are not amenable to direct observation in vivo (Brukman et al. 2019; Dittmar and 
Hass 2022; Leikina et al. 2018). That is not to suggest conclusions about cell fusion 
have been erroneous but rather that the conditions including tissue compositions 
and microenvironments conducive to cell fusion are incompletely understood. 

Much is known about the cellular and molecular processes by which cell fusion 
generates certain multinucleated cells and how the physiology and pathology of 
such cells depends on cell fusion. Thus, trophoblast, osteoclast, and skeletal muscle, 
in mature mammals, are known to be formed by fusion of precursor cells and the 
function of the multinucleated cells to depart significantly from the functions of the 
precursor cells (Lucas and Cooper 2023; Renaud and Jeyarajah 2022; Whitlock 
et al. 2023). Recent investigation of regional physiology of syncytiotrophoblast pro-
vides examples of investigation aligning location and function that could be under-
taken (Arutyunyan et  al. 2023). The locations and sequential fusion events that 
generate syncytiotrophoblast over time are not subject to observation, and therefore 
the origin of any one of the multiple nuclei in these multinucleated cells must be 
assumed. However, these limitations do not appear to detract from achieving a thor-
ough understanding of the process of fusion and function of the multinucleated cells. 

Far more difficult has been the investigation of cell fusion in settings in which 
binuclear or multinucleated cells transition by one of several pathways to mononu-
clear cells. Thus, binuclear and multi-nuclear cells formed by fusion can undergo 
ongoing change in the number and structure of chromosomes, “ploidy reduction, 
polyploid reversal or “depolyploidation” (Hoehn et al. 1975; Ruddle and Creagan 
1975; Wang et al. 2021; Wu et al. 2022) to form more or less stable mononuclear 
cells with varying karyotype and somatic genome. Indeed, the resolution of poly-
ploidy in cultured cells provides a powerful tool for investigation of dynamic pro-
cesses and for gene mapping (Hoehn et al. 1987; Ruddle 1984). The most thoroughly 
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investigated example of such resolution occurs in hybridoma cells formed by fusion 
of activated B cells with multiple myeloma cells (Kohler and Milstein 1975). 
However, observations are potentially influenced by the cell type used, conditions 
favoring cell fusion (where deliberately induced), selection for metaphase or resis-
tance to cytotoxins, and dependence on other variables (e.g., survival or expansion 
in culture). 

As might be expected, mitosis of tetraploid, polyploid, and aneuploid cells and 
other processes associated with conversion of multi-nucleated cells to mononuclear 
cells have been connected with chromosomal instability and mutagenesis culminat-
ing in malignant transformation (Kloc et al. 2022; Matsumoto et al. 2021; Wang 
et  al. 2021; Zhou et  al. 2015). However, similar changes are observed in cells 
thought to have adapted to injury, ischemia, or other untoward processes. Therefore, 
whether cell fusion and ensuing changes in ploidy, chromosomal structure or 
sequence, including those accompanying transition of ploidy are pathogenic or 
adaptive or merely incidental has been impossible to establish in “normal cells” or 
normal organisms. 

The presumed occurrence and consequences of cell fusion in homologous spe-
cies has been studied in chimeras. Human bone marrow and stem cell  transplant 
recipients have been found to harbor cells with hybrid DNA reflecting co-integra-
tion of donor and the recipient DNA (Dittmar 2022; D. Duelli and Lazebnik 2007; 
Gast et al. 2018; Ogle et al. 2005; Pawelek and Chakraborty 2008). Co-integration 
of genomic DNA from a transplant and recipient was evident as described above in 
some cells of the human-pig hematopoietic cell chimera we reported (Ogle et al. 
2004b; Ogle et al. 2009) and described above. Although co-integration of donor and 
recipient DNA was detected in human subjects with the context of malignancy, we 
never observed malignancy in human-pig chimeras. However, our observations led 
us to postulate that cell fusion might nonetheless facilitate evolution of viruses and 
of species, development, adaptation, and development of malignancy in chimeras 
(Ogle et al. 2005; Platt and Cascalho 2019). Whether and how cell fusion fuels evo-
lution, adaptation, and disease in non-chimeric individuals remains a matter of 
speculation. 

Recent advances enabling rapid single cell genomic sequencing and analytic 
methodologies encourage us to think that “footprints” of prior cell fusion in non- 
chimeric individuals might be found. We, like some others, currently use high 
throughput sequencing to trace clonal evolution of antigen-specific B cells and 
viruses (de Mattos Barbosa et al. 2021a, b; Platt et al. 2019). Although this work 
focuses on limited and rapidly mutating regions of the genome, similar approaches 
could be applied to broader regions or to whole genome sequences. Indeed, evi-
dence of broad genome diversification in individual cells in normal tissues and can-
cers already suggest several distinguishable mechanisms (as examples see 
(Acha-Sagredo et al. 2022; Balachandran et al. 2022; Dolle et al. 2000; Martincorena 
and Campbell 2015)). We postulate that cells generated by fusion would exhibit 
appreciable variation in chromosome number and structure (recombination), con-
sistent with our observations on in vitro cell fusion (Zhou et  al. 2015) and with 
detailed observations on the properties of tumor cell-macrophage hybrids (Gast 
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et al. 2018). On the other hand, both point mutation and structural variation would 
be prominent in tissues with frequent mitosis and/or endoreplication but rare or 
absent cell fusion. As later discussed, these mechanisms might be exploited for 
adaptation and control of disease, including malignancy. 

11.5  Consideration of Cell Fusion in Host Defense 
and Adaptation to Environmental Challenge 

The observation  of cell fusion in various conditions suggests cell fusion could 
induce or amplify those conditions. Thus, multi-nucleated cells and evidence of cell 
fusion in infection and cancer was taken to suggestion cell fusion could have patho-
genic import and led to experimental work elucidating mechanisms (see (Berndt 
et al. 2013; Duelli et al. 2005, 2007; Fortuna et al. 1990; Gast et al. 2018; Harkness 
et al. 2013; Houghton et al. 2004; Lazova et al. 2013; Lu and Kang 2009; Ogle et al. 
2004a; Platt et al. 2016; Powell et al. 2011; Yoshizaki et al. 1994; Zhou et al. 2015) 
as examples). We do not doubt that fusion of non-malignant cells can sometimes 
induce malignant transformation and that fusion of macrophages or other cells with 
transformed cells can induce progression of malignancy. However, an observation 
connecting cell fusion with pathology might also suggest that cell fusion confers a 
biological benefit in that condition. Given the complexity of disease and the difficul-
ties identifying the progeny of and circumstances inciting somatic cell fusion, quan-
titative weighing of harm and benefit in individuals or in populations cannot 
be proved. We shall list certain conditions in which cell fusion could have mediated 
resistance to or recovery from disease or injury and offer suggestions about inquiry 
that could eventually determine the balance. 

11.5.1  Immunity 

Cell fusion potentially improves ability to mount adaptive immune responses by 
providing a source of antigen and agonists that prompt leukocytes to engulf and 
process antigen for presentation of T cells (see (Platt and Cascalho 2019) for detailed 
discussion). Since the repertoire of T cells is selected to allow recognition of “for-
eign” or novel peptides and to limit recognition of “self” peptides, mutations in 
cancer genomes potentially enable the development of protective immune responses 
(Ward et  al. 2016) and by causing mutation and recombination at multiple loci 
(Zhou et al. 2015), cell fusion might enable the immune system to recognize at least 
some hybrid cells. Consistent with that concept are clinical observations correlating 
protective tumor immunity with extent of mutation in human cancers. 

While appealing, this concept linking mutagenesis and tumor immunity has at 
least two potential flaws. One flaw reflects concern that oncogenesis is integrally 
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connected with mutation and tumors subject to investigation escaped control by 
tumor immunity (Schreiber et al. 2011). Similar concerns could be posed regarding 
immunity to mutable viruses such as HIV and hepatitis c. Ultimately, these concerns 
do not argue against the import of anti-tumor or anti-viral immunity, as the inci-
dence and severity malignancy and viral disease are profoundly worse in immuno-
deficient individuals. Put in another way, the ability of adaptive immunity, 
particularly cell-mediated immunity to recognize and respond to products of mutant 
genes, likely averts development of some tumors and infections and converts other-
wise acute and rapidly fatal disease to chronic conditions. Indeed, the presence of 
oncogenic mutations in the absence of discernable cancer (Kennedy et  al. 2019) 
might reflect effective host defense, potentially involving cell fusion. 

The second concern about the concept linking mutation in tumor and viral 
genomes to cell fusion and protective immunity concerns diversification of the 
tumor or infecting virus and the possibility and perhaps likelihood that escape from 
immunity will ensue. Mutagenesis of a nidus of malignancy or infection generates 
antigenic variants expressed by some cells but not others and cells lacking a given 
mutation will not express the novel antigens that spark protective immunity. This 
concern underlies the evolution of viruses and tumors in a given host, but it does not 
necessarily preclude immune control. A tumor or nidus of infection is surrounded 
by and in part depends on neighboring capillaries. Both the capillaries and antigen 
presenting cells that migrate through the capillaries can engulf cellular debris and 
antigens and present novel peptides for recognition of responding T cells. The pro-
tective immunity that ensues is not limited to cytotoxicity directed at tumor cells, 
although that is part of the response, but includes generation of agonists that modify 
the physiology of capillaries to suppress blood flow and inflict ischemia on cells 
dependent on the local capillary network (Saadi et al. 2002). Indeed, these regional 
changes are countered by tumor-induced immunosuppression. 

Cell fusion could have a greater impact than commonly appreciated on protective 
immunity. An important limitation on the putative connection between mutagenesis 
and protective immunity may stem from dilution of trace amounts novel polypep-
tide by abundant amounts of “self” polypeptide produced in tumors and infected 
cells. Recognition of antigen by T cells (and B cells) requires ligation of a threshold 
number of antigen receptors. Although the threshold for activation of memory T 
cells (and B cells) is markedly lower than the threshold for naïve cells, activation of 
memory cells nonetheless requires appreciable stimulation of antigen receptors. 
Therefore, presence of only trace amounts of antigen in the vicinity of an antigen 
presenting cell or dilution of this neoantigen by self-antigen potentially hinders acti-
vation of T cells. Put in another way, insufficient neoantigen or excess competition 
can prevent a protective  cell-mediated immune response. Because availability of 
antigen is often limited in these ways, vaccines are typically designed not only to 
provide abundant antigen but also to provoke local antigen-presenting cells to take 
up, process, and present antigen coordinately. For example, vaccines are often 
designed for injection at sites where tissue damage together with adjuvant sub-
stances activates regional antigen-presenting cells and the antigen of vaccines is 
often aggregated in ways that provide multiple copies for the presenting cell. Thus, 
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heparan sulfate and possibly other substances released from damaged cells can acti-
vate antigen presenting cells (Johnson et al. 2002), causing selective processing and 
presenting of antigen by newly expressed major histocompatibility antigens 
(Wrenshall et al. 1991) and by fixing and prolonging such expression (Kodaira et al. 
2000). Cellular damage also generates activation of the complement system thereby 
generating a powerful agonist, C3d, that lowers the threshold for activation of pro-
tective cell-mediated immunity (Platt et al. 2017). Where fusion of cells engenders 
damage and death of cells expressing novel proteins, the conditions underlying cell 
fusion potentially facilitate generation and action of protective immunity. 

The focus we and others have place on the cells that thrive after fusion poten-
tially obscurs an important adaptive impact of the process. Many cells that survive 
and proliferate after fusion ultimately die (Hoehn et al. 1975; Zhou et al. 2015). Cell 
death could reflect genomic instability or crowding by more rapidly proliferating 
neighboring cells. Transient survival and proliferation generates agonists and poten-
tially liberates sufficient neoantigen to elicit an immune response. Our observation 
that a complement end-product promotes immunity to rapidly mutating cells and 
cell lines (Platt et al. 2017) is consistent with this concept. The concept might also 
explain how cell fusion promotes the functions of antigen-presenting cells (Gong 
et al. 1997; Koido 2016) and the ready detection of oncogenic mutations in tissues 
in which cancer is not found (Kennedy et al. 2019). 

11.5.2  Regeneration 

Cell fusion potentially confers adaptive benefits beyond protective immunity. One 
benefit long postulated but difficult to prove concerns healing of injury and regen-
eration of tissues. Although cell fusion has been found to underlie healing and 
regeneration in some invertebrate organisms (Hernández and Podbilewicz 2017; 
Kasprzycka et al. 2019), it can be difficult to determine the extent to which cell 
fusion observed during the course of healing and regeneration in higher animals is 
essential for or a consequence of healing and regeneration. 

Cell fusion would seem most likely to promote healing of tissues the function of 
which depends on anatomical alignment, for example muscle and nerve. In these 
tissues, cell division of parenchymal cells or stem cells potentially could impair 
anatomic relationships. A full understanding of both may depend not only on resolv-
ing the formation and properties of multinucleated cells, but also on determining 
fate of nuclei that were shed or disposed as described above. Structural diversifica-
tion of chromosomal DNA might prove useful in tracing prior cell fusion events in 
such cells. 

The occurrence and consequences of cell fusion during regeneration of liver rep-
resent a different and illuminating system. Regeneration and maintenance of liver is 
characterized at least in part by proliferation of hepatocytes; consistent with that 
concept is a broad distribution of point mutations and diversification of hepatocyte 
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DNA (Blokzijl et al. 2016). However, cell fusion also clearly occurs, and hybrid 
tetraploid cells can be detected (Myerson and Parkin 2019). 

11.6  Concluding Remarks 

The involvement of cell fusion in various aspects of health and disease has been 
postulated for more than a century but investigation has been hindered by technical 
and conceptual challenges. While the potential contribution of cell fusion to devel-
opment of polyploidy was obvious, the possibility that mononuclear cells might 
represent the progeny of fused somatic cells was infrequently considered. We think 
increasingly available methodologies for single cell genomic sequencing and analy-
sis soon might overcome this limitation and in doing so reveal how cell fusion con-
tributes to host defense and adaptation. 

Evidence that tumor cells commonly exhibit a propensity to fuse with other cells 
has led to the idea that cell fusion might fuel cell transformation and tumor progres-
sion. That concept potentially explains the high incidence of malignancy in tissues 
and in cell types like breast, prostate, and lung with little or no appreciable baseline 
proliferation. However, until recently the concept eclipsed consideration of the pos-
sibility that cell fusion could also provide an adaptive benefit in cancer, especially 
the promoting of protective immunity. We hope that recent reports and the present 
discussion will spark consideration of how the products of fused cancer cells, 
including dead and dying hybrid cells, potentially benefit the host. 

Certain viruses, such as HIV and hepatitis c, are immunogenic yet eminently 
capable of evading clearance by immunity. These viruses typically promote cell 
fusion which together with intrinsic lability of the viral genome enables mutation 
and selection of viral genomes and over time enables the virus to escape control by 
the immune system of the host. While adaptive immunity cannot control mutable 
viruses, the processes that eventuate in diversification, including cell fusion, poten-
tially shed light on therapeutic and biological solutions. If mutable viruses use cell 
fusion to diversify, therapeutic or prophylactic solutions might exploit the products 
of fusion to hasten protective immunity and slow viral evolution. 

We offered only a brief comment on the broad subject of cell fusion in repair and 
regeneration of tissues. Work on this subject is advancing too quickly to offer endur-
ing insights. However, a full understanding of cell fusion in this setting may face the 
hurdles like those slowing appreciation of cell fusion in immunity. One hurdle 
reflects still limited insight into the fate of fused cells that have undergone depoly-
ploidization. A tangentially related subject we did not address concerns aging and 
the apparent senescence of cells and organs. Cell fusion and endoreplication have 
been associated with senescence (Kloc et al. 2022) and with characteristic genomic 
changes (Dolle et al. 2000). It may be reasonable to postulate that both processes 
underlie accelerating incidence of cancer with aging. As efforts are made to counter 
aging by reversal of these processes, there may be value in elucidating more fully 
by-products of cell fusion that confer protection.
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Chapter 12
Osteoclasts at Bone Remodeling: Order 
from Order

Jiro Takito and Naoko Nonaka

Abstract Osteoclasts are multinucleated bone-resorbing cells derived from the 
monocyte/macrophage lineage. The macrophage colony-stimulating factor/receptor 
activator of nuclear factor κB ligand (M-CSF/RANKL) signaling network governs 
the differentiation of precursor cells into fusion-competent mononucleated cells. 
Repetitive fusion of fusion-competent cells produces multinucleated osteoclasts. 
Osteoclasts are believed to die via apoptosis after bone resorption. However, recent 
studies have found that osteoclastogenesis in vivo proceeds by replacing the old 
nucleus of existing osteoclasts with a single newly differentiated mononucleated 
cell. Thus, the formation of new osteoclasts is minimal. Furthermore, the sizes of 
osteoclasts can change via cell fusion and fission in response to external conditions. 
On the other hand, osteoclastogenesis in vitro involves various levels of heterogene-
ity, including osteoclast precursors, mode of fusion, and properties of the differenti-
ated osteoclasts. To better understand the origin of these heterogeneities and the 
plasticity of osteoclasts, we examine several processes of osteoclastogenesis in this 
review. Candidate mechanisms that create heterogeneity involve asymmetric cell 
division, osteoclast niche, self-organization, and mode of fusion and fission. 
Elucidation of the plasticity or fluctuation of the M-CSF/RANKL network should 
be an important topic for future researches.
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12.1  Hierarchical Regulation of Osteoclastogenesis: 
Interaction Among Homeostatic Systems

Bones in the adults maintain specific morphologies and mechanical properties in the 
process known as bone homeostasis. Bone homeostasis is controlled by distant 
organs including the brain, kidney, muscle, and immune cells (Zaidi et al. 2018). 
The life of osteoclasts, which are bone-resorbing multinucleated cells, is involved in 
bone homeostasis. The main component of bone is hydroxyapatite, which is a com-
posite of calcium and inorganic phosphate. Bone degradation and formation corre-
late with the rise and fall in serum calcium ion (Ca2+) and inorganic phosphates 
concentrations, respectively. Thus, bone homeostasis is coupled with systemic Ca2+ 
and phosphate homeostasis (Fig.  12.1). These two homeostatic systems dispatch 
distal signals via vascular networks, such as parathyroid hormone, active form of 
vitamin D3 (1α,25(OH)2D3), and calcitonin, to regulate osteoclastogenesis. 
Hormone delivery to target cells invokes an intracellular signaling cascade, result-
ing in the induction of proximal signals that act on osteoclast precursor cells. 
Osteoclast precursors, which are mononucleated cells located in the blood or bone 
marrow, change their gene expression and begin to migrate towards bone surfaces. 
During migration, precursors encounter different environments and receive distinct 
signals, resulting in a gradual change in gene expression (Baron et al. 1986). The 
precursors reaching at the bone surface fuse with a partner mononucleated cell or an 
existing osteoclast. Therefore, osteoclastogenesis is regulated hierarchically in a 
spatiotemporal manner.

This grand scheme of information processing during osteoclastogenesis has been 
established by intensive studies over the past 40 years. Our knowledge of osteoclas-
togenesis is mostly based on in vitro biochemical studies and in vivo phenotypic 
analyses of gene modified animals. Although osteoclast precursors are highly 
responsive to environmental cues, most biochemical studies have been carried out 
on two-dimensional (2D) plastic dishes, which lack in vivo three-dimensional (3D) 
structural settings. Therefore, it is difficult to directly extrapolate in vitro experi-
mental results to in vivo osteoclastogenesis. In particular, this issue is critical for the 
development of therapeutics against bone diseases. Although biochemical studies 
assume a single species of osteoclasts, osteoclast-like cells can be induced from 
various types of precursor cells in vitro. At a given time of differentiation, cells in 
the intermediate stage of differentiation often show variations in the level of gene 

Fig. 12.1 Coupling of bone homeostasis with Ca2+ and phosphate homeostasis
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expression. The most prominent process of osteoclastogenesis, cell fusion, occurs 
between heterotypic cells in vitro. Osteoclasts isolated from distinct bone sites show 
differences in gene expression, enzymatic activity, and bone-resorbing activity. To 
address these inconsistencies, this review aims to delineate the whole processes of 
in  vivo osteoclastogenesis at the bone remodeling state from our fragmentary 
knowledge. Therefore, we will not provide a comprehensive consideration of spe-
cific issues. Rather we focus on separate research fields to gain insight into the role 
of the environment in osteoclastogenesis. Osteoclastogenesis occurs in the isolated 
space of bone, into which precursors are supplied from blood vessels and bone mar-
row. During the migration to bone surfaces, precursors react to mixed cues provided 
from molecules embedded in the matrix and secreted from distinct cells. In addi-
tion, cell-to-cell interaction plays an important role in differentiation. The formation 
and maintenance of osteoclasts on bone surfaces also depends on these environmen-
tal signals. Because these environments vary from bone-to-bone and site-to-site, the 
interaction between precursors and the specific environment may determine the 
mode of osteoclastogenesis. The interaction may generate heterogeneity on the cells 
of interest.

12.2  Bone, Bone Marrow, and Vascular Network

The importance of the environment for osteoclastogenesis is evidenced by the 
observations that the number and size of osteoclasts generated in vitro are highly 
sensitive to the experimental conditions. In the physiological state, osteoclastogen-
esis occurs in a compartment that is predetermined by bone homeostasis. This sec-
tion describes the general features of bones. Bone tissue is a connective tissue that 
consists of bone, bone marrow, and well-developed vascularity. Bone is formed by 
the hierarchical organization principle (Reznikov et al. 2013: Reznikov et al. 2018). 
Active osteoblasts produce and secrete type I collagen fibrils (Fig. 12.2). The build-
ing unit of bone is the aggregate of hydroxyapatite [Ca10(PO4)6(OH)2] precipitated 
on the collagen fibrils. The stacks of collagen-hydroxyapatite bundles form an 
aggregate called a tesselle (Buss et al. 2022). Depending on the orientation of the 
collagen bundles, the tesselles are divided into two types: ordered and disordered. 
The disordered tesselle is softer than the ordered tesselle. Ordered and disordered 
tesselles are layered to form lamellae. The cylindrical arrangement of lamellae 
forms osteons in large animals and humans. Packets of lamellar bone form trabecu-
lar bone. An individual bone is usually a composite of trabecular and cortical bone.

The body contains more than 60 distinct bones with unique shapes and proper-
ties. Osteoblasts and osteoclasts live on the surface of bone (Fig. 12.3). Some osteo-
blasts that stopped secreting collagen are embedded in the bone and become 
osteocytes. Osteocytes are the most abundant cells in the bone, comprising about 
90% of all cells. They live in the soft disordered region of bone and extend many 
long projections that connect with the projections of their neighbors (Reznikov 
et al. 2013). All osteocytic connections, called the lacunocanaliculi network, run in 
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Fig. 12.2 Hierarchical organization of bone. In bone, the smaller structural unit forms larger 
structural units. The hierarchical organization confers stiffness and toughness on bones. (1) 
Osteoblasts produce collagens and secrete collagen fibers. (2) The secreted fibers form the triple 
helix. (3) Hydroxyapatite precipitates on the collagen fibers. (4) Mineralized collagen fibers form 
aggregate in ordered or disordered arrays. (5) Ordered motif forms a collagen fibril bundle. (6) The 
alternate stacking of ordered (light brown) and disordered motif (yellow) forms lamellae. (7) The 
differential stacking of lamellae forms the trabecular and cortical bone. (8) Bone is the composite 
of trabecular and cortical bones. Adopted and modified from Reznikov et al. (2018)

Osteoblast

Disordered bone

Ordered bone

Osteoclast

Dendrites of osteocyte

Cell body of osteocyte

Fig. 12.3 Three types of cells in bone. Osteoblasts and osteoclasts live on the bone surface, 
whereas osteocytes reside in the bone. Osteocytes form the lacunocanaliculi network in the disor-
dered region of bone

disordered bone with a total length of 175,000 km. This giant informational network 
senses the change in  local mechanical force in the bone and transmits signals to 
osteoblasts and osteoclasts to regulate bone mass (Burger and Klein-Nulend 1999; 
Buenzli and Sims 2015). Recent studies have revealed new functions of osteocytes 
that include bone formation, bone resorption, and presentation of receptor activator 
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of nuclear factor κB ligand (RANKL) to osteoclast precursors (Robling and 
Bonewald 2020).

Blood vessels form a vast and complex network and provide nutrients and infor-
mation to bone cells. The bone marrow is a site for hematopoiesis and immune cells. 
Hematopoietic stem cells (HSCs), the most distant ancestor of osteoclasts, reside in 
the bone marrow. Because osteoclastogenesis begins with the mobilization of proxi-
mal precursors from the blood and bone marrow, the microenvironment of the blood 
and bone marrow is critically important for osteoclastogenesis. However, osteoclast 
niche in the vasculature and bone marrow remains unclear and is beyond the scope 
of this review. Readers are recommended to refer to previous reviews for bone mar-
row as an HSC niche (Pinho and Frenette 2019) and the role of blood vessels for 
osteoclastogenesis (Brandi and Collin-Osdoby 2006; Sivaraj and Adams 2016).

12.3  Bone Remodeling

The mechanism of osteoclastogenesis in vivo varies in the modeling, remodeling, 
and pathological state (Boyce and Xing 2008; Feng et al. 2019; Sharma et al. 2022). 
In addition, there is no guarantee that the same mechanism works in different types 
of bones in the remodeling state (Sims and Vrahnas 2014; Takito and Nakamura 
2020). This review focuses on osteoclastogenesis during the bone remodeling in the 
cortical (also called compact) and trabecular (also called spongy) bones. The mech-
anisms of remodeling are best known in these two bones (Kenkre and Bassett 2018; 
Sims and Martin 2020). To maintain bone homeostasis, old or damaged bone is 
constantly renewed by the coordinated activities of osteoclasts and osteoblasts in a 
confined space called the basic multicellular unit (BMU). The BMU is 1 to 2 mm 
long and 0.2 to 0.4 mm wide (Parfitt 1994). The BMU consists of osteoclasts, osteo-
blasts, and a blood vessel. Approximately, one million BMUs operate at any 
moment, and their lifespan is 6 to 9 months in human adults (Manolagas 2000). The 
concept of BMU has been extended to the bone remodeling compartment (BRC), in 
which canopy cells cover the BMU to create an isolated space on the trabecular 
bone (Hauge et  al. 2001; Eriksen 2010). Bone remodeling is divided into four 
stages: resorption, reversal, formation, and quiescence. The resorption stage 
involves the initiation of osteoclastogenesis and bone resorption by differentiated 
osteoclasts. The reversal phase is the period between bone resorption and bone for-
mation, in which osteoclasts stop bone resorption and transmit signals for osteo-
blastogenesis. During this period, osteoblast-lineage cells remove unmineralized 
collagen from the resorbed bone surface and deposit a non-collagenous mineralized 
matrix for osteoblast adhesion. In the formation stage, differentiated osteoblasts 
actively secrete collagen type I and form osteoids, which slowly turn into mineral-
ized bone. After bone repair, some osteoblasts disappear due to apoptosis. Others 
become flat bone-lining cells on the bone surface or are encased in the bone and 
differentiate into osteocytes during the quiescence stage. Although bone remodeling 
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proceeds with these sequential events in all bones, the reality of remodeling differs 
depending on the bone site. For example, in trabecular bone, the BRC is located on 
the bone surface. Bone remodeling starts with the induction of osteoclasts in the 
BRC. The active osteoclasts form the resorption pits or trenches, called Howship’s 
lacunae (Fig. 12.4a). After the reversal stage, active osteoblasts refill the Howship’s 
lacunae to their original shape. Thus, osteoclasts and osteoblasts appear in the same 
location at the different times in BRC. In contrast, remodeling in the cortical bone 
proceeds within a pyramidal-shaped BRC in an osteon (Fig. 12.4b). The osteoclast 
precursors are provided from the central blood vessel in the BRC.  Osteoclasts 
appear at the tip of the cutting cone and tunnel in the cortex. Osteoblast-lineage cells 
line the bone surface at the back of osteoclast-rich zone. This zone follows active 
osteoblasts that deposit osteoids into the central canal. The osteoid becomes miner-
alized in the backward direction, and the central vessel forms the Haversian canal of 
the new osteon. It is possible to observe all stages of bone remodeling in cortical 
BRC. Thus, cellular events of bone remodeling within the trabecular BRC are seg-
regated in time, while those in the cortical BRC are separated in space. In summary, 
osteoclastogenesis during the bone remodeling is integrated into a determined 
sequence of multicellular events within a confined space. This suggests that the 
form of osteoclastogenesis that deviates from bone remodeling may be associated 
with bone diseases.

2 3 41

A

B

Trabecular BRC

Intracortical BRC

Old bone

Mineralizing bone

Osteoid

Osteoclast

Dendrites of osteocyte

Cell body of osteocyte

Bone lining cell

Active osteoblast
2 3 41

Fig. 12.4 Model of bone remodeling in the trabecular (a) and cortical bone (b). Bone remodeling 
occurs in a confined space. Bone remodeling is divided into resorption (1), reversal (2), formation 
(3), and quiescence stages (4). Each stage is characterized by the appearance of specific cells. See 
text for details. Adopted and modified from Sims and Martin (2020)
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12.4  Precursor Migration

Osteoclastogenesis starts with the mobilization of mononucleated precursors from 
the blood or bone marrow to the bone surface (Walker 1975). During the migration, 
precursors encounter distinct environments and undergo cell proliferation and dif-
ferentiation (Baron et al. 1986). The translocation of precursors among the three 
compartments, blood, bone marrow, and bone surface, is regulated by diverse fac-
tors. These factors may promote or inhibit the intra- and trans-compartment migra-
tions. These include stromal-cell-derived factor 1 (SDF-1; Yu et al. 2003), CCL2 
(Binder et  al. 2009), CCL9 (Yang et  al. 2006), CXC motif chemokine ligand 1 
(CXCL1; Onan et al. 2009), and CXCL12 (Gronthos and Zannettino 2007). Here 
we refer to the directional migration of precursors by sphingosine-1-phosphate 
(S1P)/S1P receptors (S1PRs) (Ishii et al. 2009; Ishii et al. 2010) and Epstein-Barr 
virus-induced G-protein coupled receptor 2 (EBI2)/EBI2 ligand signaling (Nevius 
et al. 2015).

S1P is a lipid mediator. The levels are high in the blood and low in tissues. The 
S1P gradient induces chemotaxis of precursors from the blood to the bone compart-
ment. Precursors express two types of S1P receptors: S1PR1 and S1PR2 (Ishii et al. 
2009). Precursors displayed biphasic migratory behavior in an in vitro migration 
assay (Ishii et al. 2010). The low concentration of S1P (<10−9 M) acts as a chemoat-
tractant, while a high concentration of S1P (>10−7 M) causes chemorepulsion of 
precursors. This biphasic behavior is explained by the rapid internalization of 
S1PR1 bound to S1P.  In vitro analyses revealed that S1P signaling mediated by 
S1PR1 in precursors induces positive chemotaxis. In contrast, the signaling medi-
ated by S1PR2 causes negative chemotaxis. Consistent with these in vitro observa-
tions, intravital two-photon imaging revealed increased and decreased ratio of 
osteoclasts attached to the calvarial bone of conditional S1PR1- and SIPR2-deficient 
mice, respectively, compared to the controls (Ishii and Kikuta 2013). The former 
mice exhibited osteoporosis in the femur trabecular bone. The latter mice exhibited 
an osteopetrotic phenotype. Because S1P itself has no effect on osteoclastogenesis 
in vitro, the authors concluded that S1P/SIPR1 signaling facilitates the directional 
migration of precursors from the bone compartment to the blood circulation via 
positive chemotaxis, whereas S1P/S1PR2 signaling contributes to reverse migration 
via negative chemotaxis (Ishii and Kikuta 2013).

Translocation of precursors between bone marrow and bone surfaces is  
regulated by the Gαi protein coupled receptor, EBI2, and its ligand,  
7α, 25- dihyodroxycholesterol (Nevius et  al. 2015). EBI2 is highly expressed in 
precursors and osteoclasts. Osteoblasts synthesize and secrete 7α, 
25- dihyodroxycholesterol by the enzymatic activities of cholesterol 25-hydroxy-
lase (CH25H) and 25- hydroxycholesterol 7-alpha-hydroxylase (CYP7B1). The 
combination of adoptive bone marrow transfer and intravital two-photon imaging 
was used to assess the migration of precursors from bone marrow to bone surfaces. 
When EBI2-deficient or wild-type (WT) cFms+ osteoclast precursor cells were 
transferred into irradiated recipient mice, there was no difference in bone marrow 
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homing between the two precursors. However, the number of osteoclasts derived 
from EBI2-deficient precursors was lower than that in controls. When precursors 
overexpressing EBI2 were transferred into WT recipients, there was an increase in 
the number of precursors located near bone surfaces and osteoclasts at bone sur-
faces compared to the controls. In contrast, CH25H- deficient precursors trans-
ferred into WT recipients showed normal localization near the bone surfaces. WT 
precursors transferred to CH25H-deficient recipients showed less localization near 
bone surfaces and formed fewer osteoclasts. Finally, both EBI2- and CH25H-
dificient mice displayed increased trabecular bone mass in the femur, but not in 
cortical bone thickness. These results suggest that EBI2/CH25H signaling pro-
motes the directional migration of precursors from bone marrow to bone surfaces. 
In summary, the translocation of precursors to the blood, bone marrow, and bone 
surfaces is tightly regulated by external factors and the intrinsic cell mechanisms. 
Future studies using advanced imaging combined with the identification of mark-
ers of distinct stages of differentiation (Tsukasaki et al. 2020) will clarify the rela-
tionship between the migration and differentiation of precursors in distinct bones.

Do precursors migrate to the matrix without any guidance? Søe et  al. (2019) 
proposed that collagen fibers act as “a track” for the migration. The proposal seems 
reasonable, because type I collagen is the most abundant protein, and bone tesselles 
are made by relatively regular orientation of collagen fibers. A dense mesh of col-
lagen fibers surrounded the capillaries. In the future, it will be important to deter-
mine whether precursors recognize the polarity of collagen fibers.

12.5  Cell Proliferation

During osteoclastogenesis, precursors exit the cell cycle after several rounds of pro-
liferation and become cell cycle-arrested quiescent cells prior to fusion (Mizoguchi 
et al. 2009). As described below, osteoclast fusion occurs between the heterotypic 
cells. However, the macrophage colony-stimulating factor (M-CSF)/RANKL sig-
naling network for osteoclastogenesis does not explicitly provide a mechanism that 
creates heterogeneity. Here we consider whether cell proliferation is involved in the 
creation of heterogeneous precursors.

Cell proliferation involves the doubling of DNA, cell growth, and division of 
equal amounts of DNA into daughter cells. Because the distribution of cytoplasmic 
contents is not uniform, daughter cells do not have the same number of cytoplasmic 
components after cell division (Fig. 12.5). Accordingly, cell division inevitably pro-
duces the heterogeneity among daughter cells. An increase in the number of rounds 
of cell division may expand the heterogeneity. M-CSF is the main factor involved in 
cell proliferation during osteoclastogenesis (Yoshida et  al. 1990; Tanaka et  al. 
1993). The cytokine induces two rounds of cell division at the early stage of differ-
entiation in vitro (Motiur Rahman et al. 2015). Interestingly, a low dose of RANKL 
enhances the proliferative activity of M-CSF. Experimental evidence suggests the 
heterogeneity of precursors after cell proliferation. Incubation of the homogeneous 
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Fig. 12.5 Model of cell proliferation that creates heterogeneity. (a) M-CSF increases the number 
of cells with producing little heterogeneity. (b) M-CSF in the presence of RANKL signaling 
increases the heterogeneity in daughters. The rounds of cell cycle expand the heterogeneity

population of precursors sorted by fluorescence-activated cell sorting (FACS) with 
M-CSF and RANKL splits them into the dendritic cell-specific transmembrane pro-
tein (DC-STAMP)high and DC-STAMPlow subpopulations (Mensah et  al. 2010). 
Incubation of the clonal cells derived from a single RAW 264.7 cell with M-CSF 
and RANKL produces a difference in the expression level and cytoplasmic localiza-
tion of nuclear factor of activated T cells 1 (NFATc1) in descendants (Levaot 
et al. 2015). In rat osteoclast precursors cultured with 1α,25(OH)2D3, RANKL, and 
tumor necrosis factor-alpha (TNFα), the dividing cells in the late mitotic phase 
exhibit asymmetric expression of adrenomedullin receptors (Kukita et  al. 2021). 
These results support the hypothesis that cell proliferation induced by M-CSF cre-
ates heterogeneity in the precursors. In particular, other signaling inputs, such as 
RANKL, appear to increase the heterogeneity. In this regard, it is notable that αvβ3 
integrin is indispensable for adhesion-dependent proliferation of osteoclast precur-
sors (Miyamoto et al. 2000).

12.6  Osteoclast Niche

During in vivo osteoclastogenesis, heterogeneous precursors produced by cell pro-
liferation migrate towards bone surfaces and receive input signals from relevant 
cells at a specific location for differentiation. Precursors also sense and respond to 
physical cues, such as force by fluid flow, loading force, gravitation, and stiffness of 
the matrix. The environment varies from bone-to-bone and site-to-site. We term this 
environment setting as an osteoclast niche. Below, we discuss the unsolved issues of 
signaling input of M-CSF and RANKL in vivo with special reference to heterogene-
ity. Søe et al. (2021) have already attempted to review in vivo osteoclastogenesis in 
this context.

The secreted cytokine, M-CSF, acts on precursors in a paracrine manner. The 
M-CSF producing cells in bone include vascular endothelial cells, bone lining cells, 
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osteoblasts, and osteocytes. The same type of cells can also present RANKL to the 
precursors. These include vascular endothelial cells (Collin-Osdoby et  al. 2001), 
stromal cells (Udagawa et al. 1999; Kartsogiannis et al.1999), hypertrophic chon-
drocytes (Lacey et al. 1998), bone lining cells (Streicher et al. 2017), osteoblasts 
(Kartsogiannis et  al. 1999), and osteocytes (Silvestrini et  al. 2005). Which cells 
mainly provide M-CSF or RANKL to the precursors? This question may be inap-
propriate to answer. Bone marrow cells are not present in the periosteum, and osteo-
cytes are not present in the growth plate (O’Brien 2010). Because cell fusion only 
occurs on bone surfaces in BRU, it is reasonable to assume that RANKL presented 
by osteocytes contributes to the fusion reaction. This idea is consistent with the 
observations that the number of osteoclasts significantly decreases in the condi-
tional RANKL-deficient mice in the osteocyte lineage (Nakashima et  al. 2011; 
Xiong et al. 2011; Xiong et al. 2015). Conditional RANKL-deficient mice exhibit 
high bone mass in vertebra and trabecular bones in femur, but not in the cortical 
thickness of the femur (Xiong et al. 2015). These findings may suggest that RANKL 
presentation does not depend on the cell type. On the other hand, RANKL-producing 
cells express RANKL via different mechanisms (O’Brien 2010). The RANKL- 
producing cells should be arranged along the migration path of precursors to bone 
surfaces. If we assume that one stimulus of M-CSF and RANKL is sufficient for 
osteoclastogenesis, the signal must be in the “ON” state over 3 days. However, the 
duration of effective signaling may be shorter. Within a few hours after ligand bind-
ing, cytokine receptors on the plasma membranes are internalized via endocytosis 
and sorted towards degradation or recycling pathways (Platta and Stenmark 2011; 
Cendrowski et al. 2017). Although some receptors are still active in the endocytic 
compartment (signaling endosome), internalized receptors become refractory to 
ligand binding. This is consistent with the in vitro experimental results that a con-
tinuous supply of M-CSF and RANKL is needed for optimal osteoclastogenesis 
(Tanaka et  al. 1993; Jimi et  al. 1999). M-CSF and RANKL play multiple roles, 
including proliferation, differentiation, survival, and cell fusion, suggesting a need 
for cytokines at different stages of osteoclastogenesis (Takahashi et al. 1999; Jimi 
et al. 1999). To meet these requirements, we posit that the osteoclast niche provides 
multiple M-CSF and RNAKL stimuli to the precursors (Fig. 12.6). Because each 
osteoclast niche differs from bone-to-bone and site-to-site, this unique niche may 
determine the unique pattern of osteoclastogenesis. The osteoclast niche remains 
unchanged in bone homeostasis, which reproduces the same type of osteoclasts, 
leading to the generation of site-specific osteoclasts.

What can we learn from in vitro osteoclastogenesis? The precursors receive con-
tinuous M-CSF and soluble RANKL (sRANKL) stimuli during the whole period of 
osteoclastogenesis. They are cultured with a limited number of cell species and 
grown on a plastic or glass surface. Under these conditions, the intrinsic robust 
integrin/M-CSF/RANKL signaling network may exhibit all repertoires of osteo-
clastogenesis in vivo and more.
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Fig. 12.6 Model of osteoclast niche for osteoclast differentiation. Heterogeneous precursors enter 
the process of differentiation. During migration to bone surfaces, precursors receive the M-CSF 
and RANKL signaling inputs multiple times at different locations depending on the osteoclast 
niche. They also respond to environmental cues. The osteoclast niche at the specific site maintains 
its characteristics in the remodeling state. Osteoclastogenesis at a given site proceeds in a unique 
pattern determined by the niche. The model follows the multiple stimuli model (see text for details)

12.7  Regulation of RANKL Binding with RANK

The mouse RANKL gene produces three RANKL isoforms: RANKL 1, RANKL 2, 
and RANKL 3 (Ikeda et al. 2001). RANKL 1 and 2 form a functional homo- or 
heterotrimer, respectively (Lam et al. 2001; Ito et al. 2002). The RANKL trimer 
exists as a type II membrane protein or soluble protein. Although both forms can 
induce osteoclasts from precursors, the membrane form is believed to be more 
potent than the soluble form (Nakashima et al. 2000; Honma et al. 2013). The recep-
tor for RANKL, RANK, is a type I membrane protein that may exist as a monomer 
on the plasma membrane. Because a RANK trimer elicits downstream signals with-
out RANKL binding (Kanazawa and Kudo 2005), binding of a RANKL trimer to a 
RANK monomer probably induces the trimerization of RANK (Liu et al. 2010). 
The conventional view is that distal factors, such as PTH or 1α,25(OH2)D3, induces 
the expression of RANKL in the RANKL-producing cells. The membrane form of 
RANKL directly binds to RANK expressed on precursors, resulting in the activa-
tion of downstream signaling cascades for osteoclastogenesis (Udagawa et al. 1999; 
Asagiri and Takayanagi 2007; Park et al. 2017). Based on this concept, transcrip-
tional regulation of RANKL gene has been a central theme in elucidating the mech-
anism of RANKL presentation (O’Brien 2010).

Unexpectedly, the results from studies on intracellular trafficking of RANKL 
have shaken the conventional view. Newly synthesized green fluorescent protein 
(GFP)-RANKL is predominantly concentrated in lysosomes in RANKL-producing 
cells, such as ST2 cells and primary mouse calvarial osteoblasts (Kariya et al. 2009). 
The distribution of GFP-RANKL in the plasma membrane is negligible. In contrast, 
in HeLa and HEK 293 cells, which do not produce RANKL, most transfected GFP- 
RANKL was reportedly localized at the plasma membranes. Interestingly, stimula-
tion with RANK-Fc-beads induces the translocation of GFP-RANKL from the 
lysosomes to the plasma membranes. These results suggest that RANKL is 
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normally stored in secretory lysosomes, and that the stimulation of RANK triggers 
the translocation of the ligand in RANKL-producing cells. How do RANKL- 
expressing cells sense the RANK stimulus? The authors speculated that a small 
fraction of RANKL, which is directly transported from the Golgi to the plasma 
membrane via the minor pathway, senses RANK. The same group also reported a 
novel role of osteoprotegerin (OPG) as a regulator of RANKL trafficking (Aoki 
et al. 2010). They found that the binding of OPG to RANKL in the Golgi is neces-
sary for the translocation of RANKL to lysosomes. The OPG/RANKL complex 
transported to the lysosomes becomes RANKL alone because of the degradation of 
OPG by proteases. In OPG-deficient osteoblasts, RANKL without OPG cannot be 
sorted to lysosomes and is directly destined to plasma membranes via the minor 
pathway, leading to the excess generation of osteoclasts. Thus, OPG acts as a regu-
lator of RANKL trafficking, in addition to its conventional role as a soluble decoy 
receptor for RANKL in osteoclastogenesis (Sheikh and Fornace 2000; Shin et al. 
2008). These results suggest that the regulation of RANKL localization at the 
plasma membranes, in addition to transcriptional gene regulation, is important for 
RANKL presentation to RANK.

Although the downstream signaling cascade of activated RANK has attracted 
much attention, the fate of the RANKL/RANK complex remains elusive. According 
to the current model, the extracellular domain of the RANK trimer binds to the 
extracellular domain of the RANKL trimer between the juxtaposed membranes of 
the two cells (Liu et al. 2010). Indeed, RANK-Fc-beads can capture RANKL over-
expressed in ST2 cells (Kariya et al. 2009). In an in vivo setting, precursors that 
receive RANKL signals migrate towards bone surfaces or move looking for fusion 
partners on bone. By what mechanism do precursors dissociate from RANKL 
expressed in another cell? Because the affinity of RANKL/RANK binding is strong 
(Kd = 3 × 10−9 M; Hsu et al. 1999), it is not reasonable to assume the spontaneous 
dissociation. Possible scenarios for the dissociation of the complex are presented in 
Fig. 12.7. In one scenario, the extracellular domain of the RANKL trimer is cleaved 
by sheddases, such as matrix metalloprotease (MMP)9 and MMP13, and a disinte-
grin and metalloproteinase (ADAMS). The cleaved RANKL bound to RANK is 
digested in the lysosomes after internalization. Another scenario is that an unknown 
mechanism releases RANKL from RANK, and two proteins enter the recycling or 
degradation pathway in the respective cells. Understanding the fate of the RANKL/
RANK complex will be useful in devising RANKL- and RANK-targeted 
therapeutics.

12.8  Lifespan of Osteoclasts

Although new osteoclasts are generated in the modeling and pathological states, the 
main mode of osteoclastogenesis in the remodeling state is the renovation of exist-
ing osteoclasts (Fig. 12.8). Jacome-Galarza et  al. (2019) estimated the dynamics 
and lifespan of osteoclasts in mouse femurs in a remodeling state. At the modeling 
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Fig. 12.7 Scenarios for the RANKL/RANK complex degradation. (a) RANKL in the RANKL/
RANK complex is cleaved by protease. RANK with the RANKL fragment is routed to lysosomal 
degradation. (b) RANKL is removed from RANK via unknown mechanism. The intact RANKL 
and RANK is destined to recycling endosomes or lysosomes. RE, recycling endosomes. Lys, 
lysosomes
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Fig. 12.8 Dynamics of osteoclast in the remodeling state. The most probable mode of fusion at the 
remodeling stage is the addition of the differentiated mononucleated cell by M-CSF and RANKL 
to an existing osteoclast. The fused osteoclast removes old nuclei by fission. The released mono-
nucleated cell may die via apoptosis or remain as the pool of osteomorphs that have the ability to 
fuse with osteoclasts again. HSC, hematopoietic stem cell; MNC, mononucleated cell

stage (within 2 months of birth), embryonic erythro-myeloid progenitor cells gener-
ate osteoclasts. Osteoclasts formed in the modeling stage are slowly renewed by 
fusion with an HSC-derived precursor cell during the remodeling stage. A mono-
nucleated cell derived from HSC fuses with an existing osteoclast once every 1 to 2 
months. Each osteoclast has about five nuclei. This number does not change for 6 
months, suggesting that the lifespan of osteoclasts is over 6 months. These estimates 
are contrary to the conventional view that osteoclasts have a short life ranging from 
a few days to 2 weeks, with cell death occurring via apoptosis after resorption 
(Parfitt 1994; Manolagas 2000; Tanaka et al. 2006). On the other hand, classical 
studies have supported the longevity of osteoclasts. In the evolving secondary 
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Harvesian systems of dog ribs, the lifespan of osteoclasts was estimated to be equal 
to that of the entire evolving osteon (Jaworski et al. 1981). In the extreme, osteo-
clasts with nuclear renewal via fusion can survive for the lifetime of animals (Hall 
2005). How long can osteoclasts survive without fusion? The lifespan of osteoclasts 
was estimated in the proximal tibial and distal femoral metaphyses of irradiated 
mice rescued by spleen cells from beige mice (Marks and Seifert 1985). 
Approximately, half of the osteoclasts without fusion died within 4 weeks, and no 
osteoclasts without fusion could survive for more than 6 weeks. These figures agree 
with the iterative fusion of existing osteoclasts (Jacome-Galarza et al. 2019). The 
collective findings indicate that cell fusion in the remodeling state is the addition of 
a new mononuclear cell to an existing osteoclast. Iterative fusion is required to pro-
long the lifespan of osteoclasts. Bone resorption at the remodeling stage appears to 
be executed by a relatively constant number of osteoclasts without the formation of 
new osteoclasts. This conclusion is based on animal experiments. The lifespan of 
human osteoclasts remains an open question.

12.9  Fusion and Fission of Osteoclasts

Cell fusion can be divided into cell contact, hemifusion, fusion pore formation, and 
pore expansion. Previous reviews provide excellent overviews of the mechanisms 
and energetics of these processes (Cohen and Melikyan 2004; Chernomordik et al. 
2006). Cell fusion has been discussed based on reactions at equilibrium. However, 
recent research has shed light on the role of self-organization in osteoclast fusion. 
Self-organized actin-based structures appear specifically during fusion and link 
fusion partner cells. Below, we discuss the contribution of self-organization to 
osteoclast fusion.

12.9.1  Actin-Based Linking Structures During Fusion

The reorganization of the actin cytoskeleton plays various roles at different stages 
of cell fusion (Martin 2016; Takito and Nakamura 2020). This section focuses on 
the structures formed by actin waves. Osteoclast fusion in vitro involves the forma-
tion of actin-based contacts or linkages between partner cells (Fig.  12.9). These 
include lamellipodia (Søe et  al. 2015; Fiorino and Harrison 2016), filopodia 
(Zambonin Zallone et  al. 1984; Jansen et  al. 2012; Takito and Nakamura 2012; 
Takahashi et al. 2013; Shin et al. 2014; Song et al. 2014; Pennanen et al. 2017), 
invasive protrusions (Oikawa et al. 2012; Shin et al. 2014; Søe et al. 2015), zipper- 
like structure (Takito et al. 2012; Pauksch et al. 2014; Wang et al. 2018), and phago-
cytic cups (Søe et  al. 2015). Surprisingly, cells linked via filopodia or tunneling 
nanotubes can exchange soluble proteins and membrane lipids (Takahashi et  al. 
2013; Verma et  al. 2014; Pennanen et  al. 2017), suggesting the establishment of 

J. Takito and N. Nonaka



241

Fig. 12.9 Variations of actin-linking structures observed during fusion in vitro. (1) Invasive pro-
trusion. (2) Filopodia-like tube. (3) Phagocytic cup. (4) Zipper-like structure. Structures colored in 
pink indicate the actin-based linkage that specifically appears at the pre-fusion stage. Adopted and 
modified from Takito and Nakamura (2020)

fusion pores. The classical view of membrane fusion between lipid bilayers restricts 
cytoplasmic mixing prior to pore formation. On the other hand, content exchange 
before cell fusion, termed “kiss-and-run,” is observed in the fusion between biologi-
cal membranes. Content exchange can be explained by the fact that pore enlarge-
ment is the most energy-demanding process in the fusion of biomembranes 
(Chernomordik and Kozlov. 2003; Cohen and Melikyan 2004). In this context, part-
ner cells in osteoclast fusion choose between closing a fusion pore or complete 
fusion (Chernomordik et al. 2006). The formation of various actin-based contacts or 
linkage structures indicates that cell fusion during osteoclastogenesis involves mul-
tiple pathways. Because the number of nuclei of precursors varies from one to over 
100, the mode of fusion may differ depending on the size of the fusion partners 
(Hobolt-Pedersen et al. 2014; Levaot et al. 2015; Takito and Nakamura 2012). In 
general, fusion between multinucleated cells occurs at a broader contact area and 
takes longer than fusion between mononucleated cells. Fusion between mononucle-
ated cells does not require formation of a macroscopic actin-based linkage. 
Mononucleated cells tend to fuse with a multinucleated cells using filopodia. Fusion 
between multinucleated cells requires a large linking structure, such as a zipper-like 
structure.

12.9.2  Actin Wave at the Nonequilibrium State

The assembly of molecules forms the structure or order by two physical principles: 
self-assembly and self-organization. The former occurs at or near thermodynamic 
equilibrium, whereas the latter requires energy input and occurs at nonequilibrium 
(McCusker 2020). The formation of a self-organized structure is nondeterministic 
and depends on subtle changes in inherent signaling networks and environments. 
One of the self-organized structures, actin waves, represents the vectorial 
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propagation of waves at the ventral surface of a cell (Weiner et al. 2007; Bretschneider 
et al. 2009). The driving force of actin waves is the elongation of actin filaments by 
actin related protein 2/3 (Arp2/3) complex. Actin waves transform into another 
actin-based structure, such as a ring, lamellipodium (Gerhart et  al. 2014), and 
phagocytic cups (Gerisch et al. 2009). The theoretical basis of this transformation 
has been elusive. Recent progress has provided the theoretical framework for this 
transformation. The clue came from the discovery that actin waves are coupled with 
distinct phosphatidylinositol (3,4,5)-trisphosphate (PtdIns (3,4,5)P3, also abbrevi-
ated PIP3) waves in Dictyostelium (Gerhardt et  al. 2014) (Fig.  12.10a). PIP3, a 
component of the plasma membrane, stimulates local actin polymerization at the 
membranes (Insall and Weiner 2001). Khamviwath et al. (2013) presented a model 
in which actin waves are formed by a signaling network that independently regu-
lates actin polymerization. Miao et al. (2019) dissected the molecular components 
of waves using biosensors and divided them into Signal Transduction Excitable 
Network (STEN) waves and Cytoskeleton Excitable Network (CEN) waves 
(Fig. 12.10b). STEN contains activated Rap and Ras, PIP3, and PKB. CEN consists 
of F-actin, activated Rac, Rac GEF1, and coronin. In the STEN-CEN model, STEN 
orchestrates CEN and dictates the wave speed and range, while CEN controls the 
triggering of STEN through positive and negative feedback. This model has been 
validated experimentally. Perturbations in the STEN or CEN network in 
Dictyostelium resulted in a change in cell size and morphology, with the formation 
of protrusions resembling filopodia, lamellipodia, and ruffles (Fig.  12.10c). 
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Fig. 12.10 Transformation of actin waves into cellular protrusions. (a) Coupling of actin waves 
with PIP3 waves. Actin waves (orange) and PIP3 waves (green) form composite waves. Adopted 
and modified from Gerhardt et al. (2014). (b) Architecture of STEN-CEN model. Fs and Rs (Fc 
and Rc) indicate the activator and inhibitor of STEN (CEN), respectively. →, positive feedback. ⊥, 
negative feedback. Adopted and modified from Miao et al. (2019). (c) Waves with different proper-
ties form the different types of cell protrusions. High RacGEF1, low PIP2 or high Rap/Ras, and 
high PKBs produce the ruffle-like, lamellipodia-like, and filopodia-like protrusions, respectively. 
Adopted and modified from Miao et al. (2019)
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Therefore, the STEN-CEN model successfully explains the mechanism of actin 
wave transformation into various cell protrusions. This is the first manifestation of 
the propagation of informational waves transforming actin waves into macroscopic 
cellular structures. The findings by Miao et al. (2019) contrast with the conventional 
explanation that a linear cascade of specific regulatory molecules determines the 
formation of a particular cellular structure (Rottner et al. 2017).

Podosomes are dynamic actin puncta that are the characteristics of monocyte/
macrophage lineages, including osteoclasts. The structure of podosome in 
osteoclast- like cells is subdivided into actin core, adhesion ring, and actin cloud 
(Chabadel et al. 2007; Saltel et al. 2008). These substructures are washed with vec-
torial actin waves in osteoclast-like cells (Takito et al. 2017b). The propagation of 
actin waves is restricted to an area in which podosomes appear. The intensity and 
propagation patterns discriminated the actin wave from a general ventral actin wave. 
Based on these observations, we propose that self-organized actin structures are 
produced from actin waves in a specified area, termed podosome field (Takito et al. 
2017a, Takito et al. 2017b; Takito et al. 2018). In this scenario, the area should con-
tain the regulatory wave, because self-organized actin waves (CEN) are controlled 
by regulatory waves (STEN), as described above (Miao et al. 2019). During podo-
some formation in fibroblasts, PIP3 is concentrated in the prospective podosome 
core region (Yu et al. 2013). The phosphoinositide is localized in podosome rings in 
NIH-Src cells (Oikawa et  al. 2008) and the plasma membranes of fusion site in 
RAW 264.7 cells (Oikawa et al. 2012). Thus, the podosome field appears to contain 
a regulatory wave involving PIP3. Self-organization produces podosomes, podo-
some rings, and podosome belts during osteoclastogenesis in vitro (Destaing et al. 
2003). The same principle may also apply to the formation of actin-based contacts 
or linkage structures during fusion, including filopodia, invasive protrusions, and 
zipper-like structures. These arguments lead to the idea that at least some processes 
of osteoclast fusion occur at nonequilibrium.

12.9.3  Fission of Osteoclasts

By what mechanism do osteoclasts maintain a relatively constant number of nuclei 
for a long period? Although cell fusion has been the main theme in osteoclastogen-
esis, fission is not a rare event in cultured osteoclast-like cells. Solari et al. (1995) 
reported the generation of mononucleated and binucleated cells from oversized 
multinucleated giant cells derived from chicken macrophages in vitro. Isolated rab-
bit osteoclasts and osteoclast-like cells differentiated from mouse bone marrow 
were split into two or three in vitro (Jansen et al. 2012). Nevius et al. (2015) reported 
that both fusion and fission occur spontaneously during in  vitro 
osteoclastogenesis.

McDonald et al. (2021a) first reported in vivo fission of large osteoclasts in mice 
administered a pharmacological dose of sRANKL.  Administration of sRANKL 
activated existing osteoclasts and promoted fusion between osteoclasts, resulting in 
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giant osteoclasts in the mouse tibia. Large osteoclasts often undergo fission and 
produce two smaller osteoclasts, called osteomorphs. Osteomorphs are motile, tran-
scriptionally distinct from authentic osteoclasts, and have the ability to resorb bone. 
Osteomorphs can re-fuse with the existing osteoclasts, which leads to a new concept 
of recycling osteoclasts. Because osteomorphs reside in bone marrow and blood, 
they may function as a pool of fusion-competent cells. The fact that osteomorphs 
represent the distinct species of osteoclasts may explain the heterogeneity in the 
bone-resorbing osteoclasts; pit-forming and trench-forming osteoclasts (Sharma 
et al. 2022). Database searches revealed that 17 out of 40 mouse lines deleted with 
one or both copies of the osteomorph upregulated gene exhibit abnormal bone phe-
notypes (McDonald et  al. (2021a). Twenty-two out of 520 human orthologs of 
osteomorph genes are associated with monogenic human skeletal dysplasia, sug-
gesting the linkage between osteomorphs and human bone diseases. Clinically, the 
“rebound effect,” a loss in bone mass after discontinuation of denosumab becomes 
a problem during osteoporosis treatment (Anastasilakis et  al. 2017; Bone et  al. 
2017). This rebound effect may be explained by the rapid re-fusion of osteomorphs 
to form osteoclasts that actively resorb bone (McDonald et al. (2021a). Readers can 
find the intensive discussions on these issues in the previous reviews (McDonald 
et al. 2021b; Elson et al. 2022; Sharma et al. 2022). The finding of osteomorphs has 
impacted on both basic and clinical researches and highlighted “fission” in osteo-
clast biology.

The dynamics of osteoclasts in vivo (Jacome-Galarza et al. 2019) combined with 
the results of McDonald et al. (2021a) led to the idea that osteoclasts in the remodel-
ing state maintain their size by the addition of a new nucleus and removal of an old 
nucleus (Fig. 12.8). Thus, differentiated osteoclasts are in dynamic equilibrium both 
in vitro and in vivo (Nevius et al. 2015; Jacome-Galarza et al. 2019). Environmental 
parameters, such as sRANKL and OPG, determine the equilibrium point, the size of 
osteoclasts (McDonald et al. 2021a). In summary, fusion and fission are the mecha-
nisms that increase the heterogeneity of differentiated osteoclasts. Furthermore, the 
concept of osteoclasts in dynamic equilibrium challenges the conventional notion of 
the individuality of a cell in cell biology.

12.9.4  Fission at Nonequilibrium

Actin waves are involved in cell fission. Cell division during cytokinesis relies on 
formation of an actomyosin contractile ring (Alberts et  al. 2002). There are two 
forms of cell division that occur without a contractile ring: traction-mediated and 
wave-mediated cytofission. The former depends on the traction force between the 
cell and substrate (Knecht and Loomis 1987; De Lozanne and Spudich 1987). The 
latter utilizes self-organized cortical actin waves (Flemming et al. 2020). In electro- 
fused oversized multinucleated Dictyostelium cells, traveling waves collide with the 
cell border and become unstable. This leads to their splitting into two independent 
waves that move in opposite directions. The force generated by antidirectional 

J. Takito and N. Nonaka



245

A = Amin A ≥ Acrit A ≥ Acrit A ≥ Acrit A 1,2 ≥ Amin

1 2 3 4 5

Fig. 12.11 Model of wave-mediated binary cytofission. (1) Ventral actin waves occur in a giant 
cell. (2) When the cell size exceeds the critical size, waves becomes unstable. (3) Unstable waves 
split into two waves. (4) The antidirectional waves push the membrane forward, and the connection 
to the main cell body gradually narrows. (5) The rupture of the cytoplasmic connection produces 
two daughter cells. The released cell exhibits a stable elongated wave segment and move in highly 
persistent fashion. Amin and Acrit indicate the minimal and critical cell size. Arrows show the direc-
tion of wave propagation. Adopted and modified from Flemming et al. (2020)

waves induces binary cytofission in a pinch-off manner (Fig.  12.11). Computer 
simulation predicts that wave-mediated cytofission depends on cell size and occurs 
at almost a 100% probability when the size is more than five times the size of a 
single cell. The simulation results have been experimentally validated. Interestingly, 
70% of the cytofission fragments (daughter cells) contained one nucleus. These 
figures are remarkable coincidental with those of mouse osteoclasts in the remodel-
ing state (Jacome-Galarza et al. 2019), suggesting that wave-mediated cytofission 
may be a mechanism for maintaining the constant size of osteoclasts. Interestingly, 
cell size is an important factor in the formation of actin waves and wave-mediated 
cytofission (Flemming et al. 2020). Size dependence may be characteristics of self- 
organized structures in biology.

12.10  Cortical Actin

Cortical actin is a dense meshwork (approximately 100 nm thick) of actin filaments 
underneath the plasma membrane (Chugh and Paluch 2018). Cortical actin consists 
of various actin binding proteins, such as actin nucleators, regulators of actin fila-
ment turnover, actin crosslinkers, and myosins. The actin cortex is linked to the 
plasma membrane by ezrin-radixin-moesin (ERM) proteins (Bretscher et al. 2002). 
The polymerization of actin filaments in the cortex depends on the activity of Arp2/3 
and formin mDia1 (Bovellan et al. 2014). The actin filaments formed by Arp2/3 and 
mDia1 are approximately 120 and 1200  nm long, respectively (Fritzsche et  al. 
2013). The short filaments account for 90% of the total actin filaments in the cortex. 
Although the turnover kinetics of the two filaments differ, the half-life of actin 
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filaments in the cortex is approximately 15s (Guha et al. 2005; Mukhina et al. 2007). 
Thus, cortical actin is a dynamic factor contributing to the mechanical properties of 
cell membranes.

Cortical actin generates cortical tension, which directly linked to cell shape 
deformation (Köster and Mayor 2016; Chugh and Paluch 2018). The formation and 
enlargement of fusion pores must accompany reorganization of cortical actin at the 
fusion site. Cortical tension acts as an opposing factor for fusion pore formation in 
the low pH-induced fusion of Sf9 insect cells transfected with gp64 (Chen et al. 
2008). In the electropulse-induced fusion of Dictyostelium cells, cortical actin accu-
mulates at the fusion zone, bridging the gap between the disrupted membranes and 
delaying pore expansion (Gerisch et al. 2013). The reorganization of plasma mem-
branes at the fusion site takes a minute to an hour for fusion of osteoclast-like cells 
(Oikawa et  al. 2012; Takito and Nakamura 2012; Levaot et  al. 2015; McDonald 
et al. 2021a). In contrast, the fusion pore expands at a rate of 5 cm/sec during the 
fusion of lipid vesicles (Haluska et al. 2006). These observations underscore the 
role of cortical actin in osteoclast fusion. As previously described, fusion pore 
expansion is the most energy-demanding process in biomembrane fusion 
(Chernomordik and Kozlov 2003; Cohen and Melikyan 2004). Future studies are 
needed to elucidate the regulatory mechanism of the reorganization of cortical actin 
at the fusion site, especially to determine whether it is integrated in the integrin/M- 
CSF/RANKL network.

12.11  Role of Fusion in Osteoclastogenesis

The degree of multinucleation in osteoclasts correlates with an increase in the 
in vitro bone-resorbing activity (Piper et al. 1992; Yagi et al. 2005). Thus, osteo-
clasts acquire the higher activity via cell fusion. Osteoclasts dynamically construct 
and degrade a variety of new intracellular structures in the context of bone resorp-
tion. They form the sealing zone to create the isolated area between the plasma 
membrane and bone (Marchisio et al. 1984) and the ruffled border membrane to 
secrete protons and digestive enzymes into the isolated area (Baron et al. 1985). 
Osteoclasts take up the massive amount of digested materials and calcium through 
the uptake zone (Mulari et al. 2003). The digested materials are transcytosed via 
transport vesicles and discharged through the functional secretory domain at the 
opposite side (Nesbitt and Horton 1997; Salo et al. 1997). Actin rings are used for 
the saltatory movement on bone (Hu et al. 2011). Reorganization of actin cytoskel-
eton generates the diverse linkage structures during cell fusion as described above. 
Podosomes at the ventral membrane senses the physical property of the matrix 
(Collin et al. 2008). All of these structures are made up from phospholipids or actin 
or both. However, the content of phospholipids and actin per differentiating cell 
does not significantly increase due to cell division. Stimulus of RANKL does not 
change the content of phospholipids except for phosphatidylethanolamine (Irie 
et al. 2017). Also, the transcription of β-actin, one of housekeeping genes, does not 
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appreciably change during osteoclastogenesis (Stephens et  al. 2011). Osteoclasts 
may adopt fusion to circumvent the difficulties (Fig. 12.12). In this context, there 
may be another way for osteoclasts. A given cell doubles its cellular contents 
through growth during the cell cycle. Incomplete cytokinesis results in the increase 
in the phospholipids and actin levels. Indeed, approximately 10% of osteoclast-like 
cells induced by RANKL were experienced incomplete cytokinesis (Takegahara 
et al. 2016). Thus, fusion and incomplete cytokinesis are alternative strategies used 
by osteoclasts to attain a large pool of actin and phospholipids, which enables osteo-
clasts to create new domains in plasma membranes, new endomembrane vesicles, 
and various forms of actin-based intracellular organelles.

12.12  Perspectives

The two seminal in  vivo studies (Jacome-Galarza et  al. 2019; McDonald et  al. 
2021a) have changed our view of osteoclasts. We must update our understanding of 
the lifespan of osteoclasts, the mode of fusion, and the role of fission in maintaining 
osteoclasts. Although osteoclast-like cells generated in vitro die in approximately a 
week, osteoclasts at the remodeling bone can live for longer than 6 months. 
Moreover, the size of osteoclasts in vivo is in a dynamic equilibrium. Factors that 
may dominate, change, or maintain the equilibrium point include the calcium and 
phosphate homeostatic systems and the osteoclast niche. These factors treat osteo-
clasts as a bone-resorbing machinery. To this end, osteoclasts are generated and 
maintained by various processes, including cell proliferation, migration, differentia-
tion, cell fusion, incomplete cytokinesis, and fission (Fig. 12.13). There are several 
paths for multinucleation and fusion. The released osteomorphs can re-fuse with 
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Fig. 12.12 Osteoclasts acquire a large pool of actin and phospholipids via fusion and incomplete 
cytokinesis. Fusion increases the cell contents in proportion to the number of nuclei. Incomplete 
cytokinesis during cell cycle doubles the cell contents. Osteoclasts with a large pool of phospho-
lipids and actin can create new domains in the plasma membranes, new endomembrane vesicles, 
and various forms of actin-based intracellular organelles
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Fig. 12.13 Divergence in osteoclast differentiation and plasticity of osteoclasts. The differentia-
tion of fusion-competent mononucleated cells by M-CSF and RANKL involves heterogeneity. The 
fusion-competent cells fuse with osteoclasts in multiple paths. Osteoclasts can release osteo-
morphs via fission and re-fuse with them. The size of osteoclasts in the BRC is regulated through 
multiple routes. HSC, hematopoietic stem cell

osteoclasts. Thus, osteoclasts in the BRC are generated and maintained through 
multiple routes, but not a fixed mechanism.

Osteoclastogenesis is characterized by heterogeneity and plasticity. The hetero-
geneity may be created by asymmetric cell division, osteoclast niche, self- 
organization, fusion, and fission. We introduce nondeterministic mechanisms in cell 
fusion and cytofission in this review. The maintenance of osteoclasts in bone remod-
eling depends on both the deterministic and nondeterministic mechanisms. Although 
we do not consider the significance of the deterministic integrin/M-CSF/RANKL 
signaling network, it is evident that the network has primary importance in osteo-
clastogenesis. Exploring the mechanism of fluctuation or plasticity of the network 
will deepen our understanding of osteoclasts. In this regard, we emphasize that 
monitoring the events of a single cell leads to the discovery of heterogeneity during 
osteoclastogenesis. The endpoint population assay has not revealed the mechanism 
of time-dependent processes. Cutting-edge imaging technology combined with 
monitoring the expression of multiple genes in a single cell will provide novel 
insights into the mechanism of osteoclast differentiation.

Finally, we refer to the impact of changes in our view of osteoclasts in clinical 
medicine. Anti-RANKL antibodies and bisphosphonates are widely used therapeu-
tically. They are designed to alter the number of osteoclasts or lower the osteoclastic 
bone resorption. Both are pan-osteoclast drugs, which theoretically act on all 
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osteoclasts in the body and have the potential to cause unexpected secondary effects. 
Updated knowledge indicates that osteoclasts are in dynamic equilibrium, deter-
mined by systemic and local environments, including the osteoclast niche. To 
develop new drugs that target a given bone disease, more information on the site- 
and disease-specific bone niche is needed. This information may lead to the devel-
opment of novel osteoclasts-targeted therapeutics.
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Chapter 13
Muscle Progenitor Cell Fusion 
in the Maintenance of Skeletal Muscle

Jarred M. Whitlock

Abstract Skeletal muscle possesses a resident, multipotent stem cell population 
that is essential for its repair and maintenance throughout life. Here I highlight the 
role of this stem cell population in muscle repair and regeneration and review the 
genetic control of the process; the mechanistic steps of activation, migration, recog-
nition, adhesion, and fusion of these cells; and discuss the novel recognition of the 
membrane signaling that coordinates myogenic cell-cell fusion, as well as the iden-
tification of a two-part fusogen system that facilitates it.

13.1  Introduction

Muscle fibers are the individual, cellular units comprising skeletal muscle tissues 
and represent a highly specialized cell type. Skeletal muscle tissue represents ~40% 
of overall body mass and is essential for indispensable tasks such as the consump-
tion of food and breathing (Proctor et al. 1999). Each muscle fiber is created by the 
fusion of hundreds to thousands of muscle progenitor cells during development to 
produce a single, continuous cell that can run up to 600 mm in length in humans 
(Yang et al. 1998; Abmayr and Pavlath 2012). These fibers consist of a specialized 
plasma membrane, the sarcolemma (SL); a specialized cytoplasm, the sarcoplasm 
(SP); and many sarcomeres, bundles of actin/myosin contractile units organized 
into long chains termed myofibrils, which underpin skeletal muscle’s contractile 
force. Moreover, skeletal muscle fibers also contain many specialized organelles, 
including many large specialized mitochondria, sarcosomes; a modified endoplas-
mic reticulum, the sarcoplasmic reticulum (SR); and hundreds to thousands of 
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myonuclei, whose numbers are tightly maintained following pre- and postnatal 
development (Fig. 13.1a) (White et al. 2010; Spalding et al. 2013).

Much of the specialization surrounding muscle fiber anatomy revolves around 
their contractile role and the requirement that each muscle fiber must transduce 
electrical signals, which initiate from innervations at the neuromuscular junction 
(NMJ), along their entire length to tightly coordinate Ca2+ release from the SR and 
subsequent sarcomere contraction. The tight regulation of this Ca2+ signaling is 
essential for the coordination of sarcomere contraction along the length of the fiber 
in synchronization with neighboring fibers to produce a concerted contraction of the 
tissue. To coordinate this tightly regulated Ca2+ cascade, the transverse tubules 
(invaginated SL) rapidly transmit action potentials to activate resident L-type Ca2+ 
channels. The activity of these L-type Ca2+ channels stimulates dihydropyridine 
receptors that elicit Ca2+ release from the SR. The specialized SR network, which 

Fig. 13.1 An illustrative representation of skeletal muscle cell ultrastructure. (a) Ultrastructure of 
a single skeletal muscle fiber along its longitudinal axis. (b) The general organization of a single 
sarcomere. Skeletal muscle relies on at least two essential repair processes that work to maintain 
its integrity and function. These processes include a membrane patch repair process, present in all 
mammalian cell types, and a specialized repair/regeneration mechanism that relies on a resident, 
mononucleated stem cell population. These processes work in parallel to maintain muscle function 
throughout life. Perturbations in either of these repair processes have been shown to lead to a vari-
ety of myopathies, primarily disorders that result in muscle weakness and wasting [muscular dys-
trophies (MDs)]. Here we will review these repair processes and what is known concerning their 
mechanisms
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winds through the entire fiber in a regulated pattern, quickly releases Ca2+ into the 
SP that is filled largely with contractile units referred to as myofibrils [iterative col-
lections of sarcomeres (Fig. 13.1b)]. This intracellular signaling cascade elicits the 
coordinated contraction of the myofibrils and converts a chemical signal elicited by 
the original electrical impulse at the NMJ into a physical action within skeletal 
muscle tissue (reviewed in greater detail (Calderon et al. 2014)). Skeletal muscle is 
akin to a marvelous biological machine; however like any machine, this evolution-
ary marvel requires a system of repair processes that dynamically maintain its 
function.

13.2  Skeletal Muscle Requires Rapid Repair/Regeneration 
Mechanisms for Lifelong Maintenance

13.2.1  Plasma Membrane Lesions Undergo Patching via Ca2+ 
Regulated Exocytic Repair

For more than half a century, it has been well recognized that extracellular Ca2+ flux 
through plasma membrane lesions triggers the rapid (seconds) resealing of the 
membrane to avoid Ca2+ toxicity (reviewed (Andrews et al. 2014)). If these injuries 
are small enough (a few nanometers), the lesions can be rapidly resealed by virtue 
of membrane lipids rearranging to avoid exposure of the hydrophobic membrane 
core to the outside, polar environment (Gozen and Dommersnes 2014). However, if 
lesions exceed several nanometers, active repair processes are required to reinstate 
membrane integrity (Cooper and McNeil 2015). Active repair of membrane lesions 
often occurs through the rapid exocytosis of intracellular vesicles (Miyake and 
McNeil 1995; Bi et al. 1995). The resealing capability of this pathway is highlighted 
in classical experiments using microneedle damage of echinoderm egg membrane, 
where these cells can employ exocytic patch repair to reseal lesions of >2000 μm2 
in <5 s (Terasaki et al. 1997). Why cells go to such great lengths to maintain the 
mechanism of membrane patch repair lies in the propensity of this process to protect 
irreplaceable cell types (neurons) or those that are of significant energetic value 
(skeletal muscle). The mechanistic intricacy of membrane patch repair combined 
with its diversity of players in different cell types strongly suggests that it has been 
governed by immense selective pressure during cellular evolution.

13.2.1.1  General Membrane Patch Repair Mechanism

The general mechanism of membrane lesion patch repair is consistent throughout 
many diverse cell types; however, the exact proteins regulating patch repair and the 
membranes contributing to the patch continue to be hotly debated topics and likely 
differ greatly between cell types and organisms. Much of the controversy 
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surrounding this field likely stems from the many associated processes that are stim-
ulated by intracellular Ca2+ flux but may not be essential for membrane patch repair 
to restore plasma membrane (PM) barrier competence. For instance, the fusion of 
exocytic vesicles during conventional exocytosis associated with the secretory path-
way is regulated by increases in Ca2+; therefore, damaging the PM might cause 
exocytic vesicles to fuse with the PM due to incidental Ca2+ flux. This does not mean 
that these vesicles are necessarily important for membrane repair or that their fusion 
machinery should also be considered patch repair machinery. Moreover, because of 
the importance of closing membrane lesions to the survival of the cell, the probabil-
ity of built-in redundancy is high.

In short, upon elevated Ca2+ flux from the extracellular solution through the 
lesion site, vesicular membranes are recruited to the site of membrane breach, and 
rapid exocytic processes elicit the fusion of intracellular vesicles with the lesion. 
Vesicle-vesicle fusion produces a growing membrane patch, while fusion of these 
patch vesicles with the lesion membrane restores membrane barrier competence 
(Cooper and McNeil 2015). This process is likely regulated by exocytic machinery, 
of which synaptotagmin-7 and a variety of other soluble N-ethylmaleimide sensitiv-
ity factor attachment protein receptor SNARE proteins have been highlighted for 
their roles in Ca2+ sensing and fusogenic repair (Togo et al. 1999; Reddy et al. 2001; 
Detrait et al. 2000; Chakrabarti et al. 2003). Because diverse intracellular vesicles 
are fusion competent and vesicular fusion is regulated in part by elevated cytosolic 
Ca2+, most vesicular membranes are probably capable of contributing to membrane 
patch repair, although some may be preferred. There are also a variety of non- 
vesicular repair pathways that likely complement this process and may even be 
sufficient for lesion closure in some special cases (reviewed elsewhere (Andrews 
et al. 2014)).

Skeletal muscle fibers have a particular dependence on membrane patch repair, 
as up to 30% of skeletal muscle fibers exhibit membrane wounding in vivo (McNeil 
and Steinhardt 1997). Muscle fibers possess orders of magnitude more delimiting 
membrane than any other cell type, and this membrane is continuously subjected to 
immense mechanical stress that leads to SL lesions (McNeil and Khakee 1992). 
Although considerable controversy exists over the precise mechanism of skeletal 
muscle patch repair, a general consensus has been resolved following decades of 
investigation. Following SL insult, dysferlin is thought to function as a Ca2+ sensor 
and/or a fusogenic protein regulating membrane patch formation by virtue of its C2 
domains’ Ca2+-dependent affinity for phospholipids. The C2 domains of dysferlin 
and many other regulators of intracellular membrane fusion are essential for the 
Ca2+-dependent association of these proteins with membranes (Corbalan-Garcia 
and Gomez-Fernandez 2014). Dysferlin’s muscle-specific role in SL resealing is 
similar to related ferlin proteins’ roles in resealing PMs in other cell (Glover and 
Brown Jr. 2007; Johnson and Chapman 2010; Bansal et al. 2003). Recent investiga-
tion suggests that when SL damage occurs, dysferlin-laden SL is endocytosed and 
fuses along with endosomes and other endo-lysosomal organelles to form a mem-
brane patch (Glover and Brown Jr. 2007). In addition, dysferlin may remain at the 
membrane lesion and work to coordinate the fusion of membrane patch vesicles in 
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SL resealing. Strong evidence suggests that the Ca2+-dependent association of 
annexins with phosphatidylserine (PS) at the lesion membrane coordinates the 
action of dysferlin in SL resealing (Lennon et al. 2003). In parallel, mitsugumin 53 
oligomerizes on PS containing intracellular vesicles upon Ca2+ flux and works to 
recruit repair vesicles and patch repair machinery to the lesion site (Cai et al. 2009; 
Cai et al. 2015). Mutations and/or loss of any of these components leads to perturba-
tions of muscle repair in vivo, and some of the genes encoding these proteins are 
linked to a variety of human MDs (Bansal et al. 2003; Cai et al. 2009; Leikina et al. 
2015; Defour et al. 2017).

13.2.2  Skeletal Muscle Employs a Multipotent Stem Cell 
Population in Fiber Repair/Regeneration

Because of the essential nature of maintaining proper musculature, muscle pos-
sesses a second major repair process that relies on a native, multipotent stem cell 
population. These stem cells are termed satellite cells because of their proximity to 
the muscle fiber, occupying a niche in the surrounding basal lamina (Mauro 1961). 
Satellite cell-dependent muscle repair/regeneration is essential for the lifelong 
maintenance and function of skeletal muscle (Sambasivan et al. 2011; Lepper et al. 
2011). Upon fiber injury, satellite cells are activated and begin rampant prolifera-
tion. The resulting daughter cells contribute to the repair of damaged skeletal mus-
cle (Snow 1977; Reznik 1969). Like developmental muscle precursors, their 
multipotent daughter cells proceed through a muscle developmental program (myo-
genesis) and undergo homotypic (progenitor cell-progenitor cell) and heterotypic 
fusion with the damaged fiber to restore the fiber (Allen and Boxhorn 1989). 
Additionally, this muscle precursor population retains the ability to fuse and regen-
erate lost fibers de novo to restore damaged muscle lost to injury/disease (Gurevich 
et al. 2016; Collins et al. 2005; Rosenblatt et al. 1995; Corona et al. 2013).

13.3  Satellite Cell-Dependent Muscle Repair: A Trip Back 
to Development?

13.3.1  Myogenic Progression of Progenitor Cells 
in Skeletal Muscle

Our understanding of satellite cell-dependent muscle repair is largely colored by the 
characterization of myogenic progression during development. Skeletal muscle 
develops from the dorsal portion of the somites, with the exception of many head 
muscles (Gros et al. 2005). Embryonic myogenic specification is controlled primar-
ily by the transcription factor paired box protein 3 (PAX3), and to a lesser extent 
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PAX7, which plays a sort of master regulatory role in the process of myogenic 
specification (Tajbakhsh et al. 1997; Bober et al. 1994). Further commitment to dif-
ferentiated muscle involves sequential activation of four myogenic regulatory factor 
(MRF) family transcription factors Myf5, MyoD, myogenin, and MRF4 (reviewed 
extensively (Dumont et al. 2015)). Some controversy remains involving the hierar-
chy of these regulators, but the consensus is that Myf5–followed shortly by MyoD–
act as determination factors, committing cells to a myogenic fate. Next, myogenin 
and MRF4 expression increase and fulfill essential roles for terminal muscle dif-
ferentiation. Largely, myogenic progression of resident muscle stem cells in adult 
tissue proceeds through a similar myogenic progression (i.e., myogenesis); however 
some differences exist in the mechanistic action of these general processes.

13.3.2  Satellite Cells Become Activated and Migrate to Tissue 
Damage upon Muscle Injury

Following muscle injury, skeletal muscle stem cells must become activated and 
migrate to sites of fiber injury to participate in tissue repair, as illustrated in Fig. 13.2. 
Adult skeletal muscle maintains a satellite stem cell population in the basal lamina 
surrounding the muscle fiber that plays essential roles in myogenic repair/regenera-
tion. These stem cells reside in a quiescent state with a high nuclear/cytoplasm ratio 
and very low transcriptional and metabolic activity at rest (Cheung and Rando 
2013). Resting satellite cells are very similar to undifferentiated muscle progenitors 
in development; however this stem cell population displays an essential requirement 
for PAX7, which they express at very high levels in contrast to the high reliance on 
PAX3 developmentally (Sambasivan et al. 2011; Lepper et al. 2011; Bober et al. 
1994; Mansouri et al. 1996). Upon muscle injury, nitric oxide is near instantly gen-
erated and plays an essential role in the injury-induced activation of satellite cells 
(Anderson 2000). The extracellular matrix (ECM) of the basal lamina embeds satel-
lite cells and insulates them from the influence of circulating growth factors. Nitric 
oxide strongly upregulates the production of matrix metalloproteinase that degrades 
the ECM environment of the satellite cell niche (Tatsumi 2010). Upon ECM dam-
age, satellite cells are exposed to and activated by a variety of circulating factors. 
One factor, fibroblast growth factor (FGF) 2, induces a rapid intracellular Ca2+ spike 
through transient receptor potential cation channels, which activates nuclear factor 
activated T-cells, cytoplasmic, and leads to cell cycle reentrance (Liu and Schneider 
2014). A similar activating role has also been ascribed to hepatocyte growth factor 
(Tatsumi et al. 1998; Allen et al. 1995). Cell cycle reentrance marks the initiation of 
satellite cell-dependent muscle repair.

Following activation, satellite cells become highly mobile and migrate to the site 
of muscle fiber injury where they proliferate, giving rise to a pool of highly fuso-
genic muscle precursor cells (Bischoff 1997). Initial migration to the site of injury 
is essential, as activated satellite cells become less mobile following proliferation 
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Fig. 13.2 Satellite cell-dependent skeletal muscle repair. A graphical illustration of the progres-
sion of satellite cell-dependent skeletal muscle repair following injury. Sequential steps highlight 
the roles of the myogenic cell types involved at each step of repair: Burgundy, quiescent satellite 
cells; red, activated satellite cells, orange, proliferative myoblasts; pink, quiescent myocytes; and 
pink with magenta striations. Multinucleated myofibers. Within damaged fiber windows examples 
of the many singling factors associated with the progression of satellite cell-dependent repair 
between steps are highlighted as colored spheres: green, nitric oxide (NO2), yellow, fibroblast 
growth factor and hepatocyte growth factor (FGF and HGF); and purple, a general representation 
of interleukin factors (ILs)

(Dumont et al. 2015). Injured muscle releases a variety of soluble chemoattractant 
molecules, illustrated by the ability of extract from crushed muscle to promote 
directional migration of isolated muscle progenitor cells (Bischoff 1997). The che-
moattractant abilities of some soluble molecules within crush extracts have been 
recognized (e.g., transforming growth factor-β, hepatocyte growth factor, FGF2, 
and FGF6) (Siegel et al. 2009; Neuhaus et al. 2003); however, the exact contribu-
tions of various factors to muscle progenitor chemotaxis remain an area of open 
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investigation. Upon reaching the site of damage, activated satellite cells begin pro-
liferating to produce a population of multipotent daughter cells capable of repairing 
the musculature.

13.3.3  Proliferation of Myogenic Daughter Cells 
for Contribution to the Musculature

At the site of muscle injury, activated satellite cells undergo successive rounds of 
proliferation producing many repair-competent daughter cells while also maintain-
ing an uncommitted stem cell population for future muscle maintenance. These sat-
ellite cell attributes were perhaps best highlighted by Collins et al. who evaluated 
satellite cell-dependent muscle repair in irradiated murine hindlimbs (Collins et al. 
2005). Transplantation of a single muscle fiber with as few as seven satellite cells 
was sufficient to repopulate irradiated muscle with >100 resident satellite cells and 
produce ~100 regenerated muscle fibers containing an estimated 25,000–30,000 
differentiated myonuclei in 3  weeks post transplantation (Collins et  al. 2005). 
Moreover, the repopulated satellite cell population contributed to subsequent satel-
lite cell-dependent muscle repair when the muscles were injured with notexin injec-
tion, demonstrating that these repopulated cells were true repair competent satellite 
cells. Exactly how satellite cell proliferation gives rise to separate populations of 
committed progenitors and uncommitted stem cells has been extensively evaluated 
in recent years. Although these recent investigations have produced a basic under-
standing of satellite cell division and self-renewal, this is still a very active area of 
investigation.

For some time, whether Pax7+ satellite cells were true stem cells or whether they 
were dedifferentiated myoblasts was an open question. In 2007, the Rudnicki group 
demonstrated that ~10% of the total satellite cell pool were Pax7+/ myogenic factor 
5 (Myf5)− and had never expressed the commitment factor Myf5 throughout the 
history of the cell (Kuang et al. 2007). This never committed Pax7+/ Myf5− popula-
tion expands to ~30% of the satellite cell pool following injury, suggesting a role for 
the expansion of satellite stem cells in muscle repair. These Pax7+/ Myf5− cells are 
thought to represent the true, uncommitted stem cell population in skeletal muscle; 
however the precise origin of individual muscle stem cells is complicated, as there 
is strong evidence that committed muscle progenitor cells can undergo dedifferen-
tiation and revert to quiescent satellite cells in vitro (Zammit et al. 2004). Moreover, 
the physiological relevance of this dedifferentiation process in maintaining repair 
competent satellite cells was recently bolstered with the observation of myogenic 
regression of committed muscle progenitors in vivo (Shea et al. 2010).

Regardless of their previous differentiation states, satellite cells undergo succes-
sive rounds of proliferation at the site of muscle injury. This proliferative process is 
partially regulated by many of the same factors that activate these cells (e.g., FGF2); 
however recent investigation has highlighted the role of a cascade of 
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proinflammatory cytokines (e.g., interleukin 6) released in injured muscle that coin-
cides with muscle progenitor proliferation and play major roles in regulating this 
process (Wang et al. 2008; Cantini et al. 1995). Once proliferation is initiated, satel-
lite cells can undergo two separate division processes giving rise primarily to com-
mitted satellite cells (Pax7+/Myf5+)–and to a lesser extent–maintaining an 
uncommitted satellite cell population (Pax7+/Myf5−) for stem cell self-renewal. 
 Pax7+/Myf5− cells can either undergo asymmetric (apical/basal) or symmetric (pla-
nar) division, with respect to the SL (see initial satellite cell division in Fig. 13.3) 
(Kuang et al. 2007). Asymmetric division gives rise to a daughter cell that maintains 
Pax7+/Myf5− attributes of the mother satellite cell and a second daughter cell (typi-
cally the cell that has divided toward the basal lamella and is no longer in direct 
contact with the SL) is a committed Pax7+/Myf5+ cell. Symmetric division expands 
the Pax7+/Myf5− satellite cell population by giving rise to two Pax7+/Myf5− daugh-
ter cells and is likely important for the expansion of this cellular population 

Fig. 13.3 Myogenic progression in satellite cell-dependent skeletal muscle repair. An illustrative 
model of myogenic progression associated with the activation of satellite cells and the subsequent 
repair of a damaged muscle fiber or regeneration of a lost skeletal muscle fiber de novo. At the 
bottom of the figure is a graphical representation of the expression of the four primary myogenic 
factors that regulate this myogenic process and their temporal relationship to satellite cell- 
dependent muscle regeneration
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following injury and the overall maintenance of the Pax7+/Myf5− quiescent cell 
population following repair. Pax7+/Myf5+ satellite cells, while having initiated their 
myogenic program, are actually more proliferative than their uncommitted counter-
parts but only undergo symmetric cell division in order to expand this committed 
muscle progenitor population. These processes produce a mixed muscle precursor 
population that must further differentiate in order to contribute to the musculature 
and repair damage.

13.4  Satellite Cell Differentiation

Satellite cells are non-fusogenic and must undergo further differentiation to contrib-
ute to muscle tissue. Myogenic differentiation of satellite cells first begins when 
most satellite cells start to express Myf5. Differentiation proceeds when Pax7+/
Myf5+ satellite cells begin expressing myoblast determination protein (MyoD) and 
are then termed proliferative myoblasts. Along myogenic progression, MyoD initi-
ates the transition from proliferation to quiescence accompanied by further myo-
genic differentiation. MyoD accomplishes these further steps in myogenic 
progression by upregulating cell cycle inhibitors and by initiating the expression of 
myogenin (Fig. 13.3) (Hollenberg et al. 1993; Halevy et al. 1995). As in develop-
ment, myogenin and myogenic regulatory transcription factor 4 both work to dif-
ferentiate muscle progenitor cells by activating genes essential for muscle function 
(e.g., myosin heavy chain and L-type Ca2+ channels), as well as activate the expres-
sion of muscle proteins required for fusion (e.g., myomaker, myomerger) (Millay 
et  al. 2013; Davie et  al. 2007). From this point, quiescent, differentiated muscle 
progenitors, termed myocytes, proceed through homotypic fusion to produce 
nascent myofibers or through heterotypic fusion with the ends of damaged fibers to 
restore the muscle fiber.

13.5  Muscle Fusion in Fiber Repair and Regeneration

13.5.1  Adhesion Proteins in Muscle Fusion

Muscle progenitor cell fusion is the fundamental step by which muscle progenitor 
cells contribute to the repair/regeneration of skeletal muscle. Quiescent myocytes 
precede through myogenic fusion by recognizing a fusion partner, forming tight 
cell-cell adhesion with that partner, and then undergoing a complicated fusion pro-
cess to form a syncytium.

Myogenic fusion is preceded by the mutual recognition of fusion partners. 
Fusion partner recognition is perhaps best understood in Drosophila melanogaster; 
however muscle cell fusion is fundamentally different in fly compared to mammals 
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(e.g., the role of founder cells). In D. melanogaster, fusion competent myoblasts 
(FCMs) recognize their fusion partners (founder cells/myotubes) membranes recog-
nize cognate immunoglobulin superfamily proteins Kin-of-IrreC and the function-
ally redundant Roughest on fusion partner membranes (reviewed extensively 
(Rochlin et al. 2010)). The association of these factors with their cognate partners 
on fusion partner membranes plays an essential role in these cells distinguishing 
one another from the many other cell types in the skeletal muscle tissue, in the adhe-
sive association of fusion partners, and in activating downstream signaling required 
for fusion initiation (e.g., activation of cytoskeletal rearrangements discussed below).

Nephrin (vertebrate homolog of sticks-and-stones) is the only common recogni-
tion/adhesion molecule common to both mammal and D. melanogaster. In mice, all 
myocytes are all considered equivalent, so the segregation of roles for different 
adhesion proteins between partners is not obvious (i.e., there are no founder cells in 
mammals; all daughter cells appear equal). However, integrins α3, β1, and α9β1 
have been recognized for their roles in muscle progenitor cell adhesion and fusion 
(Schwander et al. 2003; Lafuste et al. 2005). Moreover, the muscle-specific adhe-
sion protein M-cadherin is enriched at sites of myocyte cell-cell contact and is 
required for the efficient fusion of immortalized rat myoblasts (Zeschnigk et  al. 
1995). However, loss of M-cadherin expression in mice leads to no obvious pertur-
bation in skeletal muscle development or regeneration (Hollnagel et al. 2002). The 
latter finding is hard to interpret in light of the many putative roles of M-cadherin in 
skeletal muscle; however this may suggest significant redundancy in adhesion/
fusion machinery.

13.5.2  Membrane Signaling in Muscle Recognition/Fusion

In addition to specific adhesion proteins, the exofacial exposure of phosphatidylser-
ine (PS) is a major membrane signaling process regulating muscle cell recognition, 
adhesion, and fusion. Its exposure is well recognized as an important signaling pro-
cess regulating physiological cell fusion events (e.g., sperm-egg, macrophage, syn-
cytiotrophoblast, osteoclast precursor, and virus-cell fusion) (Zaitseva et al. 2017; 
Verma et al. 2018; Riddell et al. 2013; Helming and Gordon 2009; Adler et al. 1995; 
Whitlock and Chernomordik 2021). Van den Eijnde et  al. first identified non- 
apoptotic PS exposure on the exofacial leaflet of developing murine musculature 
(Van den Eijnde et al. 1997). Shortly after, they followed this observation with the 
description of PS exposure at sites of contact in fusing immortalized myoblasts and 
found that masking this PS signal inhibited fusion (van den Eijnde et al. 2001). This 
transient PS exposure was not associated with the appearance of apoptotic markers 
and could not be blocked via inhibition of caspase activity. These findings have been 
confirmed in primary murine myoblasts, and exogenous PS liposomes were found 
to directly promote primary muscle fusion (Jeong and Conboy 2011). Although 
exposed PS regulates myocyte fusion, the exact mechanism by which this process 
regulates fusion is only beginning to be appreciated.
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Recently, two receptors have been identified for their role in recognizing PS dur-
ing myocyte fusion. Brain-specific angiogenesis inhibitor 1 and stablin 2 have both 
been identified as muscle PS receptors required for efficient fusion in vitro, and loss 
of either significantly perturbs satellite cell-dependent muscle repair/regeneration 
following cardiotoxin challenge in vivo (Park et al. 2016; Hochreiter-Hufford et al. 
2013). BAI1 is a G protein-coupled receptor previously recognized for its role in 
mediating PS recognition on apoptotic cells through the engulfment and cell motil-
ity (ELMO)/dedicator of cytokinesis (DOCK)180/ Ras-related C3 botulinum toxin 
substrate (Rac)1 pathway (Park et al. 2007). Because the ELMO/DOCK180/Rac1 
pathway plays an essential role in regulating muscle fusion in fly, fish, and mouse 
(Park et  al. 2007; Vasyutina et  al. 2009; Moore et  al. 2007; Laurin et  al. 2008; 
Geisbrecht et  al. 2008) and PS is also implicated in muscle fusion, the role of 
BAI1 in muscle fusion was investigated. Although loss of BAI1 does perturb muscle 
repair in vivo, the protein’s role in fusion was primarily investigated in immortal-
ized C2C12 cells. The STAB2 receptor is also thought to mediate PS recognition 
through the ELMO/DOCK180/Rac1 pathway. Despite the previously identified role 
for BAI1  in muscle fusion, investigators found that Bai1 mRNA was barely 
detectible in murine skeletal muscles or in C2C12 myoblasts during differentiation. 
In contrast, high levels of Stab2 mRNA were detected in multiple murine limb mus-
cles, and Stab2 is upregulated during the differentiation of both C2C12 and primary 
myoblasts (Park et al. 2016). Stab2 steady-state levels are regulated during myo-
genic differentiation by increases in cytosol Ca2+ concentration under the regulation 
of NFATc, which as previously discussed, also regulates the activation of satellite 
cells through FGF2 signaling upon damage. Moreover, STAB2 can confer fusion 
capability to non-fusogenic fibroblasts, suggesting that PS signaling may play a role 
in direct cell-cell fusion and not be restricted to only regulating cell recognition and 
adhesion. In direct contrast to Hochreiter-Hufford et al. (Park et al. 2007), Park et al. 
found apoptotic inhibition in C2C12 cells had no effect on fusion, in control or 
STAB2 overexpressing conditions (Park et al. 2016). This finding is in line with 
previous descriptions of the inhibition of caspase activity having no effect on PS 
exposure or fusion in myoblasts (van den Eijnde et al. 2001). Some of these discrep-
ancies may be due to when and for how long the cells were treated with caspase 
inhibitors. Interestingly, the loss of either BAI1 or STAB2 has a very modest effect 
on skeletal muscle development despite their obvious effects on muscle repair and 
in vitro muscle progenitor fusion.

Although consensus suggests myoblast PS exposure and fusion are not affected 
by apoptotic inhibition, sub-apoptotic activity of caspase-2, −3, and −9 play essen-
tial roles in myogenesis (Murray et al. 2008; Fernando et al. 2002; Boonstra et al. 
2018). Recent work has convincingly demonstrated that sub-apoptotic activity of 
caspase-9 is initiated in non-apoptotic C2C12 cells during myogenic progression 
following differentiation. This rise in the initiator caspase-9 coincides with the 
cleavage/activation of the effector caspase-3 during differentiation at levels below 
those observed following apoptotic induction of C2C12 cells via staurosporine 
treatment (Murray et al. 2008). This caspase-3 activity elicited in C2C12 cells was 
found to activate MST1, a component of the p38 MAPK signaling pathway 
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(Fernando et  al. 2002). The p38 MAPK signaling pathway has been highlighted 
previously for its role in increasing the endogenous activity of skeletal muscle tran-
scription factors associated with myogenic progression (Ornatsky et  al. 1999; 
Lechner et al. 1996). Interestingly, the inhibition of C2C12 fusion associated with 
caspase-3 knock-down can be rescued via MST1 overexpression, suggesting this 
kinase plays an integral function in the progression of myogenic progression/fusion 
in C2C12 cells downstream of caspase-3, which is downstream of the initiator cas-
pase 9 (Fernando et al. 2002). Moreover, sub-apoptotic caspase-2 activity has also 
been highlighted for a potential role in regulating cell cycle arrest and myogenic 
progression upstream of C2C12 cell fusion (Fernando et al. 2002). Thus, the non- 
apoptotic role of caspase activity in skeletal muscle development is likely epistatic 
to muscle fusion, and manipulating caspase activity likely perturbs these upstream 
signaling processes, making the inhibitory effect of caspase on muscle cell fusion 
difficult to interpret regardless of the effect observed.

Non-apoptotic phospholipid scrambling is known to elicit the rapid exposure of 
exofacil PS via Ca2+-dependent phospholipid scrambling (Ca2+-PLS). Previous 
reports have demonstrated that some transmembrane protein (TMEM)16 proteins 
are the Ca2+-PLSases that produce this exofacil PS signal in diverse cell types 
(Brunner et al. 2014; Malvezzi et al. 2013; Yu et al. 2015). Mutations in TMEM16E–a 
close relative of the PLSase TMEM16F–were found to cause limb-gridle muscular 
dystrophy type 2  L (Bolduc et  al. 2010; Hicks et  al. 2011). We characterized a 
murine model of this MD and found that the absence of TMEM16E results in sig-
nificantly perturbed myoblast fusion (Griffin et al. 2016). Further investigation by 
the Hartzell group has demonstrated a non-PLSase role for TMEM16E in SL patch 
repair (Foltz et al. 2021). Interestingly, like loss of Bai1 and Stab2, loss of Ano5 
significantly perturbs muscle repair/regeneration but has a very modest effect on 
skeletal muscle development (Griffin et al. 2016).

13.5.3  The Skeletal Muscle Bipartite Fusion Machine

Work over the last decade has significantly improved our mechanistic understand-
ing of how muscle precursor cells fuse and form syncytial fibers; however many 
questions concerning how the machinery that facilitates these cell-cell fusions is 
regulated remain to be elucidated. Myoblast membrane fusion is facilitated by a 
bipartite fusion machine created by the cooperative activity of the muscle-specific 
proteins myomaker and myomerger (Millay et al. 2013; Zhang et al. 2017; Bi et al. 
2017; Quinn et al. 2017). All biological membrane fusion events proceed through a 
shared fusion through hemifusion mechanism (Whitlock and Chernomordik 2021). 
In skeletal muscle, myomaker promotes the union of exofacial plasma membrane 
leaflets to form a hemifusion diaphragm between tightly adhered fusion partners 
(Millay et al. 2013; Leikina et al. 2018). Following myomaker activity, myomerger 
promotes the formation of fusion pores at the perimeter of the hemifusion dia-
phragm, resulting in a shared cytoplasm between fusion partners (Leikina et  al. 
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2018; Golani et al. 2021). Interestingly, recent work has shown that the exposure of 
exofacial PS was found to be a critical trigger for the conformational reengagement 
of myomerger that promotes fusion pore formation, demonstrating that PS exposure 
is indeed a fusion trigger in skeletal muscle (Whitlock and Chernomordik 2021; 
Gamage et al. 2022).

Although myomaker and myomerger are both necessary and, together, sufficient 
for membrane fusion, skeletal muscle relies on many additional proteins to coordi-
nate cell-cell fusion and syncytial formation in a regulated fashion. Recent work 
from the Chernomordik group has helped to resolve the mechanistic roles of several 
fusion regulators, including the role of PS binding proteins, annexins A1 and A5, for 
their roles in promoting initial hemifusion between fusing myoblasts and the roles 
of dynamin, phosphatidylinositol(4,5)bisphosphate, and cell metabolism in the 
expansion of the fusion pore to form organized syncytia (Leikina et al. 2013). In 
contrast, the mechanosensitive Ca2+ channel PIEZO1 is activated by the removal of 
PS from the plasma membrane of fusion partners and acts as a molecular break, 
stopping fusion following myotube formation (Tsuchiya et al. 2018). In addition to 
specific regulatory proteins, cytoskeletal dynamics play an integral role in the for-
mation of skeletal fiber syncytia.

13.5.4  Other Players in Muscle Cell Fusion

Cytoskeletal regulators and rearrangement of the cytoskeleton play essential roles 
in myogenic fusion, although the precise mechanism is still ambiguous. The essen-
tial role of actin rearrangement for muscle fusion in D. melanogaster has been dis-
cussed extensively elsewhere (Abmayr and Pavlath 2012). Briefly, in D. melanogaster 
actin related protein 2/3 complex generates actin foci that are essential for the fusion 
of FCMs and FCs. Arp2/3 cytoskeletal rearrangement is regulated by the Scar com-
plex, which in turn is controlled by the Rac1/2 complex. Overarching regulators of 
these cytoskeletal rearrangements are ELMO/Myoblast city in FCMs. All of these 
processes are thought to occur downstream of cell-cell adhesion under the regula-
tion of the Sticks-and-stone/Hibris and Kin-of-IrreC/Roughest discussed earlier. 
Actin regulation through the ELMO/DOCK180/Rac1 pathway is also thought to be 
a major regulator of muscle fusion in vertebrates (Hochreiter-Hufford et al. 2013; 
Park et al. 2007; Vasyutina et al. 2009; Moore et al. 2007; Laurin et al. 2008); how-
ever the exact mechanism underlying how these changes in intracellular actin occur 
is unclear. Much confusion surrounding the precise role of the cytoskeleton in mus-
cle fusion is probably created because this system is essential for the migration 
required for cells to fuse. With this in mind, it is difficult to determine whether loss 
of these actin signaling processes perturb actual fusion or prevent fusion by perturb-
ing cell contact by altering cell migration.

In vitro evaluation of muscle cell fusion partner recognition from murine models 
commonly highlights the production of many lamellopodia and filopodia that con-
tact potential fusion partners and are thought to sample the membranes of other cells 
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(Stadler et al. 2010; Segal et al. 2016). These cellular extensions are enriched in 
both adhesion and signaling proteins and may provide force driving the union of 
fusion partners during this match-making process (Mukai et al. 2009; Abramovici 
and Gee 2007). Similarly, filopodial extensions are described in D. melanogaster 
and are essential for myogenic precursor fusion during development (Yoon et al. 
2007; Murphy and Courtneidge 2011). Lamellopodial and filopodial structures 
appear to carry out vital mechanistic roles in muscle fusion.

Finally, much recent interest has been created around the role of extracellular 
vesicle (EV) signaling in the regulation of muscle cell fusion. Many tissues through-
out the body release EVs that play diverse cell-cell signaling roles in health and 
disease (extensively reviewed (van Niel et al. 2018)). Skeletal muscle releases EVs 
that are thought to function in crosstalk with other tissues and may play roles in 
musculoskeletal disease (Whitham et al. 2018; Murphy et al. 2018). Recently, it has 
been shown that proliferating and differentiated myoblasts release EVs that differ in 
their cargo, and which are endocytosed by other muscle cells (Forterre et al. 2014). 
Exchange of both protein and RNA cargo has been observed, and this exchange has 
been found to alter myogenic progression (Forterre et al. 2014; De Gasperi et al. 
2017). Moreover, EVs from muscle appear to promote neuronal survival and neurite 
outgrowth, suggesting these signaling units may play an important role in the main-
tenance of the NMJ (Madison et al. 2014). Much concerning the production, uptake, 
and regulatory role of EVs has been discovered in the past decade (reviewed exten-
sively (van Niel et al. 2018)). Interestingly, Ca2+-PLS is commonly associated with 
the production of EVs and may play a role in the release and signaling of EVs in 
muscle as we have discussed previously (Whitlock and Hartzell 2017).

13.6  Conclusion

Recent work investigating the mechanisms of skeletal muscle repair has highlighted 
the parallel roles of SL patch repair and satellite cell-dependent repair in the main-
tenance of skeletal muscle tissue throughout life. Significant progress has been 
made in elucidating the mechanisms of these repair processes over the last two 
decades; however the many rapid steps that take place in each process successively 
have created a significant challenge in characterizing the precise contributions of 
molecular players to these processes. For satellite cell-dependent repair demon-
strate precisely what step in myogenesis/fusion a protein of interest is involved has 
proven to be a challenging task. Many proteins have been shown to perturb muscle 
progenitor cell fusion; however, it is conceivable that proteins involved in myogenic 
differentiation, fusion partner recognition, cell-cell adhesion, or in cell-cell fusion 
could all lead to this outcome. Although challenging, careful evaluation of each of 
the processes mentioned above is important for fully characterizing the role of a 
particular regulatory factor in satellite cell-dependent skeletal muscle repair.

In addition to the challenges of characterizing a particular molecular player’s 
role in muscle repair, current models commonly used to evaluate muscle progenitor 
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cell repair competence (e.g., cultured muscle progenitor cells) likely recapitulate 
aspects of both embryonic muscle development as well as adult myogenic repair. 
Although these two processes are similar, many factors appear to have very different 
requirements during these two myogenic processes (e.g., the different requirements 
for the PS signaling machinery discussed above). In the future, it may be important 
to employ new models where in vivo observation of satellite cell-dependent muscle 
repair is more readily observable (e.g., zebra fish).
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Chapter 14
Virus-Induced Cell Fusion and Syncytia 
Formation

Maorong Xie

Abstract Most enveloped viruses encode viral fusion proteins to penetrate host 
cell by membrane fusion. Interestingly, many enveloped viruses can also use viral 
fusion proteins to induce cell-cell fusion, both in vitro and in vivo, leading to the 
formation of syncytia or multinucleated giant cells (MGCs). In addition, some non- 
enveloped viruses encode specialized viral proteins that induce cell-cell fusion to 
facilitate viral spread. Overall, viruses that can induce cell-cell fusion are nearly 
ubiquitous in mammals. Virus cell-to-cell spread by inducing cell-cell fusion may 
overcome entry and post-entry blocks in target cells and allow evasion of neutral-
izing antibodies. However, molecular mechanisms of virus-induced cell-cell fusion 
remain largely unknown. Here, I summarize the current understanding of virus- 
induced cell fusion and syncytia formation.

14.1  Introduction

The term syncytium or symplasm is used to describe a multinucleated giant cell 
(MGC) formed by cell fusions of several individual cells, in contrast to coenocyte, 
which describes a MGC arising from multiple nuclear divisions without cytokine-
sis. Both result in the formation of MGC containing two or more nuclei in the same 
cell; however they are not mutually exclusive. For example, abnormal nuclear divi-
sion could occur in small syncytia followed by virus infection, such as measles, 
Sendai, and myxoma virus (Poste 1970). Interestingly, nuclear bridges have been 
described in MGCs in patients with AIDS, suggesting the role of nuclear division in 
MGC formation (Mizusawa et  al. 1987). However, little evidence support that 
abnormal nuclear division may contribute to the formation of virus-induced MGC 
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(Tsukamoto et al. 1999). In general, it is well established that cell-fusion is respon-
sible for syncytia formation in most scenarios (Leroy et al. 2020).

Cell-cell fusion and syncytia formation are universal, active, and frequent phe-
nomena in mammals. This process is evolutionarily conserved among eukaryotes 
(Ogle et al. 2005). Under certain homeostatic and developmental conditions, mam-
malian cells can undergo cell fusion and give rise to multinucleated giant cells with 
specialized functions. At the cellular level, cell fusion of sperm and egg is essential 
for fertilization in mammals. At the organ level, cell fusion of myoblasts is impor-
tant for the formation of skeletal muscle with increased myofiber size to improve 
contractile strength, and it can also take place during the formation of placenta (i.e., 
the fusion of trophoblast cells)(Buchrieser et al. 2019; Ogle et al. 2005). In addition, 
fusion of macrophages and formation of MGCs is part of the inflammatory 
responses; the formation of MGCs by cell fusion is associated with cancer patho-
genesis (Duelli and Lazebnik 2007).

All enveloped viruses encode viral fusion proteins for virus entry. These viral 
fusion proteins can also be used by viruses to mediate cell-to-cell fusion for efficient 
viral spread. Indeed, many families of enveloped viruses have been shown to induce 
cell-cell fusion and syncytia formation under appropriate conditions (Duelli and 
Lazebnik 2007; Leroy et al. 2020; Poste 1972). To date, four classes of viral fusion 
proteins have been characterized based on their key structural features (Harrison 
2008; Podbilewicz 2014).

Class I viral fusion proteins, typified by influenza HA and HIV Env, have a tri-
meric α-helical coiled coil at N-terminal and three C-terminal helices. They require 
a proteolytic cleavage of a trimeric and single-chain precursor to make them fuso-
genic. The cleavage eliminates a single peptide bond to generate two fragments of 
the fusion proteins. The N-terminal fragment, such as the gp120 fragment of HIV-1 
Env or the HA1 fragment of influenza HA, is usually a receptor-binding domain 
which constrains the C-terminal, fusogenic fragment, such as HA2 or gp41, until 
triggered by receptor binding to release it. The fusogenic fragment consists of a 
hydrophobic fusion peptide at or near its N-terminus and a C-terminal transmem-
brane anchor to hold on to the viral membrane.

Most members of the class II viral fusion proteins, such as the flavivirus enve-
lope protein E, are transmembrane glycoproteins that form an icosahedral scaffold 
on the mature virion. Class II fusion proteins consist of β-sheet structure forming an 
elongated ectodomain, with internal fusion loops located at the tips of β-strands. 
Cleavage of a second membrane protein (i.e., membrane protein M in flaviviruses), 
which acts as a chaperone, primes viral membrane fusion. This cleavage induces the 
rearrangement of surface lattice and causes trimerization of the viral fusion protein. 
The hydrophobic fusion loop engages target cellular membrane during the confor-
mational change (Kielian 2006).

The class III viral fusion proteins, such as rhabdovirus G protein and herpesvirus 
gB protein, share structural features with Class I and Class II fusion proteins. They 
have a trimeric α-helical coiled coil, and they are trimeric in both pre- and post- 
fusion conformations. However, their fusion loops resemble to those of Class II 
fusion proteins and are located at the tips of β-strands (Backovic and Jardetzky 2009).
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The Class IV membrane proteins are fusion-associated small transmembrane 
(FAST) proteins encoded by some non-enveloped reoviruses (Shmulevitz and 
Duncan 2000). FAST proteins are the smallest known viral fusogens and are unlikely 
to form trimeric hairpins. Interestingly, FAST proteins are not involved in virus 
entry but are dedicated to mediate cell-cell fusion and syncytia formation 
(Ciechonska and Duncan 2014).

To spread within an infected host, virus has evolved different strategies for insur-
ing viral transmission and persistence. First, cell-free virus particles released from 
infected cells could infect neighboring or distant cells. Second, virus particles or 
viral genetic material could be transferred directly from infected cells to neighbor-
ing uninfected cells through cell-to-cell contacts. However, virus spread via cell- 
free virus particles is rather inefficient and rate limited by fluid uptake and virion 
attachment. Moreover, freely diffusing virions are vulnerable to antibody neutral-
ization and antibody-mediated opsonization (Abela et  al. 2012; Marechal et  al. 
2001; Sigal et al. 2011). In addition, cell-free virus particles must survive the innate 
and adaptive immune defenses to successfully establish infection in a new host. To 
circumvent these challenges, many viruses have adapted to benefit from cell-to-cell 
interactions for efficient virus dissemination without appearing as cell-free virus 
particles, a mechanism described as virus cell-to-cell transmission (Bracq et  al. 
2018; Cifuentes-Munoz et al. 2018; Phillips 1994). For example, HIV-1 cell-to-cell 
transmission between CD4+ T cells mainly involves the formation of virological 
synapses (Alvarez et  al. 2014; Chen et  al. 2007; Hubner et  al. 2009; Jolly et  al. 
2004; Jolly et al. 2007; Rudnicka et al. 2009), but also through other membrane 
structures, such as nanotubes or filopodia, and has been estimated to be 100–1000 
times more efficient than the cell-free virus infection process (Dimitrov et al. 1993; 
Sato et  al. 1992). Different modes of virus cell-to-cell infection through distinct 
intercellular structures enabling close contacts between virus-infected cells and 
non-infected target cells have been described over the past years. Intercellular trans-
fer of viral material has been described mainly through establishment of the viro-
logical or infectious synapses, and also using membrane protrusions such as 
tunnelling nanotubes (TNTs), filopodia, phagocytosis, and cell-to-cell fusion pro-
cesses (Bracq et al. 2018; Chen 2012; Jolly and Sattentau 2004; Mothes et al. 2010; 
Pedro et al. 2019; Sattentau 2008; Zhong et al. 2013).

Several mechanisms for virus cell-to-cell transmission have been described; 
many viruses could also utilize the fusogenic capacity of viral fusion proteins to 
induce cell-cell fusion between virus-infected cells and neighboring cells, resulting 
in the formation of enlarged multinucleated syncytia (Leroy et al. 2020). The forma-
tion of syncytia, the fusion between infected and uninfected cells, is the simplest 
mechanism of virus cell-to-cell spread which can be reproduced in vitro for para-
myxoviruses, herpesviruses, and some retroviruses. For example, paramyxoviruses, 
including respiratory syncytial virus (RSV) and measles virus (MV), can induce the 
formation of MGCs in vitro and in vivo for efficient viral cell-to-cell spread (Fugier- 
Vivier et al. 1997; McChesney et al. 1997; Takeuchi et al. 2003). Similarly, alpha- 
herpesviruses express a number of fusogenic glycoproteins and are able to induce 
syncytia formation (Cole and Grose 2003). Finally, HIV-1 and HTLV-1 can also 
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form syncytia in tissue culture (Benovic et al. 1998; Ceccaldi et al. 2006). Syncytia 
formation also facilitates many viruses, such as HIV-1 and measles viruses, to 
spread from cell-to-cell without encountering the extracellular environment (Duprex 
et al. 1999; Sato et al. 1992). Thus, virus-induced cell-to-cell fusion represents a 
unique mode of virus cell-to-cell transmission by protecting virus from neutralizing 
antibodies and may overcome the virus entry block due to limited expression of 
receptors on target cells and also the inhibitory effects of several antiviral restriction 
factors, such as SAMHD1 and tetherin/BST2 (Bracq et al. 2017, 2018; Cifuentes- 
Munoz et al. 2018; Han et al. 2022; Phillips 1994). Indeed, many respiratory viruses, 
such as respiratory syncytia virus, measles, influenza, and parainfluenza virus, 
exploit this mechanism for virus cell-to-cell spread (Cifuentes-Munoz et al. 2018). 
Virus-induced multinucleated syncytia maintain metabolic functions and essential 
gene expression, which provide an expanded and prolonged localized environment 
for viral propagation. When multinucleated syncytia succumb to apoptosis and rup-
ture, they release an enormous burst of infectious virus particles, facilitating sys-
temic spread of the infection (Castedo et al. 2002; Salsman et al. 2005). Therefore, 
the formation of virus-induced multinucleated syncytia causes cytopathic effects 
and potentially facilitates virus propagation, virus dissemination, and immune eva-
sion (Leroy et al. 2020). The goal of this chapter is to provide an overview of the 
diverse virus families that can trigger cell-to-cell fusion and syncytia formation for 
efficient virus cell-to-cell transmission.

14.2  Human Endogenous Retroviruses

The placenta is an autonomous, transient organ that is essential for normal fetal 
development in mammals. Placentation is a fundamental cell-to-cell fusion process 
during embryonic development. The cell fusion of progenitor cytotrophoblasts 
leads to the formation of multinucleated syncytium, namely, syncytiotrophoblast 
(STB). Syncytins, the fusogens that mediate cytotrophoblast fusion, are derived 
from the viral fusogens of human endogenous retroviruses (HERVs). Interestingly, 
HERVs activation and expression are associated with the development of cancer; 
upregulation of syncytins in cancer cells results in increased cell-cell fusion and 
increased invasiveness in endometrial carcinoma (Gimenez et  al. 2010; Kitsou 
et al. 2022).

An essential step in the retrovirus replicative cycle is the integration of proviral 
DNA into the host genome. During evolution, some exogenous retroviruses suc-
cessfully infected the germline cells of their natural hosts and permanently inte-
grated into the germline chromosomes, a process called retroviral endogenization 
(Greenwood et al. 2018; Oliveira et al. 2007). These stably integrated endogenous 
retroviruses (ERVs) are vertically transmitted to subsequent generations in a 
Mendelian fashion. The continuous accumulation of newly established retroviral 
integrations in germline cells over millions of years suggests the co-evolution of 
ERVs with their natural hosts. Indeed, HERVs constitute approximately 8% of the 
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human genome (Griffiths 2001). HERVs have been classified into three classes 
based on their sequence similarity to different genera of the exogenous counterparts 
of retroviruses: class I HERVs constitute about 2.3% of the genome and are related 
to gamma-retroviruses such as murine leukemia virus (MLV); class II HERVs make 
up to 0.7% of the human genome and are related to beta-retroviruses such as mouse 
mammary tumor virus (MMTV); class III HERVs consist of 4% of the human 
genome and are distantly related to spumaretroviruses such as equine foamy virus 
(EFV) (Vargiu et al. 2016).

Full-length HERVs consist of three main proviral genes, group-specific antigen 
(gag), polymerase (pol) and envelope (env), flanked by two long-terminal repeats 
(LTRs). Most HERVs have accumulated genetic defects during evolution and are 
unable to produce infectious virions or viral proteins. However, some HERVs still 
possess open reading frames (ORFs) and reserve their potential transcriptional 
capacity within host genome. Interestingly, these protein-coding sequences of 
HERVs have been co-opted by their hosts to perform crucial biological roles. For 
example, the lineage-specific host enhancers and promoters are derived from the 
LTRs of viral multifunctional regulatory elements (Chuong et al. 2017). Specifically, 
multiple MER41 elements of ERVs have been co-opted to regulate the adjacent 
IFN-induced genes (ISGs)(Chuong et al. 2016). The env genes of HERVs encode 
class I fusion proteins (Syncytins). The fusogenic activity of ERV-derived envelopes 
has also been co-opted to mediate cell fusion and multinucleated syncytia (the syn-
cytiotrophoblast) formation during human placentation.

In 2003, de Parseval et  al. performed a systematic screening of the human 
genome for retroviral coding env genes and identified 16 env genes that encode full- 
length ORFs (de Parseval et  al. 2003). Among them, syncytin 1 (HERV-W) and 
syncytin 2 (HERV-FRD) encode envelope glycoproteins with fusogenic activity. 
Syncytin-1 interacts with its receptor, SLC1A5/ASCT2 (the type D mammalian 
retrovirus receptor), leading to the cell-to-cell fusion of cytotrophoblast cells and 
the formation of multinucleated syncytiotrophoblast layer (Blond et  al. 2000; 
Malassine et  al. 2005; Mi et  al. 2000). Syncytin-2 (HERV-FRD) are specifically 
expressed in the placenta and are sufficient to induce cell-cell fusion and syncytia 
formation upon interaction with its receptor MFSD2 (major facilitator superfamily 
domain containing 2) (Blaise et  al. 2003; de Parseval et  al. 2005; Esnault et  al. 
2008). In mice, two retroviral envelope genes, designated as syncytin-A and -B, have 
also been co-opted for placenta formation and can trigger cell-to-cell fusion in 
transfection assays (Dupressoir et al. 2005; Dupressoir et al. 2009; Peng et al. 2007). 
Interestingly, syncytins have also been implicated in cell-cell fusion during multi-
nucleated osteoclasts formation (Moller et al. 2017; Soe et al. 2011) and in cancer 
pathogenesis (Bolze et al. 2016; Larsson et al. 2007). More recently, Frank et al. 
computationally scanned the human genome to identify over 1500 env-derived 
ORFs, which are much higher than previously appreciated. Many of these putative 
retroviral-derived env genes have been shown to exhibit tissue-specific transcrip-
tion. Frank et  al. characterized a retroviral-derived env gene, designated as 
Suppressyn, which encodes a protein lacking a transmembrane domain. Suppressyn, 
and its hominoid orthologs, has been shown to interact with ASCT2 and block 
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infection by mammalian-type D retroviruses (Frank et al. 2022). Suppressyn also 
inhibits syncytin-1 mediated cell-cell fusion and syncytia formation by occupying 
the ASCT2 receptor expressed on trophoblast cells (Sugimoto et al. 2013).

14.3  Human Immunodeficiency Viruses

Virus entry of cell-free HIV-1 particles into a specific host cell is mediated by the 
sequential interactions of the viral surface protein, known as the viral Envelope 
(Env) protein, the CD4 receptor, and a seven transmembrane chemokine co-receptor 
CCR5 or CXCR4. Both CCR5 and CXCR4 are members of seven-transmembrane 
G-protein-coupled receptor (GPCR) superfamily and are structurally formed of a 
cytoplasmic C-terminal tail, three intracellular loops, three extracellular loops 
(ECLs), and an extracellular N-terminal segment. The viral envelope glycoprotein 
(Env) spikes the exterior of virus particles and comprises both the outer surface 
glycoprotein gp120 (SU) and the transmembrane glycoprotein gp41 (TM). The sur-
face gp120 SU and the transmembrane gp41 TM are non-covalently associated and 
form a trimer of 3 molecules of gp120 and 3 molecules of gp41 on each spike of 
viral particles. Binding of the viral gp120 to the cell surface receptor CD4 triggers 
a conformation change in gp120 and subsequently exposes the binding sites for the 
co-receptor, either CCR5 or CXCR4. The third variable loop region (V3) of gp120 
is a key determinant of co-receptor binding (Cardozo et  al. 2007; Hoffman and 
Doms 1999), and the overall positively charged residues of the V3 loop significantly 
affect co-receptor binding (Hartley et  al. 2005). Following interaction of CD4- 
bound gp120 to the co-receptor, the fusion peptide of the transmembrane gp41 is 
exposed and then inserts into the host cell plasma membrane, leading to the forma-
tion of fusion pore that subsequently triggers the fusion between viral and cellular 
membranes, and release of the viral contents into the host cell cytoplasm (Clapham 
and McKnight 2001; Wilen et al. 2012).

HIV-1 induced cell-fusion and syncytia formation is also mediated by engage-
ment of CD4 on target cell with Env expressed by infected donor cells during HIV-1 
infection (Bracq et al. 2018; Lifson et al. 1986). In fact, HIV-1 strains were initially 
classified as syncytia-inducing (SI) and non-syncytia inducing (NSI) viral strains, 
referring to their capacity to induce syncytia formation in vitro (Schuitemaker et al. 
1992). Theoretically, cell fusion and syncytium formation could occur when HIV-1 
infected mononuclear cells enter the blood and migrate to tissues, such as the spleen, 
the lungs, and the central nervous system, and then fuse with CD4+ target cells. 
Earlier studies have shown that HIV-1 infected multinucleated macrophages and 
multinucleated DCs could be detected in vivo in different tissues of HIV-1-infected 
patients (Frankel et al. 1996; Granelli-Piperno et al. 1995). The presence of HIV-1- 
infected MGCs expressing specific DC markers has been found at the surface of 
nasopharyngeal tonsils of HIV-1-infected individuals (Frankel et  al. 1996). 
Similarly, HIV-1-infected multinucleated giant macrophages were found in vivo in 
different tissues during HIV-1 infection, including spleen, genital, lymph nodes, 
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lungs, digestive tracts, as well as the central nervous system (CNS) (Bracq et al. 
2018; Frankel et al. 1996; Harbison et al. 2014; Koenig et al. 1986; Symeonides 
et al. 2015; Vicandi et al. 1999). However, the relevance of syncytia formation for 
HIV-1 transmission in  vivo is less clear. Recent studies using humanized mice 
model and 3D cultures found that HIV-1-infected CD4+ T cells are migratory vehi-
cles for virus dissemination in vivo. HIV-infected T cells can form multinucleated 
syncytia through Env-mediated cell-cell fusion and migrate to distant tissues to 
spread infection (Murooka et al. 2012). Indeed, HIV-1-induced small syncytia have 
been found in the lymph nodes of HIV-1-infected patients and have been recapitu-
lated in vitro in 3D cultures (Bracq et al. 2017; Compton and Schwartz 2017; Law 
et al. 2016; Murooka et al. 2012; Symeonides et al. 2015).

In 2017, Bracq et al. revealed a very efficient mechanism involved in cell-to-cell 
transfer from HIV-1-infected T cells to macrophages and subsequent virus spread 
between macrophages by a two-step cell fusion process. HIV-1-infected T cells first 
establish contacts and fuse with macrophage targets. The newly formed lymphocyte- 
macrophage fused cells then acquire the ability to fuse with surrounding uninfected 
macrophages, leading to the formation of infected multinucleated giant cells that 
can survive for a long time and can produce large amount of infectious viral parti-
cles, as evidenced in vivo in lymphoid organs and the central nervous system (Bracq 
et al. 2017, 2018).

We also demonstrated that HIV-1 uses a common and specific cell-to-cell fusion 
mechanism for massive virus transfer from infected T lymphocytes and dissemina-
tion in myeloid cell targets, including immature dendritic cells, macrophages, as 
well as osteoclasts, but not monocytes and mature dendritic cells (Xie et al. 2019). 
We showed that the establishment of contacts with HIV-1-infected T cells leads to 
heterotypic cell fusion for the fast and massive transfer of viral material in myeloid 
cells, which subsequently triggers homotypic fusion with noninfected neighboring 
osteoclasts or immature dendritic cells for virus dissemination. Both cell fusion 
steps are mediated by viral envelope-receptor interactions and are highly efficient 
for macrophage-tropic CCR5- and CXCR4-using viruses, dual-tropic R5X4 viruses, 
and to a lesser extent for non-macrophage-tropic R5 viruses, including transmitted/
founder viruses (Xie et al. 2019). Interestingly, this virus-induced cell-cell fusion 
bypasses the restriction imposed by the SAMHD1 host cell restriction factor for 
replication of HIV-1. Furthermore, this cell-to-cell infection process by cell-cell 
fusion also overcome virus entry block of the non-macrophage-tropic (R5 non-M- 
tropic) strains in macrophages (Han et al. 2022). These important results revealed 
the cellular mechanisms involved in the formation of the infected multinucleated 
giant cells observed in  vivo in lymphoid and non-lymphoid tissues of HIV-1- 
infected patients (Bracq et al. 2018).

The envelope glycoproteins (Env) of HIV and other lentiviruses have unusually 
long cytoplasmic domains (typically 150–200 amino acids in length) (Postler and 
Desrosiers 2013). Mutations in the cytoplasmic domain of HIV can influence the 
incorporation of Env into virus particles (Dubay et  al. 1992b), virus infectivity 
(Chen et al. 1998), as well as syncytia formation (Dubay et al. 1992a). Similarly, 
truncations of the gp41 cytoplasmic tail of SIV can result in enhanced Env 
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incorporation into virions and increased cell-to-cell fusion (Johnston et al. 1993; 
Zingler and Littman 1993). The endocytosis motif (YXXΦ) within the gp41 cyto-
plasmic tails of HIV-1 and SIV has been shown to regulate intracellular trafficking 
of Env and cell surface expression of Env (LaBranche et  al. 1995; Rowell et  al. 
1995). Mutation of the YXXΦ motif resulted in increased Env surface expression on 
SIV infected cells, leading to enhanced cell-to-cell fusion and accelerated infection 
kinetics (Sauter et al. 1996).

14.4  Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2)

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the caus-
ative agent for coronavirus disease 2019 (COVID-19) (Huang et al. 2020). To date, 
SARS-CoV-2 has caused more than 651 million confirmed infections and resulted 
in more than 6 million deaths worldwide (https://covid19.who.int). SARS-CoV-2, 
an enveloped single-strand RNA virus, belongs to the genus Betacoronavirus 
(β-CoVs), which also includes SARS-CoV-1 and Middle East respiratory syndrome 
coronavirus (MERS-CoV) (Lu et al. 2020; Zhou et al. 2020). SARS-CoV-2 entry is 
mediated by the interactions between coronavirus spike protein, which is a class I 
viral fusion protein, and its receptor, angiotensin-converting enzyme 2 (ACE2)(Lan 
et al. 2020). ACE2 was initially identified as a functional receptor for SARS-CoV 
(Li et al. 2003). The spike protein forms a homotrimer and is inserted into the virion 
membrane. S protein on the virion is comprised of the S1 subunit, which binds to 
ACE2 receptor, and the S2 subunit, which anchors the spike protein to the mem-
brane. The S1 subunit is comprised of an N-terminal domain (NTD) and a receptor 
binding domain (RBD). The S2 subunit includes a fusion peptide (FP), two hepta-
peptide repeat sequences (HR1 and HR2), the transmembrane anchor (TA), and the 
C-terminal domain (CTD). RBD binding to the ACE2 receptor allows the exposure 
of the S2 cleavage site upstream of the FP, then the unstructured HR1 becomes heli-
cal, and the hydrophobic FP inserts into the target membrane (Jackson et al. 2022).

Beside spike-mediated virus entry, spike protein expressed on plasma membrane 
of infected cells also induces receptor-dependent cell-fusion and syncytia forma-
tion. Many coronaviruses (CoVs), including coronavirus mouse hepatitis virus 
(MHV), MERS-CoV, SARS-CoV, and SARS-CoV-2, have been shown to induce 
cell-cell fusion and syncytia formation during infection (Lavi et  al. 1996; Leroy 
et al. 2020; Rajah et al. 2022). Multinucleated syncytia are associated with the lung 
tissue damage in SARS-CoV and MERS-CoV infections. Autopsy reports from 
MERS-CoV-infected patients and SARS patients revealed the presence of infected 
giant multinucleated syncytia cells in the lungs, which are mostly of epithelial ori-
gin (Alsaad et al. 2018; Franks et al. 2003; Ng et al. 2016; Nicholls et al. 2003). 
Recent studies have also identified the presence of infected multinucleated syncytial 
in the lung tissues of severe COVID-19 patients, and immunohistochemistry 
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analyses have shown that these syncytia mainly originate from cell-to-cell fusion of 
SARS-CoV-2-infected pneumocytes (Braga et al. 2021; Bussani et al. 2020). The 
histopathological features described in the lung tissues of severe COVID-19 patients 
are very similar to those seen in SARS-CoV and MERS-CoV infections (Liu 
et al. 2020).

SARS-CoV-2 infected cells express S protein at the cell surface and induce large 
multinucleated syncytia formation upon its engagement of ACE2 receptor on target 
cells (Fig. 14.1). SARS-CoV-2 spike-mediated cell fusion was further enhanced by 
the expression of the cellular protease TMPRSS2, which primes viral membrane 
fusion by mediating the cleavage of S2 subunit (Beucher et al. 2022; Buchrieser 
et al. 2020). During the pandemic, the major variant of concerns (VOCs) of SARS- 
CoV- 2 has emerged and has accumulated numerous mutations within spike pro-
teins, which greatly impact virus characteristics, including infectivity, antigenicity, 
and transmissibility (Harvey et al. 2021; Peng et al. 2022). For example, SARS- 
CoV- 2 D614G variant, one of the earlier variants, containing the D614G mutation 
close to the S1/S2 cleavage site, exhibited much more efficient virus replication and 
transmission in primary human airway epithelial cells and animal models (Hou 
et al. 2020). The D614G variant increased the efficiency of virus entry and induced 
more multinucleated syncytia than the ancestral Wuhan strain (Jiang et al. 2020; 
Ozono et al. 2021). Moreover, several other variants, including SARS-CoV-2 Alpha 
(B.1.1.7), Beta (B.1.351), and Delta (B.1.617.2), also displayed enhanced spike 
mediated cell-cell fusion and syncytia formation (Mlcochova et  al. 2021; Rajah 
et al. 2021; Saito et al. 2022). In addition, mutations within the spike NTD also 
regulate spike-mediated cell-fusion activity (Rajah et al. 2022). Specifically, spike 
deletion H69/V70 in the Alpha variant increased cleaved S2 and spike infectivity. 
This deletion H69/V70 is required for B.1.1.7 spike-induced syncytia formation 
(Meng et al. 2021).

Studies with the MHV spike protein showed that the two HR regions of S2 sub-
unit are important for spike-mediated cell-cell fusion. Substitutions of bulky hydro-
phobic amino acids with charged residues within the HR1 region severely affected 

Fig. 14.1 SARS-CoV-2-induced syncytia formation in HeLa-ACE2 cells. HeLa-ACE2 cells were 
infected with SARS-CoV-2 Alpha (B.1.1.7) variant (500 E copies/cell); cells were then fixed at 16 
hpi and stained with anti-SARS-CoV-2 Orf6 and DAPI (scale bar, 10 μm)
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cell-cell fusion activity without affecting the processing and surface expression of 
spike protein (Luo and Weiss 1998). Similarly, codon mutations within the HR2 
region also significantly reduced MHV spike-mediated cell-cell fusion (Luo et al. 
1999). Interestingly, it has been shown that the HR2 peptide can strongly inhibit 
spike-mediated virus entry and syncytium formation (Bosch et al. 2003). The HR1 
and HR2 regions within the S2 subunit are highly conserved among various CoVs 
and play important role in spiked-mediated viral entry by forming the six-helix 
bundle (6-HB) core structure. Indeed, HR-derived peptides have been shown to 
strongly inhibit cell-cell fusion induced by spike proteins of multiple human CoVs 
(Xia et al. 2019). More recently, a pan-coronavirus fusion inhibitor, EK1 peptide, 
has been shown to strongly inhibit infection of multiple CoVs, including MERS- 
CoV, SARS-CoV, and SARS-CoV-2, by targeting highly conserved HR2 region of 
spike proteins (Xia et al. 2020; Xia et al. 2019). The CTD of S2 subunit harbors 
several trafficking signals that involved in COPI/II binding as well as intracellular 
transport of coronavirus spike proteins (Cattin-Ortola et al. 2021; McBride et al. 
2007; Sadasivan et al. 2017). Expression of S protein alone results in its accumula-
tion on the cell surface, leading to formation of multinucleated syncytia. Cytoplasmic 
tail truncation of SARS-CoV-2 S protein resulted in increased surface expression 
and enhanced cell-fusion activity (Chen et  al. 2021; Havranek et  al. 2020). 
Interestingly, palmitoylation of the cysteine rich CTD of coronavirus spike protein 
is also critical for spike-mediated virus entry and syncytia formation (Li et al. 2022; 
Petit et al. 2007; Thorp et al. 2006).

14.5  Herpesviridae

Herpesviridae is a large and diverse family of enveloped dsDNA viruses which have 
a very broad host range and could establish life-long persistent infections. 
Herpesviruses have been classified into three subfamilies: Alphaherpesvirinae, 
composed of herpes simplex virus types 1 (HSV-1) and herpes simplex virus 2 
(HSV-2), as well as varicella-zoster virus (VZV or HHV-3), with a short replicative 
cycle and cause cytopathology in the monolayer cell cultures; Betaherpesvirinae, 
including human cytomegalovirus (HCMV, or HHV-5), human herpesviruses 6 
(HHV-6), and human herpesviruses 7 (HHV-7), with a restricted host range and 
long replicative cycle; and Gammaherpesvirinae, composed of Epstein-Barr virus 
(EBV, or HHV-4) and human herpesvirus 8 (HHV-8), with a very restricted 
host range.

The formation of syncytia following herpesvirus infection in their natural hosts 
has been well documented (Hoggan and Roizman 1959; Kim et al. 2013; Lee and 
Spear 1980; Sawitzky 1997). The presence of multinucleate giant cells (MGCs) in 
skin lesions has long been recognized as the hallmark of herpesvirus infection 
(Blank et  al. 1951), and can be used as diagnostic for herpetic simplex keratitis 
(Farhatullah et al. 2004). Syncytia formation is a cytopathologic effect (CPE) of 
herpesvirus infection in lower respiratory tract of the lung (Pritt and Aubry 2017). 
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The extent of Herpesvirus-mediated cell-to-cell fusion is dependent of the identity 
of herpesvirus: VZV infection induces extensive syncytial formation in skin lesions 
(Cole and Grose 2003), while HSV infection results in the formation of small 
polykaryocytes in lesions of HSV infected patients (Muggeridge et  al. 2004). 
However, the significance of herpesvirus-mediated cell-to-cell fusion for viral rep-
lication and spread in vivo remains unclear. The degree of cell-cell fusion induced 
by different clinical isolates and laboratory-adapted strains varies significantly in 
tissue culture (Galitska et al. 2018; Wheeler 1960). For example, HSV-1 primary 
isolates induce limited cell fusion (Ejercito et al. 1968), whereas laboratory strains 
cause extensive syncytial formation in tissue culture (Cassai et  al. 1975; Read 
et al. 1980).

14.5.1  The Core Fusion Machinery for Herpesvirus

Herpesviruses enter cells by enabling membrane fusion of viral envelopes with cel-
lular membranes, which occurs at plasma membrane or in the endosomal compart-
ment. This viral entry process depends on the identity of herpesvirus and is also 
cell-type dependent. The core membrane fusion machinery for herpesviruses con-
sist of the glycoprotein gB and the heterodimer gH/gL, which are conserved enve-
lope proteins among all herpesviruses (Connolly et al. 2011; Hutt-Fletcher 2007; 
Nguyen and Kamil 2018; Nishimura and Mori 2019; Sathiyamoorthy et al. 2017; 
Spear and Longnecker 2003; Vanarsdall and Johnson 2012). Glycoprotein B (gB) is 
the most conserved herpesvirus viral fusion protein and has been classified as a type 
III viral fusogen because of its structural similarities with the vesicular stomatitis 
virus glycoprotein (VSV-G) (Backovic et al. 2009; Baquero et al. 2015; Connolly 
et al. 2011; Heldwein et al. 2006). Furthermore, gB is also a major determinant of 
herpesvirus infectivity in vitro and in vivo (Beitia Ortiz de Zarate et al. 2007; Gerdts 
et  al. 2000). The gH/gL heterodimer interacts with gB and regulates its activity 
(Atanasiu et  al. 2007). Herpesviruses minimally require gH/gL and gB for both 
virus entry and virus-induced cell-cell fusion. In herpesvirus, this membrane fusion 
process also requires additional, non-conserved membrane glycoproteins specific to 
individual herpesvirus, which can bind to cell-specific host receptors. HSV-1 and 
HSV-2 express a viral glycoprotein gD that can interact with several host cell recep-
tors depending of the target cells (Fan et al. 2014, 2015): nectin-1, a cell adhesion 
molecule, and the main receptor in epithelial cells and neurons (Di Giovine et al. 
2011); HveA or TNFRSF14, a member of the tumor necrosis factor receptor super-
family, expressed on activated lymphocytes (Carfi et al. 2001; Montgomery et al. 
1996); and 3-O-sulfated heparan sulfate, a non-protein soluble receptor (Spear 
2004; Tiwari et al. 2007). HCMV expresses a glycoprotein gO as well as three small 
glycoproteins, UL128, UL130, and UL131A, to mediate cellular receptor binding, 
but the respective host cell receptors remain unclear (Ciferri et al. 2015; Ryckman 
et al. 2006; Vanarsdall et al. 2011). HHV-6A and HHV-6B express a glycoprotein 
gO and gQ1/gQ2 proteins to engage human CD46 (Jasirwan et al. 2014; Mori et al. 
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2004; Santoro et al. 1999); several studies also indicate that HHV-6B uses human 
CD134 (hCD134) as an alternative receptor for viral entry (Tang and Mori 2015; 
Tang et al. 2013; Tang et al. 2014). EBV expresses a soluble viral protein gp42 to 
engage the MHC class II receptor HLA-DR1 on B cells but can also use the gH/gL 
heterodimer to directly bind cell surface intergrins, including αvβ5, αvβ6, and αvβ8, 
for viral entry (Chesnokova and Hutt-Fletcher 2011; Chesnokova et  al. 2009; 
Kirschner et al. 2006; Li et al. 1997; Mullen et al. 2002). Some herpesviruses, such 
as KSHV, only use gH/gL heterodimer to bind cellular receptors (Hahn et al. 2012), 
while the requirement of gH/gL heterodimer for viral entry indicates a highly con-
served function among all herpesviruses (Stampfer and Heldwein 2013). The gH/gL 
heterodimer receives an activating signal upon binding of cellular receptors by viral 
glycoproteins and transmits it to gB, subsequently inducing a conformational 
change of gB (Heldwein 2016; Sathiyamoorthy et al. 2017; Stampfer and Heldwein 
2013). Once the glycoprotein gB is triggered, its fusion loops insert into the host 
cell membrane, followed by the refolding of gB to drive the membrane merger and 
onset of infection (Connolly et al. 2011). The core fusion machinery is required for 
both herpesvirus entry and herpesvirus-induced cell-to-cell fusion (Cole and Grose 
2003; Spear and Longnecker 2003; Weed and Nicola 2017). However, the mecha-
nisms of herpesvirus-induced cell-to-cell fusion are poorly understood. Cell-to-cell 
fusion by herpesvirus is highly cell type-dependent, consistent with an important 
role for cellular factors. For example, VZV induce extensive syncytial formation on 
primary keratinocytes, but poorly cause cell-to-cell fusion on primary fibroblasts 
(Cole and Grose 2003). The cellular factors for herpesvirus-induced cell-to-cell 
fusion are unknown except for viral receptors that herpesvirus use to enter cells 
(Weed and Nicola 2017).

14.5.2  Herpes Simplex Virus

Multinucleated giant cells (also known as poly-karyocytes) were first described in 
skin lesions of HSV infected patients many years ago, and have been used for diag-
nostic purposes for HSV infection (Blank et  al. 1951). For herpes simplex virus 
(HSV), transfer of virus particles from infected cells to uninfected neighboring cells 
can induce cell-to-cell fusion of plasma membranes of HSV infected cells and unin-
fected cells, and can even occur in the presence of neutralizing antibody; this virus- 
induced cell-cell fusion has been initially proposed as another mechanism by which 
the virus infects host cells and spreads infection (Dingwell et al. 1994; Sarfo et al. 
2017). Early studies described the formation of poly-karyocytes when human epi-
thelial cells were infected with HSV wild-type strain isolated from HSV-infected 
patient (Scherer and Syverton 1954). Moreover, primary strains of HSV isolated 
from the eye and oral of infected patients also induced poly-karyocytes formation in 
cultured cells (Doane et al. 1955; Gray et al. 1958; Scott and Mc 1959). These poly- 
karyocytes were detected in tissue culture and in skin lesions, containing no more 
than ten nuclei, have been referred to as the “small multinucleated giant cells” (Gray 
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et al. 1958). Many HSV variants that induce extensive cell-cell fusion and syncytia 
formation in tissue culture were easily isolated from laboratory viral stocks (Cassai 
et al. 1975; Hoggan and Roizman 1959; Read et al. 1980). The resulting multinucle-
ated syncytia contained hundreds or even thousands of nuclei and resulted from 
mutations in one or several viral genes (Tognon et al. 1984; Weed and Nicola 2017). 
Cell-to-cell fusion by HSV syncytial variants requires the activity of gD and the 
core fusion machinery, consisting of gB and the heterodimer gH/gL, as well as the 
non-glycosylated membrane protein UL45 (Haanes et al. 1994) and the glycopro-
teins gM, gE, and gI (Davis-Poynter et al. 1994). It has been reported that the core 
fusion machinery, including gB and gH/L, and gD are both necessary and sufficient 
to mediate HSV-1 induced cell-cell fusion and syncytia formation (Turner et  al. 
1998). Truncations or single amino acid mutations in the cytoplasmic tail of gB can 
result in extensive syncytia formation in tissue culture (Bzik et al. 1984; Cai et al. 
1988a; Cai et al. 1988b; Engel et al. 1993; Gage et al. 1993). HSV-induced cell-cell 
fusion is also modulated by other viral proteins that regulate the fusion activity of 
the core fusion machinery. The glycoprotein K (gK) regulates the core fusion 
machinery as it inhibits cell-cell fusion when co-expressed with gB, gH/gL, and 
gD(Avitabile et al. 2003). The glycoprotein K (gK) and UL20 protein (UL20p) form 
a functional protein complex and physically interact with gB, thereby modulating 
the fusogenic properties of gH and gB(Chouljenko et al. 2012; Chouljenko et al. 
2010; Foster et al. 2003). Similarly, the tegument proteins UL11, UL16, and UL21 
is tightly associated with gE, and the function of gE requires the assembly of UL11–
UL16–UL21 complex on its cytoplasmic tail(Han et al. 2012). The deletion mutants 
of UL11, UL16, and UL21 fail to induce cell-to-cell fusion in vero cells(Han et al. 
2012). Moreover, mutations in UL20 (Foster et al. 2004), UL45 (Haanes et al. 1994) 
or the cytoplasmic tail of gH negatively regulate HSV-1 mediated cell-cell fusion 
and syncytia formation (Browne et al. 1996; Wilson et al. 1994). Along with the 
core fusion machinery, the glycoproteins gE/gI heterodimer is also involved in 
HSV-mediated cell-cell fusion and multinucleated syncytia formation (Balan et al. 
1994; Chatterjee et al. 1989; Davis-Poynter et al. 1994). The glycoprotein gM inhib-
ited HSV-1 mediated cell-cell fusion by downregulating the cell surface expression 
of gD and the gH/gL heterodimer (Crump et al. 2004; Ren et al. 2012). Moreover, 
the glycoprotein N (gN) has been shown to physically interact with gM and modu-
lates its membrane fusion activity (El Kasmi and Lippe 2015). Overexpression of 
gN induced extensive syncytia formation in wild-type HSV-1 infected cells(El 
Kasmi and Lippe 2015). The gD receptors, including HVEM nectin-1 and nectin-2, 
are also required for HSV induced cell-cell fusion in CHO cells (Terry-Allison et al. 
2001; Terry-Allison et al. 1998). Heparan sulfate (HS) appears to be less important 
for HSV mediated cell-cell fusion than for virus entry (Shieh and Spear 1994; Terry- 
Allison et al. 2001). It remains unclear how the interaction of gD with its receptor 
result in cell-to-cell fusion. One hypothesis is that the binding of gD with its recep-
tor triggers the conformational changes of gD, allowing its interaction with the core 
fusion machinery, triggering the activation of its fusogenic activity. Receptors for 
gB and/or gH/gL may also exist, and the binding of either to these additional recep-
tors could also trigger fusion activity and bypass the requirement for gD. Recently, 
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the paired immunoglobulin-like type 2 receptor (PILR) has been identified as the 
entry coreceptor that physically associate with the gB, and interactions of PILR 
coreceptor and gB are involved in HSV-1 mediated cell-cell fusion events during 
HSV-1 infection (Satoh et al. 2008). Interestingly, the protein tyrosine phosphatase 
1B (PTP1B), a protein tyrosine phosphatase, has been reported to be specifically 
required for the HSV-1 mediated cell-cell fusion, and inhibitors of PTP1B dramati-
cally reduced cell-cell fusion (Carmichael et al. 2018).

14.5.3  Human Cytomegalovirus

Human cytomegalovirus (HCMV) infects a broad range of cell types, including 
leukocytes, monocytes, macrophages, fibroblasts, endothelial cells, and epithelial 
cells (Gerna et al. 2004). HCMV entry into different cell types requires the interac-
tions of viral glycoproteins with various host receptors (Compton 2004; Nguyen 
and Kamil 2018; Nishimura and Mori 2019). It has been proposed that HCMV can 
make use of different forms of gH/gL heterodimer, a trimeric complex of gH/gL/gO 
and a pentameric complex consisting of gH/gL/ UL128-131 to engage distinct host 
receptors, and these interactions trigger gB-mediated membrane fusion (Nishimura 
and Mori 2019; Vanarsdall and Johnson 2012). HCMV clinical isolates have been 
shown to accumulate mutations when passaged many times on fibroblasts, resulting 
in a lack of pentameric complex on the mature virion and no longer infect endothe-
lial and epithelial cells (Dargan et al. 2010; Murrell et al. 2013; Nishimura and Mori 
2019). These laboratory-adapted strains generally exhibit restricted tropism and can 
produce high levels of cell-free virus particles. HCMV transmission in  vivo is 
largely cell-associated, and clinical isolates have been shown to induce enlarged 
flower-shaped syncytial foci in  vitro (Galitska et  al. 2018; Sinzger et  al. 1999; 
Waldman et al. 1989). However, HCMV laboratory-adapted strains spread via dif-
fusion of cell-free virus and fail to recapitulate the phenotypic characteristics of 
clinical isolates due to acquisition of genetic mutations (Murrell et  al. 2017; 
Wilkinson et al. 2015). The ability of wild-type HCMV to spread via syncytia for-
mation is attributed to the high-level expression of pentameric complex gH/gL/ 
UL128-131, and this cell-cell spread is resistant to neutralizing antibodies and can 
also overcome IFN-induced antiviral factors (Gerna et al. 2016; Murrell et al. 2017). 
Importantly, the pentameric complex has been shown to be required for wild-type 
HCMV-induced cell-cell fusion and syncytia formation in epithelial cells (Gerna 
et al. 2016). Similar to HSV-mediated cell-cell fusion, HCMV gB and gH/gL are 
sufficient to induce cell-cell fusion and syncytia formation, and this cell-cell fusion 
process is most efficient at neutral pH (Vanarsdall et al. 2008). Overexpression of 
gB promotes cell-to-cell fusion in U373 glioblastoma cells (Navarro et al. 1993; 
Tugizov et  al. 1994). Interestingly, gB882stop mutant lacking the 25 C-terminal 
residues displayed enhanced cell-cell fusion (Wille et al. 2013). A single amino acid 
mutation within AD169 gB (275Y) induces cell-cell fusion and syncytia formation, 
resulting in caspase-2 activation and thereby compromising genome stability (Tang 
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et al. 2019). However, mutations in gH/gL heterodimer do not affect gB-mediated 
cell-cell fusion (Schultz et al. 2015). More recently, it has been reported that gB- 
mediated cell fusion and multinucleated cell syncytia formation can be potently 
blocked by neutralizing mAbs specifically targeting the antigenic domain 5 (AD-5) 
within the ectodomain of gB (Reuter et  al. 2020). Glycoprotein O (gO) is also 
involved in HCMV-mediated cell-cell fusion, and the anti-gO antibodies can block 
syncytia formation by HCMV (Paterson et al. 2002).

14.5.4  Human Herpesvirus 6

Human herpesvirus 6 (HHV-6), belonging to β-herpesvirus family, is a T lympho-
tropic virus that productively replicates in T cells and monocytes. HHV-6 isolates 
can be classified into two groups, HHV-6A and HHV-6B, although the overall iden-
tity of genome sequence between HHV-6A and HHV-6B is almost 90% (Dominguez 
et  al. 1999; Salahuddin et  al. 1986). HHV-6A can induce cell-to-cell fusion of 
diverse human cells expressing human CD46, including primary T lymphocytes, 
primary astrocytes (He et al. 1996), as well as endothelial cells (Rotola et al. 2000; 
Wu and Shanley 1998), whereas HHV-6B does not replicate and induce syncytium 
formation in these cells. Syncytia formation induced by HHV-6A can be observed 
as early as 2 h after infection; this cell-to-cell fusion process could occur even in the 
absence of viral protein synthesis, also known as fusion from without (FFWO) 
(Mori et  al. 2002). Mechanistically, syncytia formation induced by HHV-6A is 
dependent on the expression of CD46 on target cells and requires glycoproteins B 
and H (Mori et al. 2002). Indeed, it has been reported that HHV-6 gH/gL heterodi-
mer forms a complex with glycoproteins gQ1 and gQ2, and that this complex medi-
ate CD46 receptor binding (Mori et al. 2004; Mori et al. 2003; Santoro et al. 1999). 
The syncytium formation induced by HHV-6A can be inhibited by both anti-gB and 
anti-CD46 MAbs (Mori et al. 2002). More recently, it has been shown that HHV-6A 
and HHV-6B both require cis expression of gB, gH/ gL, gQ1, and gQ2 on the same 
cell for cell-to-cell fusion (Tanaka et al. 2013), unlike that of HCMV and HSV, in 
which the envelope glycoproteins gB, gD, and gH/gL can induce cell-to-cell fusion 
when expressed either in trans or in cis (Atanasiu et al. 2010; Vanarsdall et al. 2008).

Human herpesvirus 6 (HHV-6) expresses two homologs of human G protein- 
coupled receptors (GPCRs), U12 and U51 (Gompels et al. 1995). Stable expression 
of an siRNA specific for HHV-6 U51 in human T cells prior to infection reduces 
viral DNA replication and HHV-6-induced syncytia formation. Furthermore, 
expression of HHV-6 U51 resulted in enhanced cell-to-cell fusion mediated by the 
vesicular stomatitis virus glycoprotein (VSV-G), indicating U51 positively regu-
lates cell-to-cell fusion in vitro (Zhen et al. 2005). HHV-6A U51 has been shown to 
bind to several CC chemokines including CCL5 (also known as RANTES), an 
inflammatory chemokine which can bind to chemokine receptor CCR5. RANTES 
has been reported to increase the efficiency of HIV-1 Env-mediated cell-to-cell 
fusion (Brooks et al. 2019; Trkola et al. 1999). Interestingly, HHV-6 dramatically 
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suppressed HIV-1 replication and syncytium formation in the co-infected DC cul-
tures (Asada et al. 1999; Csoma et al. 2006; Grivel et al. 2001), suggesting UL51 
may play different roles in virus-induced cell-to-cell fusion.

14.6  Reoviridae

The family Reoviridae includes 15 genera which can be divided into two subfami-
lies, the Sedoreovirinae and Spinareovirinae (Lefkowitz et  al. 2018). Reoviridae 
consists of diverse human and animal pathogens, such as mammalian orthoreovirus 
(MRV), rotavirus (RV), and Nelson Bay orthoreovirus (NBV). These viruses share 
several common features, a nonenveloped capsid and a double-stranded RNA 
(dsRNA) genome of 9–12 segments. Orthoreovirus and quareovirus, two genera of 
the family Reoviridae, have been shown to induce cell-cell fusion and form multi-
nucleated cells (MGCs) after infection, which facilitate viral spread and pathoge-
nicity (Duncan 2019; Kanai et  al. 2019). Both aquareovirus and orthoreovirus 
induced cell-cell fusion and syncytial formation are caused by a family of non- 
structural viral membrane fusion proteins, the fusion-associated small transmem-
brane (FAST) proteins (Boutilier and Duncan 2011). FAST proteins are the smallest 
known viral fusogens that can induce cell-cell fusion between virus-infected cells 
and neighboring cells. Interestingly, FAST proteins are not required for virus entry, 
and the expression of FAST proteins alone on host cells is sufficient to induce cell- 
cell fusion, leading to formation of large multinucleated syncytial (Dawe and 
Duncan 2002; Duncan 2019; Shmulevitz and Duncan 2000). Although the biologi-
cal functions of FAST proteins remain unclear, it has been reported that FAST pro-
teins are required for efficient viral replication in vitro and play an important role in 
viral pathogenesis in vivo (Kanai et al. 2019). FAST proteins consist of three func-
tional domains: an acylated N-terminal ectodomain, a transmembrane (TM) domain, 
and the C-terminal cytoplasmic endodomain (Dawe et al. 2005; Duncan 2019). The 
acylation (palmitoylation or myristoylation) at N-terminal ectodomain has been 
shown to be essential for the cell fusion activity (Corcoran and Duncan 2004; 
Corcoran et al. 2004; Shmulevitz et al. 2003). The transmembrane domain directs 
plasma membrane insertion of FAST protein and a bitopic Nexoplasmic/
Cendoplasmic type I topology by serving as a reverse signal-anchor sequence 
(Dawe et  al. 2005). The cytoplasmic endodomain of FAST protein contains a 
membrane- proximal polybasic (PB) motif and an amphipathic α-helix, which func-
tions to promote fusion pore formation (Read et al. 2015). Overexpression of the 
endodomain has been shown to promote fusion pore expansion and enhance cell- 
cell fusion (Top et al. 2009). Unlike the fusion peptides (FPs) of most enveloped 
viruses, FAST proteins of non-enveloped reoviruses lack receptor-binding capacity 
and are capable of inducing cell-cell fusion and syncytia formation of a wide range 
of cell types without a specific trigger, such as low pH and/or receptor binding 
(Salsman et al. 2008). In fact, FAST proteins rely on surrogate cadherins to mediate 
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close membrane apposition and require active actin remodelling to drive cell-cell 
fusion and syncytia formation (Chan et al. 2021; Salsman et al. 2008).

14.7  Conclusions

Many viruses can induce cell-cell fusion and syncytia formation. For most envel-
oped viruses, such as HIV-1 and SARS-COV-2, this cell-cell fusion process is medi-
ated by the interactions between viral fusion proteins and their cognate receptors. 
Some non-enveloped Reoviruses even encode specialized viral proteins, the fusion- 
associated small transmembrane (FAST) proteins, to mediate cell-cell fusion and 
syncytia formation. Interestingly, FAST proteins are not involved in virus entry but 
are dedicated to mediate cell fusion and syncytia formation (Ciechonska and Duncan 
2014). Virus-induced cell-cell fusion represents a unique mode of virus cell-to-cell 
spread by protecting viruses from extracellular environment, such as neutralizing 
antibodies and antiviral drugs, and may also overcome the inhibitory effects of sev-
eral host restriction factors, such as SAMHD1 and tetherin/BST2 (Bracq et al. 2017, 
2018; Cifuentes-Munoz et  al. 2018; Han et  al. 2022; Phillips 1994). Strikingly, 
virus-induced cell-cell fusion can also overcome the restriction to entry of cell-free 
virus in non-permissive cells (Han et al. 2022; Rauch et al. 2000; Simmons et al. 
1995). Virus-induced syncytia maintain metabolic functions and essential gene 
expression, which provide an expanded and prolonged localized environment for 
viral propagation by protecting viruses against neutralizing antibodies and antiviral 
drugs (Fig. 14.2). When multinucleated syncytia succumb to apoptosis and rupture, 
resulting in a burst of enormous new infectious virus particles release for systemic 
spread of the infection (Castedo et al. 2002; Salsman et al. 2005). Therefore, the 
formation of virus-induced multinucleated syncytia causes cytopathic effects and 
potentially facilitates virus propagation, virus dissemination, and immune evasion 
(Leroy et al. 2020). However, the significance of virus-mediated cell-cell fusion and 
syncytia formation for viral replication and spread in  vivo remains unclear. The 
impact of syncytia formation in viral pathogenesis remains an outstanding question.

Cell-cell fusion induced by some viral fusion proteins involves reorganization of 
the cytoskeleton (Chan et al. 2021; Chan et al. 2020; Chen et al. 2008; Sylwester 
et al. 1993). It has been shown that actin cytoskeletal reorganizations are involved 
in HIV-1-induced cell-cell fusion (Pontow et al. 2004). HIV-1 envelope-coreceptor 
interactions can activate Rac-1 GTPase and induce actin cytoskeletal reorganiza-
tions that are required for the cell-cell fusion process (Pontow et  al. 2004). 
Interestingly, some FAST proteins encoded by reoviruses can hijack the actin cyto-
skeleton to facilitate cell-cell fusion (Chan et al. 2021; Chan et al. 2020). These 
studies indicate that the actin cytoskeleton could be a general requirement for virus- 
induced cell-cell fusion (Chen and Olson 2005; Podbilewicz 2014).

The cytoplasmic tails of most enveloped viral fusogens, such as HIV-1 Env and 
herpesvirus gB, generally inhibit their fusion activity. The cytoplasmic tails of Env 
proteins of retroviruses have been shown to regulate cell-to-cell fusion efficiency. 
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Fig. 14.2 Virus entry and virus-induced cell-cell fusion. (a) Virus entry. Cell-free viruses enter 
cells by enabling membrane fusion of viral envelopes with cellular membranes upon receptors 
binding, which occurs at plasma membrane or in the endosomal compartment. Cell-free infection 
of target cell (in red) is rather inefficient, and rate limited by fluid uptake and virion attachment. 
Moreover, freely diffusing virions are vulnerable to antibody neutralization. (b) Virus-induced 
cell-cell fusion and syncytia formation. Virus-infected donor cells (in green) express viral fusion 
proteins at cell surface and fuse with surrounding target cells (in red). The newly fused cells can 
initiate several rounds of cell fusion with neighboring target cells (in red), resulting in the forma-
tion of enlarged multinucleated syncytia. Syncytia also contain high amounts of virus particles 
accumulated in the vesicular compartment, and virus budding can occur at the plasma membrane, 
indicating active progeny production. For some virus, such as Reovirus, receptors are not required 
for cell-cell fusion and syncytia formation. Virus-induced syncytia may shield virus from neutral-
izing antibodies

Deletion of a 16-amino-acid R peptide within the cytoplasmic tail of Moloney 
Murine Leukemia Virus (MMLV) Env protein greatly enhanced Env-mediated cell- 
cell fusion (Januszeski et al. 1997; Melikyan et al. 2000; Yang and Compans 1997). 
Moreover, the expression of cytoplasmic tail-truncated SIV Env proteins in CD4 
positive cells resulted in enhanced Env-mediated cell-cell fusion and syncytia for-
mation (Ritter et  al. 1993; Zingler and Littman 1993). Indeed, mutations in the 
cytoplasmic domain of HIV can influence the incorporation of Env into virus par-
ticles (Dubay et al. 1992b), virus infectivity (Chen et al. 1998), as well as syncytia 
formation (Dubay et al. 1992a). Similarly, the cytoplasmic tails of the measles virus 
(MV) hemagglutinin (H) and fusion protein (F) have been shown to be involved in 
virus envelope assembly and regulate MV mediated cell-cell fusion efficiency 
(Cathomen et al. 1998; Moll et al. 2002). Interestingly, the cytoplasmic tail of coro-
navirus spike protein harbors several trafficking signals that involved in COPI/II 
binding as well as intracellular transport of coronavirus spike proteins (Cattin- 
Ortola et al. 2021; McBride et al. 2007; Sadasivan et al. 2017). Indeed, cytoplasmic 
tail truncation of SARS-CoV-2 S protein resulted in increased surface expression 
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and enhanced cell-fusion activity (Chen et al. 2021; Havranek et al. 2020). These 
observations suggest that regulation of membrane fusion activity via the cytoplas-
mic tails of viral fusion proteins is a widespread mechanism.

Recent studies shed light on the mechanism of syncytia formation by several 
viruses, such as HIV-1 and SARS-CoV-2. However, the contribution of virus- 
induced syncytia on viral pathogenesis is less clear. It seems that syncytia induced 
by several viruses, such as HIV-1 and measles virus, have a surprising long lifespan 
and are highly motile (Bracq et al. 2017; Herschke et al. 2007; Van Goethem et al. 
2010; Xie et al. 2019). However, the clearance or turnover of virus-induced syncytia 
in  vivo is poorly understood. Do virus-induced syncytia contribute to long-lived 
viral reservoir in vivo? One could speculate that virus-induced syncytia may shield 
virus from neutralizing antibodies and antiviral drugs, which could be the major 
obstacle to viral clearance in vivo.

Recently, it has been reported that influenza virus infection triggers phosphoryla-
tion and deSUMOylation of TRIM28, which is a key repressor of human endoge-
nous retroviruses (HERVs), leading to a de-repression of HERVs and an amplification 
of host innate immune response (Feng et al. 2022; Schmidt et al. 2019). Interestingly, 
syncytia formation induced by some viruses, such as SARS-CoV-2 and measles 
virus, have been shown to amplify the interferon response (Herschke et al. 2007; 
Liu et al. 2022). Moreover, cell-cell fusion mediated by measles virus or ERVWE1 
has been reported to cause cellular senescence in cancer cells and normal cells 
(Chuprin et al. 2013). Indeed, de-repression of HERVK induces cellular senescence 
and triggers the innate immune response. The resurrection of human endogenous 
retroviruses has been reported to reinforce senescence during aging (Liu et  al. 
2023). However, the mechanism of innate immune activation by virus-induced syn-
cytia in viral infection remains an outstanding question. Thus, it would be of great 
interest to investigate if other viruses, such as HIV-1 and SARS-CoV-2, can also 
trigger phosphorylation and deSUMOylation of TRIM28, leading to the de- 
repression of ERVs and expression of ERV-derived envelopes, which may amplify 
interferon response and enhance cell-cell fusion.
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Chapter 15
HIV-1 Induced Cell-to-Cell Fusion 
or Syncytium Formation

Tobias Starling and Sergi Padilla-Parra

Abstract HIV-1 cell-free infection has been thoroughly investigated; however, its 
relevance and importance in vitro are questionable. Cell-cell transmission is now 
thought to be the dominant mode of transmission within the host; however precise 
molecular details remain elusive. The considerable potency of cell-cell transmission 
hinges upon its ability to hijack and manipulate host immunological function to 
target uninfected cells, along with overcoming restriction factors and increasing the 
speed of latent pool formation. Another question of relevance is virus induced cell- 
cell fusion and how this process is regulated. How often HIV-1 induces the forma-
tion of syncytia? Is cell-cell function a potential process for HIV-1 transmission? 
These questions are discussed and reviewed together with a description of the most 
common ways of HIV-1 entry and transinfection.
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TNT Tunnelling nanotubes
VCC Virus-containing compartment
vDNA Viral DNA

15.1  Introduction

The human immunodeficiency virus (HIV) replicates most efficiently in activated 
CD4+ T cells, the depletion of which leads to patients succumbing to canonical 
opportunistic infections, which characterize acquired immunodeficiency syndrome 
(AIDS). Since its identification, HIV’s worldwide burden has exponentially 
expanded. In 2015, global projections estimated nearly 37 million patients to be 
infected with HIV1, contributing to at least 1.5 million deaths in 20,101, and deplet-
ing up to 20% of healthcare resources in significantly affected countries. To date, 
there is no cure or vaccine for HIV infection. The only available treatment is com-
bination antiretroviral therapy (cART), which effectively halts a patient’s progres-
sion to AIDS, barring the presence of drug-resistant strains. Despite the advent of 
cART, its use to control HIV infection is crippled by costs and notorious side effects, 
such as lipodystrophy and hepatotoxicity with protease inhibitors, and psychosis 
and mania with nucleoside (NRTIs) and non-nucleoside (NNRTIs) reverse tran-
scriptase inhibitors. Furthermore, drug resistance is becoming an ever-increasing 
concern in treating HIV patients. It has been estimated that up to 10% of patients 
will be resistant to three classes of cART regimens within 10 years of initiating 
therapy. Moreover, with the expanding prevalence of drug-resistant strains, it is 
common for patients initiating therapy to already harbor drug-resistant virus. 
Therefore, it is imperative to develop novel therapeutics that target conserved, vital 
steps in HIV’s replicative cycle to halt replication, CD4+ T cell depletion, and 
restore immunoprotective function while simultaneously avoiding the resurgence of 
resistant strains.

15.2  HIV-1 Entry, Cellular Targets, and Tropism

HIV-1 tropism is exclusively restricted to cells expressing the CD4 receptor, explain-
ing the rapid decline of CD4+ immune cells such as CD4+ T helper cells. Immune 
cells of myeloid lineage, macrophages, monocytes, and dendritic cells (DCs) are 
also susceptible to HIV-1 infection. HIV-1 envelope glycoprotein (Env) is a hetero-
trimer of gp120 which sequentially binds the primary receptor (CD4) to cause a 
conformational change and the formation of the chemokine coreceptor binding site 
(CCR5 and CXCR4) (Ayouba et al. 2008). Co-receptor binding likely then stabi-
lizes this conformation, culminating in gp120 dissociation triggering irreversible 
refolding of gp41 (a subunit of cleaved Env) and membrane fusion. CCR5 is the 
coreceptor of choice for transmission between patients and initial propagation, 
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while CXCR4 mutants appear later in infection and are correlated with accelerated 
disease progression.

Macrophages express CD4 in lower levels than T cells resulting in macrophage- 
specific HIV-1 variants (M-tropic). These variants exhibit higher CD4 binding affin-
ities through greater exposure of the CD4 binding site, but are more susceptible to 
antibody-mediated neutralization (Dale et  al. 2011). While macrophages express 
CXCR4, it appears that HIV-1 is incapable of infecting macrophages using this 
coreceptor. It is possible that CXCR4 lab strains that are continuously cultured in T 
cell lines develop a greater dependence on T cell factors resulting in the CCR5 
restriction seen in vitro but why the primary CXCR4 viruses remain productive. 
Macrophages are phenotypically highly heterogeneous creating a dramatic diversity 
in susceptibility to infection between macrophages even in the same tissue. 
Macrophages are phenotypically highly diverse which dramatically alters their sus-
ceptibility to HIV-1 infection.

Intestinal and alveolar macrophages are relatively resistant to HIV-1 while vagi-
nal and rectal macrophages are relatively permissive. The original model of HIV-1 
infection involves a CD4+ target cell becoming exposed to a freely diffusing HIV-1 
virion (Cell-free) within the bloodstream. The probability of binding is principally 
dictated by viral concentration and fluid phase diffusion (Fig.  15.1). Following 
HIV-1 contact with a target cell, non-specific attachment to integrins, C-type lectins, 
and heparin sulfate proteoglycans (HSP) hold the virus in close proximity to the 
specific cellular receptors (Berger et al. 1999). Cell-free studies have demonstrated 
the fundamental differences in the molecular stoichiometries of the two HIV-1 
strains. While X4 strains require two Env, R5 strains only need one Env to form the 
prefusion complex (Iliopoulou et al. 2018). Further studies have provided insights 
into Env and host receptor clustering, recruitment, and their neutralization 
(Fig. 15.1).

15.3  Cell-Cell HIV-1 Transmission in Macrophages

While the T cell virological synapse is well understood, cell-cell transmission 
between other cell types, macrophages remain understudied due to their complexity 
and questionable in  vitro relevance. However, the relatively recent discovery of 
long-lived, self-renewing (independent of hematopoiesis) yolk sac-derived macro-
phages has reinvigorated research into the importance of macrophages during HIV-1 
infection and as a latent pool. Due to macrophage low expression of entry receptors 
and high expression of HIV-1 restriction factors (SAMHD, tetherin, TRIM5α and 
APOBEC3G), cell-free HIV-1 infection of macrophage is highly inefficient, par-
ticularly early in infection by transmitter/founder viruses. However, like the VS, 
cell-cell HIV-1 spread between macrophages can dramatically enhance infection 
and propagation.

Due to macrophages low expression of entry receptors and high expression of 
HIV-1 restriction factors (SAMHD, tetherin, TRIM5α and APOBEC3G), cell-free 
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Fig. 15.1 Cartoon depicting single HIV-1 virus entry and fusion
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HIV-1 infection of macrophage is highly inefficient, particularly early in infection 
with transmitter/founder viruses (Parrish et al. 2012). However, like the virological 
synapse, cell-cell HIV-1 spread between macrophages can dramatically enhance 
infection and propagation. Unlike T cells, macrophages are APCs and thus can form 
stable intracellular (ICAM-1/LFA-1) connections limiting their need for Env sur-
face expression. Due to this reduced reliance on Env surface expression, these cell- 
cell contacts are often referred to as the infectious synapse (IS), and no similar 
structure has been observed between T cells. Despite infectious synapse formation 
being Env independent, infection remains Env dependent, indicting fusion is critical 
for all known methods of HIV-1 infection (Fig. 15.2b). In macrophages, Env surface 
expression and viral budding is low (~5%); instead, the virus is sequestered into a 
protective virus containing compartment (VCC). The formation of the VCC is 
poorly understood but is potentially an intrinsic property of macrophages as non- 
viral particles have been observed in similar compartments. The morphology of the 
VCC is highly dynamic; however it is always tightly linked to the surface (20 nm) 
and often linked to the plasma membrane. This potentially maintains its neutral pH 
while being narrow enough to prevent neutralizing antibody (nAb) access. It is 
speculated that local changes in phosphatidylinositol 4,5-bisphosphate (PIP2), fatty 
acid chains, membrane fluidity, or lipid phases cause this affinity for gag binding 
and viral budding to occur within the VCC and not at the surface (Gobeil et  al. 
2013). The macrophage VCC is highly advantageous as it reduces the expression of 
surface Env which could be detected by the immune system, protects the virions 
from nAbs, and stores them for prolonged periods of time.

15.4  Phagocytosis and HIV-1 Entry

Macrophages are phagocytic cells, with multiple bacteria, fungi, and viruses exploit-
ing this to gain entry via intracellular compartments by a “Trojan horse” strategy. 
While most viruses use the acidification of the endosome to trigger conformational 
changes for entry, there is no evidence of this for HIV-1. Macrophages preferen-
tially engulf HIV-1 infected T cells up to 50 times more by an Env-independent 
mechanism, which also appears to be independent of apoptotic signalling (Gobeil 
et al. 2013).

While most phagocytosed T cells are degraded after engulfment, some remain in 
non-degradative compartments for up to 6 days; however their viability is unknown. 
While HIV-1 can use Tat interaction with Cdc42, and Nef interaction with AP-1 to 
inhibit phagocytosis, neither mechanism has been linked to HIV-1 escape from 
these phagocytosed T cells. Whether HIV-1 escapes immediately prior to T cell 
engulfment or from within an endocytic compartment, Env-mediated fusion is still 
essential. This method removes virion exposure to bNabs, fluid phase diffusion, and 
may drive virus and host receptor clustering similar to that of the VS. This phago-
cytic route even allows weakly M-tropic T/F viruses to productively infect macro-
phages before M-tropic variants develop leading to the suggestion that significant 
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Fig. 15.2 Cartoon depicting cell to cell transinfection and cell-cell fusion for the first steps of 
HIV-1 infection

macrophage infection may occur earlier in disease pathogenesis than previously 
thought. It remains possible that infection via phagocytosis is not actually produc-
tive, with fusion either occurring at the plasma membrane before phagocytosis, or 
that HIV-1 nucleic acids, vDNA from the engulfed T- cell and viral proteins, pro-
vide a positive readout while not being truly infected.
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15.5  Cell-Cell Fusion in HIV-1 Entry

Cell-free HIV-1 infection is the most studied in vitro; however cell-cell HIV-1 infec-
tion is considerably more infectious (at least ten times) and is likely the dominant 
mode of transmission, particularly in T cell-rich regions such as the lymph nodes 
(Yang et  al. 2006). Cell-cell transmission was first described between T cells 
(infected and target). In infected T cells, HIV-1 expresses high levels of Env on the 
cell surface for viral budding. These surface Env can bind to CD4 on a target cell, 
along with endogenous integrin interactions holding the cells in close proximity for 
prolonged periods of time known as the virological synapse (Sloan et al. 2013) (VS) 
(Fig. 15.1c). This reduces one of the major limiting factors of HIV-1 entry, being the 
fluid phase diffusion distance, which is highly beneficial given the frequency of 
spontaneous gp120 dissociation (Bourgeois et al. 2006). Cell-cell contact rapidly 
reorganizes the cytoskeleton, viral proteins, and host receptors on both cells to this 
site of contact. On the infected cell, this is characterized by the localization of Gag 
to the intracellular surface and Env above. On the uninfected cell, integrins (LFA-1, 
ICAM-1), tetraspanins, and receptors (CD4/CXCR4/CCR5) also polarize to this 
contact site. The virological synapse dramatically reduces fluid phase diffusion dis-
tance, increases viral MOI at the site, increases the concentration of vital entry 
receptors, and spatially restricts the accessibility of antibodies and cells to create a 
highly advantageous system of viral spread. Env-CD4 cell-cell engagement relo-
cates F-actin at the VS, potentially providing a less obstructed path for viral transfer 
to the nucleus. Cell-cell contact also appears to aid in T cell receptor (TCR) cluster-
ing and activation which triggers other downstream factors such as NF- κB.

HIV-1 targets T cells and macrophages that express CD4 (main receptor) and 
CCR5 or CXCR4 as coreceptors. The envelope glycoprotein oligomerizes as a tri-
mer of dimers (cleaved gp160 into gp41 and gp120, which remain non-covalently 
associated). The gp120 subunit interacts asymmetrically with one CD4 molecule, 
and this interaction induces a series of conformational changes (opening Env). Cell- 
cell fusion between T cells (one infected and one being the target cell) was proposed 
to be an infection route (Leroy et al. 2020). Formation of T cell syncytia has been, 
however, controversial since other research showed no evidence for T cells to 
undergo cell-cell fusion employing primary CD4+ T cells (Sourisseau et al. 2007). 
The authors suggested that T cell syncytia formation might be artifacts coming from 
immortalized cell lines only observed in vitro and restricted to X4 tropic viruses 
(Moore and Ho 1995). This argument is against some observation of small T cell 
multinuclear cells found in  vivo in lymph nodes from HIV-1 infected patients 
(Orenstein 2000). These small T cell syncytia could establish interactions with tar-
get T cells and macrophages and facilitate transinfection. Other HIV-1 target cells 
such as dendritic cells and macrophages also from syncytia in vivo. In conclusion 
cell-cell fusion might be an alternative way of productive infection in T cells, 
myeloid cells, and macrophages to avoid post-fusion restriction factors (e.g., 
HD-domain-containing protein 1 (SAMHD1) (Xie et al. 2019).
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Cell-cell fusion (syncytia) is thought to occur due to infected T cells expressing 
high levels of surface Env that engage with CD4 and coreceptor on the macrophage. 
This high level of expression and interaction then facilitates fusion of the two mem-
branes and the formation of a large multinucleated giant cell (MNG) or lymphocyte 
fused macrophage cell (LFMC). Why the T cells fuse instead of being phagocytosed 
is not understood but may relate to the duration of infection. Recently infected T 
cells (<3 days) may not expose “eat me” signals but would express surface Env 
allowing for fusion without phagocytosis. Following heterotypic fusion, massive 
Env and Gag transfer occurs, along with T cell membrane markers (CD3 and CD2) 
and intrinsic T cell factors (Lck, cyclin/CDK, and dNTP). This fusion to a LFMC is 
functionally important as it produces a macrophage that is now able to fuse with 
other macrophages. LMFCs provide another mechanism for macrophage to propa-
gate HIV-1 by the more infectious cell-cell route. This creates LMFCs with enhanced 
lifetime and, surprisingly, faster migration than their mononuclear counterparts. 
While small LMFCs (<5 nuclei) have been observed in the LN of HIV-1 humanized 
mice and infected patients, the larger LMFCs (>5 nuclei) have only been observed 
in immortalized cell culture. Like cell-cell spread by phagocytosis, cell fusion may 
also represent a method of weakly M-tropic T/F viruses being capable of infecting 
macrophages early in infection. Finally, it has also been shown that HIV-1 employs 
a two-step cell-cell fusion approach for virus transfer from T cells to macrophages, 
DCs, and osteoclasts (Frankel et al. 1996); altogether these modes of dissemination 
by cell-cell fusion for HIV-1 might represent a very efficient mode of transinfection 
and dissemination in vivo.

15.6  Tunnelling Nanotubes and HIV-1

Tunnelling nanotubes (TNT) are used for cell-cell communication between homo-
typic and heterotypic cells. TNTs naturally facilitate calcium flux, protein, organ-
elle, and genetic material exchange between cells up to 100 μm away (long TNTs). 
The exchange of these materials by the TNTs can be regulated by the presence of a 
gap junction, found at the tips of TNTs, with HIV being shown to manipulate con-
nexin 43 (Cx43) at the gap junction to aid in infection. Unlike in T cells, TNT for-
mation can be induced in macrophages by HIV-1 NEF interaction with M-Sec. 
HIV-1 particles have been shown to surf along the TNTs, with antibodies against 
Env and CD4 being capable of preventing fusion; however, HIV-1 containing vesi-
cles (VCC or exosomes) have also been shown to be transported across thick TNTs 
(Fig. 15.2c). It is unknown if HIV-1 particles or vesicles are transported through 
TNTs or surfing top the TNT which could provide an opportunity for super resolu-
tion live cell imaging techniques.

It was shown that HIV-1 infection of primary macrophages induced the forma-
tion of TNT which correlated with viral replication (Eugenin et al. 2009). In this 
report, Eugenin and co-workers showed HIV-1 particles within TNT structures. 
These results should be supported with in  vivo studies and represent a good 
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hypothesis for yet another way of transmission that has received limited attention 
over the past decades.

15.7  Limitations: Biological Knowledge Gaps

The virological synapse is a complex system involving Env on the infected cell and 
then the CD4 primary receptor and CXCR4 coreceptor on the uninfected cell. Right 
at the virological synapse and the infectious synapse, other receptor interactions are 
also vital including ICAMs, CD3, Gag, integrins (including CD47), and potentially 
interactions with the other coreceptor. New technological developments are needed 
to examine with single molecule accuracy these interactions in line with efficient 
transinfection. This is not only valid for the microscopy approaches but also for 
labelling and use of in vitro and in vivo samples employing endogenous amounts of 
receptors and coreceptors.

Due to macrophage phenotype being inextricably linked to their environment, 
efforts have been made to replicate this for more biologically relevant study. Rat and 
bovine collagen (91.1% identity for the alpha I chains and 87.4% for the alpha 2 
chains) has been used to replicate macrophages’ physiological environment and 
found cell-free infection was even less efficient than previously thought. Innate 
interactions with collagen were found to reduce infectivity 20-fold by a mechanism- 
independent of Env shedding and viral aggregation. Similar reductions in infectivity 
were not seen in cell-cell transmission methods and were even less restricted as cell 
density increases further highlighting its importance in vitro.

15.8  Conclusion

The complete understanding of the mechanism of both single virus fusion and the 
process of transinfection is still not known. Also, how the process of virological 
synapse formation is regulated and how cell-cell fusion contributes to HIV-1 infec-
tion is not completely understood. Here we have highlighted several key facts that 
contribute to understand HIV-1 entry; but new technologies are needed to under-
stand what all these diverse entry mechanisms have in common and how they are 
regulated.
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Chapter 16
Relevance of the Entry by Fusion 
at the Cytoplasmic Membrane vs. Fusion 
After Endocytosis in the HIV 
and SARS- Cov- 2 Infections

Leonor Huerta, Alejandro Gamboa-Meraz, 
and Pablo Samuel Estrada-Ochoa

Abstract HIV-1 and SARS-Cov-2 fuse at the cell surface or at endosomal com-
partments for entry into target cells; entry at the cell surface associates to productive 
infection, whereas endocytosis of low pH-independent viruses may lead to virus 
inactivation, slow replication, or alternatively, to productive infection. Endocytosis 
and fusion at the cell surface are conditioned by cell type-specific restriction factors 
and the presence of enzymes required for activation of the viral fusogen. 
Whereas fusion with the plasma membrane is considered the main pathway to pro-
ductive infection of low pH-independent entry viruses, endocytosis is also produc-
tive and may be the main route of the highly efficient cell-to-cell dissemination of 
viruses. Alternative receptors, membrane cofactors, and the presence of enzymes 
processing the fusion protein at the cell membrane, determine the balance between 
fusion and endocytosis in specific target cells. Characterization of the mode of entry 
in particular cell culture conditions is desirable to better assess the effect of neutral-
izing and blocking agents and their mechanism of action. Whatever the pathway of 
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virus internalization, production of the viral proteins into the cells can lead to the 
expression of the viral fusion protein on the cell surface; if this protein is able to 
induce membrane fusion at physiological pH, it promotes the fusion of the infected 
cell with surrounding uninfected cells, leading to the formation of syncytia or het-
erokaryons. Importantly, particular membrane proteins and lipids act as cofactors to 
support fusion. Virus-induced cell-cell fusion leads to efficient virus replication into 
fused cells, cell death, inflammation, and severe disease.

16.1  Introduction

The human immunodeficiency virus (HIV) and the severe acute respiratory 
syndrome- coronavirus 2 (SARS-Cov-2) are constituted by an RNA chain sur-
rounded by a lipid envelope acquired from the membrane of producer cells during 
virus budding. The viral membrane contains cellular glycosylated lipids and pro-
teins which allow the attachment of the viral particles to the negatively charged 
surface of new target cells, as well as viral envelope proteins mediating specific high 
affinity receptor interactions and membrane fusion for virus entry. Membrane fusion 
induced by enveloped viruses proceeds initially by the close apposition of the virus 
and cell membranes, a process mediated by adhesion molecules. Upon interaction 
with specific receptors, viral envelope proteins undergo conformational changes 
that induce lipid perturbations leading to the fusion of the virus and cell membranes. 
The HIV and SARS-Cov-2 envelope proteins have similar structural organization 
and induce fusion by analogous mechanisms.

Fusion of the viral membrane can occur either with the cytoplasmic membrane 
at the cell surface, or with endosomal membranes after virus endocytosis. Fusion at 
the cell surface or at the endosomal compartments allows the entry of the viral cap-
sid into the cytoplasm. The rate of productive infection seems to be higher when the 
virus entry takes place at the cell surface. HIV and SARS-Cov-2 use both routes for 
entry into the target cells, in a manner dependent on the virus strain and proteins 
acting as cofactors at the cell membrane. The relevance of the mode of entry has 
been recently emphasized by the observation that entry of SARS-Cov-2 by fusion at 
the cell surface associates with extensive and pathogenic virus replication in human 
tracheobronchial epithelial cells and pneumocytes in the lung, whereas the entry of 
variants through endocytosis leads to high virus replication almost exclusively in 
bronchial and upper respiratory tissues. Therefore, variants of the virus differ in 
their preference for one or the other pathway to enter target cells.
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16.2  Fusion at the Cytoplasmic Membrane vs. Endocytosis 
in the SARS-Cov-2 Infection

SARS-Cov-2 replicates in double membranous structures known as “replication 
organelles” in the cytoplasm of infected cells. Structural proteins and genomic RNA 
are then directed to the endoplasmic reticulum-Golgi intermediate compartment 
(ERGIC) for virus assembly, glycosylation, and budding. The structural proteins 
spike (S), membrane (M), and envelope (E) are incorporated into the virion mem-
brane. Like HIV Env, the S protein is cleaved by a furin or furin-like enzyme into 
the S1 and S2 subunits in the Golgi apparatus. S2 is anchored to the virus membrane 
through its transmembrane domain, whereas S1 remains non-covalently attached to 
it. Assembled viruses bud into the ERGIC lumen and are directed to the plasma 
membrane via the secretory pathway, or via deacidified lysosomes for release to the 
extracellular medium. Notably, lysosome deacidification limits virus degradation 
and impairs antigen presentation, thus avoiding the induction of an efficient immune 
response [Wang et al. 2021]. For a new infection, S1 establishes high affinity inter-
action with the virus receptor at the surface of target cells, the angiotensin- converting 
enzyme 2 (ACE2). Binding to ACE2 induces the shedding of S1 and the exposure 
of an additional site in S2, the S2’ cleavage site. Cleavage at S2’ is performed by the 
adyacent transmembrane protease serine 2 (TMPRSS2), and allows conformational 
changes leading to shedding of S1 and deployment of the S2 structure, favoring the 
insertion of its hydrophobic fusion peptide into the opposite cell membrane to pro-
mote virus-cell membrane fusion [Jackson et al. 2022].

The site of virus entry (plasma membrane or endocytic vesicles) is largely deter-
mined by the level of expression of TMPRSS2, which is expressed at the surface of 
the plasma membrane but not in the endosome. So, when insufficient levels of 
TMPRSS2 are expressed, S2’ is not cleaved and the ACE2-bound virus is internal-
ized by endocytosis; once in the endosome, the S2’ cleavage is performed by endo-
somal cathepsins, which require an acidic pH to function. Activation of the S2 
subunit then induces fusion with the endosomal membrane to release the viral cap-
sid into the cytoplasm (Fig. 16.1).

The Omicron variant (B.1.1.529) is the main cause of the current pandemic in the 
world. Since its discovery in South Africa, Omicron caused concern due to the pos-
sible impact of its multiple mutations on the virus infective capacity, transmissibil-
ity, and immune system evasion. The SARS-Cov-2 S protein has 1273 amino acids, 
and its receptor-binding domain (RBD) comprises the 319–541 residues. A smaller 
region, known as the receptor binding motif (RBM), is located in residues 437–507. 
Of the 15 mutations carried by the Omicron variant in the RBD, 10 are located in 
the RBM. By comparison, the Delta variant (B.1.617.2) has only 2 or 4 amino acid 
mutations in the RBD.  Given the high inter-individual  Omicron  transmissibility, 
concern aroused about the effect of mutations on its affinity for ACE2. Some studies 
suggested that the RBD of Omicron had weaker or similar binding affinity for ACE2 
than the Delta variant [Wu et al. 2022; Han et al. 2022]. However, using biolayer 
interferometry or surface plasmon resonance to measure the binding of the RBD to 
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Fig. 16.1 Receptor-mediated entry of SARS-Cov-2 through the endosomal pathway or at the cell 
surface. Pink boxes show classic inhibitors of steps. Variants of the virus use different pathways of 
entry depending on the expression level of the TMPRRS2 in different tissues and exhibit different 
replication rates [Qu et al., 2023]. Analogous routes have been described for HIV, except that its 
fusion protein (Env) does not require enzymatic processing to induce fusion at the cell surface (see 
text). (Reproduced from Jackson et al., 2022)

human and mouse ACE2 receptor, it has been found that Omicron RBD binds to 
ACE2 with enhanced affinity compared to Wuhan-HU-1 and Delta RBD’s [Meng 
et al. 2022; Cameroni et al. 2022]. 

Notably, Omicron harbors mutations near or in the furin cleavage site at the S1/
S2 junction (H655Y, N679K, and P681H) that substantially reduce the intracellular 
processing by furin, and so, by TMPRSS2 at the S2’ site on the plasma membrane. 
As a result, Omicron tends to use the endosomal entry pathway mediated by cathep-
sin L/B, rather than the plasma membrane entry pathway mediated by TMPRSS2. 
The H655Y mutation in Omicron is a major determinant of the intrinsic low fuso-
genicity with the plasma membrane and enhanced dependance on endosomal entry 
of this variant  [Qu et  al. 2023]. Accordingly, in contrast with previous variants, 
Omicron does not induce syncytia in spite of its high affinity for ACE2. Thus, the 
inability of the Omicron S protein to acquire a fusogenic conformation at the plasma 
membrane prevents it from inducing fusion between cells, thus limiting its patho-
genic potential despite its high transmissibility [Meng et al. 2022] (Fig. 16.2).

Isolation of SARS-CoV-2 was initially carried out in China and other countries 
using the epithelial cell line Vero E6 from the kidney of the African monkey 
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Fig. 16.2 Entry routes and pathogenesis of SASR-CoV-2 Omicron and previous variants. Left: 
Previous variants mainly infect lung epithelial cells, which are TMPRSS2-high expressing cells, 
and enter host cells by the plasma membrane route. Virus first binds to ACE2 and then to TMPRSS2 
to be cleaved at the S protein. Then, the S2 protein anchors to the target cell membrane and medi-
ates fusion of the virus with the cell membrane to release the viral genome into the cytoplasm. 
Right: Due to mutations at the furin cleavage site, Omicron S protein  cannot be cleaved by 
TMPRSS2 and enter host cells by the endosomal route. Omicron mainly infects the upper airway 
epithelial cells, which express low levels of TMPRSS2. The virus–ACE2 complex is internalized 
via endocytosis into the endosomes, where S protein is cleaved by cathepsins. Then the S2 protein 
anchors to the endosomal membrane, and the viral and endosomal membranes are fused together 
to form a pore and release the viral genome into the cytoplasm. (Reproduced from Fan et al., 2022)

Chlorocebus aethiops. These cells express normal to moderate levels of ACE2 and 
TMPRSS2 proteins in their membrane. Research using this cell line showed that 
endocytosis was the entry route. Because of this, at that time it was considered that 
direct fusion of the viral membrane with the cell membrane was not a relevant form 
of entry of SARS-CoV-2 into target cells. However, the histopathological analysis 
of lung tissue of individuals at Wuhan diagnosed with COVID-19 after surgery due 
to lung cancer, showed the presence of multinucleated cells along with other inflam-
mation features [Tian et al. 2020], indicating the possibility that the Wuhan strain 
harbor an S protein able to induce fusion at physiological pH. Lau and cols. finally 
demonstrated that deletion or point mutation at the S1/S2 junction seemed in Vero 
E6-derived viruses were not present in the original  patient viruses [Lau et  al. 
2020]. Therefore, the original virus could enter the cells directly at the cell mem-
brane level. Later, it was shown that different cell lines infected with SARS-Cov-2 
express the S protein  at their surface and can  fuse with ACE2  and  TMPRSS2- 
positive neighboring cells, and that the low levels of TMPRSS2 in Vero E6 cells had 
provoked the selection in vitro of viruses lacking the furin cleavage site [Klimstra 

16 Relevance of the Entry by Fusion at the Cytoplasmic Membrane vs. Fusion…



334

et al. 2020]. Thus, Vero E6-derived viruses could enter the cells only through the 
endocytic pathway [Hoffmann et al. 2020].

Zeng and collaborators provided evidence that SARS-Cov-2 spreads through 
cell–cell contact in cultures in a manner mediated by the S glycoprotein. Treatment 
of cocultured cells with endosomal entry inhibitors impaired cell-to-cell transmis-
sion, implicating endosomal membrane fusion as the underlying mechanism. In 
contrast to cell-free virus infection, cell-to-cell transmission of SARS-Cov-2 was 
refractory to inhibition by neutralizing antibodies. They observed that ACE2 
enhanced cell-to-cell transmission although it was not absolutely required. Notably, 
different variants of concern had similar cell-to-cell transmission capability. So, the 
study revealed that cell-to-cell transmission through endocytosis can significantly 
contribute to the spread and shielding from antibodies of SARS-Cov-2 [Zeng 
et al. 2022].

16.3  Fusion at the Cytoplasmic Membrane vs. Endocytosis 
in HIV Entry

The HIV-1 envelope protein (Env) is a receptor-activated molecular complex com-
posed of the surface gp120 and the transmembrane gp41 subunits, organized in 
heterotrimers. The gp160 precursor of Env is 856 amino acids long and is synthe-
tized in the endoplasmic reticulum membrane, where it trimerizes. After transport 
to the Golgi, the gp160 precursor is modified by complex glycans and cleaved by a 
cellular furin protease into the gp120 and gp41 subunits, which remain non- 
covalently bound. The gp41 subunit contains an ectodomain, a transmembrane 
domain, and a long cytoplasmic tail that mediates intracellular trafficking and inter-
action with the matrix HIV Gag protein for incorporation of Env into virions. The 
heterotrimer is folded in a metastable inactive state, which potential energy is used 
to induce membrane fusion. After exit from the ER, HIV-1 Env is transported to the 
Golgi complex and then to the trans-Golgi network (TGN) from where it follows the 
secretory pathway to the plasma membrane. Once incorporated into viruses, bind-
ing of one Env protomer to CD4 at the target cell membrane initiates the relaxing of 
the Env structure in a sequence leading to the binding of the other two Env pro-
tomers to CD4, a process that is followed by the extension of the heptad repeat 
coiled coil regions of gp41 to form a structure known as the pre-hairpin intermedi-
ate. At this stage, Env is able to interact with the coreceptor (CCR5) at the target 
cell. Coreceptor binding promotes the insertion of the hydrophobic fusion peptide 
of gp41 into the target cell membrane and the formation of a stable gp41 six-helix 
bundle that drives the fusion of the viral and cell membranes [Wang et al. 2020].

Early analyses on the entry mechanisms of HIV-1 into lymphocytes monitored 
the redistribution of lipid dyes labeling the virus and cellular membranes, as well as 
the movement of viral  proteins and cytoplasmic probes during the first hours of 
contact between viruses and cells. Results pointed to a rapid kinetics of membrane 
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fusion and entry. The virus entry and synthesis of viral proteins were not inhibited 
by modulators of the endosomal pH at concentrations which blocked the entry of 
several other viruses known to use the endocytic pathway, and no evidence of endo-
cytosis was observed [Stein et al. 1987; Cavrois et al. 2004]. These observations 
prompted the assumption that HIV-1 enter cells through fusion with the cytoplasmic 
membrane. However, other studies using cell fractionation demonstrated that 50% 
of HIV-1 virions enter T cells by cytoplasm membrane fusion and 50% enter through 
endocytosis [Schaeffer et al. 2004]. Then, Schaeffer and collaborators, using GFP- 
Vpr- labeled viruses, demonstrated that each pathway was upregulated when the 
other one was inhibited. In both cases, internalization of the virus required CD4. It 
was observed that inhibition of endosome acidification increased virus replication, 
and it was proposed that endocytosed viruses can be rescued from degradation to 
allow fusion with the endosome membrane, or they may be recycled to the cytoplas-
mic membrane for entry. Since HIV-1 fusion at the cytoplasmic membrane was 
improved in the presence of endosome inhibitors, authors warned that endocytosis 
inhibition may disproportionately increase virion entry by cytoplasmic membrane 
fusion and lead to increased infectivity and disease, showing that a balance between 
fusion at the cytoplasmic membrane and endocytosis can take place [Schaeffer 
et al. 2004].

Other authors performed detailed analysis providing biochemical and imaging 
evidence of productive infection after entry by endocytosis. Images provided by 
high-speed tridimensional video microscopy of infected  cells harboring a viral 
matrix gag gene coupled to green fluorescence protein (called HIV Gag-iGFP), 
showed a detailed picture and quantitative assessment of contact between cells and 
cell-to-cell transmission of virus. In this study, 24% of Jurkat cells expressing HIV 
Gag-iGFP formed stable adhesions with PHA-activated primary CD4 T cells in 4 h; 
80% of these cells showed Gag accumulations at the contact site in approximately 
82 min. Both formation of contacts and Gag accumulation required the expression 
of the viral Env protein. The virus was transmitted almost exclusively in such areas 
of contact, and transmission was dependent of CD4 and HIV  co-receptors. 
Importantly, the transferred virus was observed inside multivesicular compartments 
in the target cells, suggesting endocytic entry. No evidence of syncytia formation 
was found. The expression of the fluorescent Gag product in the newly infected 
cells was indicative that infection through cell-to-cell transfer by endocytosis was 
productive [Hubner et al. 2009].

It is generally accepted that the rate of productive infection is lower for endocy-
tosis than for entry at the cell surface [Fackler and Peterlin 2000]; however, endocy-
tosis is the main route of entry during the cell-to-cell virus transfer at the virological 
synapse. The rate of infection with cell-associated HIV at site of close contact can 
be 23 orders of magnitude greater than infection by cell-free virus [Dimitrov et al. 
1993]. Thus, the transfer of HIV through cell-cell contacts and endocytosis may be 
highly relevant for virus dissemination since the high efficiency of cell-to-cell virus 
transfer may compensate for the low rate of productive infection. In addition, this 
kind of entry may reduce the time of virus exposure to antibodies and other inhibi-
tors. Melikyan and collaborators have proposed that binding of HIV particles to the 
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cell surface is followed by conformational changes of gp120 that allow activation of 
the gp41 fusogenic protein, leading to hemifusion, i.e., the fusion between the exter-
nal lipid layers of virus and plasma membranes. Complete fusion with formation of 
the fusion pore would take place at endocytic compartments [Melikyan 2014].

16.4  Expression of the Viral Fusion Protein at the Cell 
Membrane Is Required for Membrane Fusion 
and Syncytia Formation

Whatever the route of virus internalization into cells, the expression of the viral 
envelope protein at the cytoplasmic membrane enables the cells to fuse with sur-
rounding non-infected cells at physiological pH, leading to syncytia (homologous 
fusion) or heterokaryons (heterologous fusion) [Rivera-Toledo et  al.  2011; Ogle 
et al. 2005]. Fused cells are observed during both HIV and SARS-Cov-2 infections. 
Cell-cell fusion may lead to efficient virus production by syncytia and heterokary-
ons, cell death, and inflammation, so it is often associated with severe disease in 
both SARS-Cov-2 and HIV infections [Bussani et al. 2020; Xu et al. 2020; Blaak 
et al. 2000; Connell et al. 2020; Casado et al. 2018] (Fig. 16.3). Thus, factors associ-
ated to the expression of functional viral envelope proteins at the cell surface are 
relevant to the study of cell processes underlying pathology.

In HIV-1 infected cells, proteolytically processed Env trimers exit from the ER 
to be transported to the Golgi complex and then to the trans-Golgi network (TGN). 
From here, Env is trafficked via the secretory pathway to the plasma membrane, 
where it is incorporated into nascent virus particles, or alternatively is rapidly endo-
cytosed [Egan et  al. 1996]. Two motifs in the cytoplasmic tail of gp41 promote 
efficient internalization, since they can act autonomously to mediate clathrin- 
dependent endocytosis: the highly conserved and membrane proximal YSPL (YxxL) 
motif at position 712 [Boge et  al. 1998], and a C-terminal dileucine sequence 
[Byland et al. 2007]. Internalization is also mediated by the retromer protein com-
plex, a member of the endosomal sorting machinery associated with retrograde 
transport back to the Golgi complex. The retromer binds directly to the gp41 cyto-
plasmic tail. Recent studies propose that Env traffics through the endosomal recy-
cling compartment (ERC), in a manner dependent on the Rab11-family interacting 
protein 1C (FIP1C), as Rab14 is required for Env incorporation in HIV-1 particles. 
Thus, the endocytic trafficking of HIV-1 Env may serve to both sequester excess 
viral Env epitope display on the plasma membrane, and provide a route for recy-
cling back of Env to sites of virus assembly [Hoffman et al. 2022; Qi et al. 2013]. 
As HIV assembles and buds at the cytoplasmic membrane, the mature envelope 
HIV protein is normally expressed at the cell surface during the virus replication 
cycle. In contrast, SARS-Cov-2 assembles and buds into membranous replication 
organelles and reaches the extracellular space through exocytosis. So, additional 
mechanisms are required to allow the SARS-Cov-2 S protein to be retained at the 
plasma membrane to enable fusion with other cells, as observed for HIV.
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Fig. 16.3 Entry of HIV and SARS-CoV-2 by fusion with the endosomal or the cytoplasmic mem-
brane leads to virus replication. Infected cells can transmit the virus to adjacent cells at sites of 
close contact through endocytosis. Expression of the viral fusogen at the cell surface and its activ-
ity at physiological pH leads to fusion with adjacent non-infected cells to induce syncytia forma-
tion. Besides specific receptors, host membrane protein and lipid cofactors are determinant for the 
induction of membrane fusion by viral proteins (see text)

The expression of the SARS-Cov-2 S protein at the cell membrane is required for 
its interaction with neighboring ACE2-positive non-infected cells and promotion of 
cell-cell fusion [Buchrieser et al. 2020]. However, S is naturally retained by cell and 
viral factors in intracellular membranes, mainly in ER, ERGIC, and Golgi appara-
tus, so, additional mechanisms should explain its expression at the cell membrane. 
During the infection cycle of SARS-Cov-2, structural viral proteins, envelope (E), 
membrane (M), nucleocapsid (N), and spike (S) are translocated into the endoplas-
mic reticulum (ER) and then trafficked through the ER-Golgi intermediate compart-
ment (ERGIC) ultimately reaching the Golgi apparatus [Rajah et  al. 2022]. The 
co-expression of M and E with the S protein allows maturation and assembly of 
virions, preventing the expression of S at the cytoplasm membrane and syncytia 
formation [Boson et al. 2021]. Sites at the transmembrane (TM) and cytoplasmic 
domains (CTD) interact with cellular factors and other viral structural proteins that 
facilitate retention of S in intracellular membranes. It has been described that S is 
continuously recycled in ER-ERGIC-Golgi through the interaction between the 
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CTD KxHxx motif with the host cytoplasmic coat protein complexes COPI and 
COPII [Rajah et al. 2022]. Interaction of the KxHxx motif (residues 1269–1273) 
with COPI allows the retrograde transport of S from the Golgi apparatus to the ER, 
augmenting its interactions with the M and E viral proteins, promoting the S reten-
tion in the ER [Boson et al. 2021]. Cattin-Ortolá and collaborators have described 
three features of S that promote its accumulation on the plasma membrane: the 
COPI-binding site is suboptimal, which allows some S protein to escape the Golgi 
apparatus; a region containing di-acidic COPII binding motifs directs efficient exit 
of S from the ER; and the S protein is not efficiently endocytosed back due to lack 
of a tyrosine-containing motif. The exact interaction between COPII and the cyto-
plasmic tail domain motif for di-acidic ER export (residues 1237–1254) is still 
unclear; this region contains eight cysteines and only one charged residue, so it 
binds non-specifically to the S CTD.  So, disruption or inefficient interactions 
between the CTD domain and COPI and COPII provide S with the opportunity for 
escape to the cytoplasmic membrane [Cattin-Ortolá et  al. 2021]. Further studies 
should provide a deeper insight into specific interactions between these protein 
complexes and adaptor proteins with the CTD motif of the spike protein that con-
tribute to syncytia formation.

16.5  Membrane Cofactors Involved in Virus-Dependent 
Membrane Fusion

Besides specific receptors and enzymes processing viral proteins, entry of viruses 
through endocytosis or through the cell surface is mediated by a variety of host cell 
membrane molecules that influence the efficacy of specific binding and fusion of the 
HIV and SARS-Cov-2 viruses in different tissues. The best-known mechanisms of 
action of cellular proteins are the promotion of the  attachment of viruses to the 
plasma membrane surface, the alteration of the cell membrane fluidity to impede or 
promote fusion, and the regulation of endocytosis. Some of these molecules are 
expressed ubiquitously.

The SARS-Cov-2 S protein interacts with both heparan sulfate and ACE2 through 
its RBD, and heparan sulfate can independently bind the S protein in vitro [Clausen 
et  al. 2020]. In addition, several C-type lectin receptors (DC-SIGN, L-SIGN, 
LSECtin, ASGR1, and CLEC10A) and the Tweety  family member  2 pro-
tein  (TTYH2),  a probable chloride channel, were identified as glycan-dependent 
binding sites of the S protein of SARS-Cov-2 [Lu et al. 2021]. A sialic acid-binding 
immunoglobulin-like lectin 1, (SIGLEC1) also known as CD169, sialoadhesin, or 
Siglec-1, has also been identified as a binding receptor that improves ACE2- 
dependent infection. A SIGLEC1-blocking antibody inhibited infection of 
HEK293T cells, supporting its role as a cofactor of SARS-Cov-2 [Lempp et  al. 
2021]. Likewise, the expression of members of the costimulatory T cell, immuno-
globulin, and mucin proteins TIM (TIM-1 and TIM-4) and TAM (AXL) improves 
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the binding of SARS-Cov-2 to cells, facilitate the internalization of fluorescence- 
labeled virions, and increases ACE2-dependent infection [Bohan et  al. 2021]. 
Binding of the virus to proteins of the TIM family occurs through virion associated 
phosphatidylserine [Jemielity et  al. 2013]. Finally, the lymphocyte function- 
associated antigen 1 (LFA-1), which is expressed in multiple leukocytes, was pro-
posed as an ACE2-independent entry factor for SARS-Cov-2  in T cells [Shen 
et al. 2022].

Neuropilin-1 (NRP1) is a protein expressed on the surface membrane that pro-
motes infection of SARS-Cov-2. Furin cleavage of the C terminus of the S1 protein 
generates an amino acid sequence (682RRAR685) that conforms a R/K]XX[R/K 
motif, termed the “C-end rule.” NRP1 directly binds CendR motifs and significantly 
enhances the infectivity of SARS-Cov-2, [Cantuti-Castelvetri et al. 2020; Daly et al. 
2020],  through internalization of the virus  by  an endocytic process resembling 
micropinocytosis  [Teesalu et  al. 2009]. So, a  natural deletion of the S1/S2 furin 
cleavage contributes to attenuate pathogenicity in animal models of human disease 
(Lau et al. 2020). Also, one group identified a receiver panel for SARS-Cov-2 with 
various binding properties, functions, and tissue distributions. From the panel of 
identified membrane proteins that interact with SARS-Cov-2 S, two, ASGR1 and 
KREMEN1, functioned independently of ACE2, directly mediating the entry of the 
virus both in vitro and in vivo [Gu et al. 2022]. The functional mechanism of these 
putative receptors still deserves analysis.

The expression of IFITM’s (interferon-induced transmembrane proteins) is 
linked to the activation of signaling pathways that ultimately promote the expres-
sion of interferon-stimulated genes. It is thought that IFITMs prevent viral entry due 
to the alteration of mechanical and physical properties of the cell membrane, such 
as its curvature, rigidity, and composition of the cell’s membrane bilayer [Barad 
et al. 2015]. As for HIV [Beitari et al. 2020], IFITM3 has been shown to inhibit 
SARS-Cov-2 infection independently of S-palmitoylation, thus having a restriction 
mechanism different from action at the cell membrane [Shi et al. 2021]. IFITM3 
amphipathic helix was required for virus restriction, and mutation of residues within 
the IFITM3 endocytosis-promoting motif converted human IFITM3 into an 
enhancer of SARS-CoV-2 infection and cell-to-cell fusion promoter. Overexpression 
of TMPRSS2, which increases plasma membrane fusion, attenuated IFITM3 restric-
tion and converted amphipatic helix mutants into infection enhancers. On the other 
hand, a recent study has shown that endogenous expression of IFITM2 and/or 
IFITM3 is critical for efficient replication of SARS-CoV-2 and other human coro-
naviruses as SARS-CoV-1 and hCoV-OC43, whereas overexpression of IFITIMs 
inhibits replication of these and other viruses (MERS-, NL63-and 229E-hCoVs). 
These results suggest that IFITM’s favor the entry of ACE2-tropic SARS-CoVs and 
their overexpression cause artificial inhibitory effects [Xie et al. 2023]. From these 
reports, it can be noted that IFITIM’s can alter the balance between fusion at the 
plasma membrane and endocytosis.

Similar to IFITM’s, lymphocyte antigen 6 family member E (LY6E) promotes 
RNA virus infection from several viral families and modulates HIV-1 infection in a 
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way that depends on the level of CD4 expression in target cells. However, LY6E was 
found to restrict human coronavirus infection [Zhao et al. 2020].

Transmembrane proteins favoring HIV fusion, different from receptors and core-
ceptors, have also been described, including ICAM-1, LFA-1, dynamin-2, and 
alpha4beta7 integrin. On the other hand, other proteins inhibiting fusion, and thus 
recognized as restriction factors, have been well recognized, such as tetraspanins 
CD9 and CD81, EWI-2, PSGL-1, CD137 (BST-2/tetherin), IFITM1, IFITM3, 
SERINC3, SERINC5, and MARCH8 [reviewed in Ruiz-Rivera et al. 2021].

A different mechanism that may increase membrane fusogenicity relates to 
the rise of intracellular Ca2+ induced by the S protein of SARS-Cov-2 and the 
Env protein of HIV-1.  Ca2+ transiently activates fundamental proteins in cell 
physiology, such as a family of chloride channels termed TMEM16, which have 
a scramblase activity that naturally translocate phospholipids from the internal 
leaflets to the outer leaflets of the cell [Braga et  al. 2021]. Exposure through 
translocation of certain phospholipids, such as phosphatidylserine (PS), triggers 
cell-cell fusion events [Whitlock and Chernomordik 2021]. Thus, non-apoptotic 
exposure of PS may influence fusion events and the recruitment of spike in the 
cell membrane. HIV-1-induced PS redistribution depends on Ca2+ signaling trig-
gered by Env- coreceptor interactions and also involves the lipid scramblase 
TMEM16F. Externalized PS strongly promotes Env-mediated membrane fusion. 
Blocking externalized PS or suppressing TMEM16F inhibited Env-mediated 
fusion. These findings suggest that cell-surface PS acts as an important cofactor 
that facilitates receptor-dependent merger of viral and cell membranes and infec-
tion [Zaitseva et al. 2017].

The association of the transmembrane domain of the S protein, the membrane 
proximal regions, and the CTD, with certain lipids at the cell membrane such as 
cholesterol, allows the exposure of the S protein in the outer leaflet of the membrane 
[Sanders et al. 2021]. It is suggested that the presence of aromatic amino acid resi-
dues found in the TM S domain may be crucial for interactions with specific types 
of cholesterol in the cell membrane via lipidic raft-independent mechanisms 
[Sanders et al. 2021], ultimately favoring fusion events [Corver et al. 2009]. Post- 
transcriptional palmitoylation with lipidic moieties in cysteine amino acid residues 
present in the CTD S domain might also be fundamental for fusion, as well as the 
cysteine overall content in the CTD [McBride and Machamer 2010]. Punctual muta-
tions that result in an amino acid substitution of cysteines to alanines in the CTD 
negatively alter cell-cell fusion [Sanders et al. 2021]. These observations lead to the 
proposal that membrane lipid-spike protein interactions are necessary to drive cell- 
cell fusion.

Thus, fusogenicity is dependent on the presence of adhesion molecules, alterna-
tive receptors, and the activity of promoting or restriction factors at the cytoplasmic 
or endosomal membranes of target cells. Importantly, once in the cytoplasm, repli-
cation of viruses is strikingly regulated by mechanisms termed together “intrinsic 
immunity.” Mechanism developed by viruses to evade from these restrictions has 
been described. This aspect is out of the scope of this chapter and can be reviewed 
elsewhere [Majdoul and Compton 2022].
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16.6  Conclusions

Receptor-mediated fusion with the endosomal membrane or the cytoplasmic mem-
brane are alternative pathways for entry of HIV and SARS-CoV-2 into target cells. 
In addition to specific receptors, other membrane components such as adhesion 
molecules or alternative receptors, as well as restriction factors and particular lipids, 
promote or significantly limit the fusogenic activity of viral proteins. Fusion of 
virus particles at the cytoplasmic membrane allows the direct entry of the virus into 
the cytoplasm for replication, whereas endocytosis is slower and may lead to 
decreased or efficient replication. Endocytosis is a relevant mechanism of virus dis-
semination at sites of close contact between cells. The selection of an in vitro sys-
tem for the study of virus replication and the analysis of neutralizing agents should 
consider the determination of the balance between the two entry routes and the role 
of membrane cofactors.
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Chapter 17
Mathematical Modeling of Virus-Mediated 
Syncytia Formation: Past Successes 
and Future Directions

Hana M. Dobrovolny

Abstract Many viruses have the ability to cause cells to fuse into large multi-
nucleated cells, known as syncytia. While the existence of syncytia has long been 
known and its importance in helping spread viral infection within a host has been 
understood, few mathematical models have incorporated syncytia formation or 
examined its role in viral dynamics. This review examines mathematical models 
that have incorporated virus-mediated cell fusion and the insights they have pro-
vided on how syncytia can change the time course of an infection. While the model-
ing efforts are limited, they show promise in helping us understand the consequences 
of syncytia formation if future modeling efforts can be coupled with appropriate 
experimental efforts to help validate the models.

17.1  Introduction

Viruses have developed the ability to infect a wide variety of hosts, ranging from 
bacteria to plants to animals (Abdelsattar et al. 2022; Bandin and Dopazo 2011; 
Roossinck 2019; Truyen et al. 1995). Viruses can also jump across species, showing 
great flexibility and adaptability to different host environments (Martinez-Turino 
et al. 2021; McLeish et al. 2019; Nova 2021; Parrish et al. 2008; Versoza and Pfeifer 
2022). In humans, viruses can infect a variety of cells in different organs and are 
responsible for a number of illnesses (Chauhan et al. 2020). The broad variety of 
viral targets and the variety of environments encountered by viruses has led to 
viruses developing a number of strategies for transmission within a host.

Most commonly, viruses are known to leave the host cell, travel through the 
extracellular environment, typically via diffusion, but also sometimes getting caught 
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in fluid flows in the body or in extracellular vesicles (Bello-Morales et al. 2020; 
Huang et al. 2011; Johnson et al. 2022; Kouwaki and Okamoto 2017), to land on a 
nearby, but not necessarily adjacent, cell. This process, known as cell-free transmis-
sion, allows viruses to infect cells that can be some distance from the originating 
host cell. During cell-free transmission, viruses need to interact with cell surface 
receptors to gain entry into the cell and must also somehow free themselves from 
the surface of the original host cell (Ahmed et al. 2019; Albornoz et al. 2016; Laureti 
et al. 2018; Navaratnarajah et al. 2020). They are also exposed to possible dangers 
in the extracellular environment, such as components of the immune response 
(Viejo-Borbolla et  al. 2017). These processes can hinder effective spread of the 
virus, so it’s not surprising that viruses have developed other modes of transmission 
that avoid some of these potential dangers.

Viruses can also travel more directly from one cell to another via cell-to-cell 
transmission (Mothes et al. 2010; Zhong et al. 2013). In cell-to-cell transmission, 
viruses either create or take advantage of nano-tunnels between cells to travel 
directly between cells (Labudova 2020; Panasiuk et al. 2018). This allows viruses to 
avoid the difficulties of cell entry and exit, as well as avoiding the dangers of the 
extracellular environment. The drawback of cell-to-cell transmission, however, is 
that viruses can only spread to cells that neighbor the originating cell, potentially 
slowing spread of the virus (Ge et al. 2021).

There is a third method of transmission that some viruses use to spread between 
cells. Some viruses are known to cause cells to fuse into large multi-nucleated cells 
called syncytia (Leroy et al. 2020). Syncytia formation allows viruses to access the 
resources of another cell without venturing into extracellular space, so it has all the 
benefits (and drawbacks) of cell-to-cell transmission (Labudova 2020; Cifuentes-
Munoz and Dutch 2019). However, the energy and complexity required to com-
pletely fuse two cells seems to be much larger than that needed for cell-to-cell 
transmission (Dittmar et al. 2021). Yet viruses as diverse as varicella-zoster virus, 
rotavirus, human immunodeficiency virus, coronaviruses, measles, and respiratory 
syncytial virus have been observed to form syncytia (Ayata et al. 2007; Buchrieser 
et al. 2020; Diller et al. 2019; Gonzalez-Reyes et al. 2001; Hu et al. 2020; Porotto 
et al. 2019; Qian et al. 2013; Symeonides et al. 2015; Wang et al. 2017). So what 
possible advantage does this mode of transmission confer?

It is possible that syncytia formation is an unintended consequence of the fusion 
proteins of some viruses. Fusion proteins are the viral surface proteins that bind to 
cell surface receptors and allow the virus to enter the cell by fusing the viral mem-
brane with the cell membrane (Ci et  al. 2016; Harrison 2015). During the viral 
replication process, fusion proteins are also expressed on the surface of infected 
cells before viruses start to bud off the cell surface. Since the fusion protein is meant 
to bind to cell surface receptors, fusion proteins on the cell membrane will naturally 
attempt to bind to the cell surface receptors of neighboring cells, causing the two 
cells to fuse (Hernandez et al. 1996; Ward et al. 1995). In this scenario, cell fusion 
is an accidental by-product of the viral mechanism for cell entry. However, there is 
some evidence that syncytia formation is an important mechanism for spread of the 
virus between cells. Studies using a number of different viruses have shown that 
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viral strains that have a reduced capacity to cause cell-cell fusion also have reduced 
viral titers and slower replication during in vitro infections (Fukushima et al. 2019; 
Matsuyama and Taguchi 2000; Zsak et al. 1992). These studies suggest that even if 
the origin of syncytia formation was accidental, at least some viruses have come to 
rely on this mode of transmission as an integral part of how they spread.

Mathematical models can potentially provide insight into possible benefits and 
drawbacks of syncytia formation by allowing us to test different hypotheses about 
the role of syncytia in the infection process. It is still not known whether cells in 
syncytia produce the same amount of virus as infected cells not in syncytia. It is also 
not known if cells in syncytia have the same average infectious lifespan as infected 
cells not in syncytia. While the average size and number of syncytia has been mea-
sured for some infections, it is not known how either of these factors changes the 
course of the infection (Ayala-Breton et  al. 2014; Gagliardi et  al. 2017; Lopez-
Balderas et al. 2007). Additionally, mathematical models can investigate the extent 
of protection provided by syncytia formation from extracellular immune responses 
and antivirals. These are all scenarios that can be manipulated and tested using 
mathematical models. While mathematical models have been used to study other 
aspects of a number of viral infections, such as emergence of drug resistance, coin-
fections, and the effect of specific mutations, their use in studying the role of syncy-
tia formation is still limited (Dobrovolny and Beauchemin 2017; Holder et al. 2011; 
Paradis et  al. 2015; Pinilla et  al. 2012; Pinky and Dobrovolny 2016; Pinky and 
Dobrovolny 2017; Pinky et al. 2019).

In this chapter, we review the application of mathematical models to study syn-
cytia formation and what we have learned about the role of syncytia formation on 
the course of an infection from mathematical modeling. We then discuss possible 
future modeling efforts that could further our understanding of syncytia formation 
during viral infections.

17.2  Mathematical Models of Virus-Mediated Cell Fusion

There are currently only a handful of mathematical models that incorporate some 
aspect of syncytia formation (Alzahrani et al. 2020; Amidei and Dobrovolny 2022; 
Bajzer et al. 2008; Biesecker 2010; Dingli et al. 2009; Jacobsen and Pilyugin 2015; 
Jessie and Dobrovolny 2021; Mulampaka and Dixit 2011). All the models are based 
on ordinary differential equations (ODEs), which lack the ability to capture any 
spatial dependence that is inherent in syncytia-forming infections, or on partial dif-
ferential equations (PDEs), which have some ability to incorporate spatial depen-
dence. While neither type of model can fully capture the spatial heterogeneity of 
syncytia formation, these models are providing important insight into our under-
standing of syncytia formation.
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17.2.1  General Role in Viral Infection

To date, there has only been one mathematical model of syncytia formation during 
viral infections that explored the range of potential infection outcomes as properties 
of the syncytial cells were varied. The model, proposed by Jessie and Dobrovolny, 
incorporates both cell-free transmission and syncytia formation (Jessie and 
Dobrovolny 2021),
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In the model, target cells, 𝑇, can be infected by free virus, 𝑉, at rate 𝛽 or they can 
fuse with already infected cells, 𝐼, or syncytia, 𝑆, at rate 𝛾. Infected cells can fuse 
with uninfected target cells, infected cells, or syncytia, to transition from single 
infected cells to cells in syncytia. The model assumes that single infected cells and 
cells in syncytia can have different viral production rates, 𝑝 for single infected cells, 
𝑟p𝑝 for cells in syncytia, and different infectious lifespans, 1/𝛿 for single infected 
cells and 1/𝑟𝛿𝛿 for cells in syncytia. All free virus is cleared at rate 𝑐.

The model allows for transmission of the infection through syncytia formation if
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Note that it is possible for the infection to spread through fusion only (Fig. 17.1) 
without any free virus. In this scenario, the initial infected cells simply start fusing 
with neighboring cells to form syncytia. Since there is no free virus, there are no 
new single infected cells during the course of the infection, so we only see a grow-
ing number of syncytia that eventually decays as the syncytia die. If the cells in 
syncytia do not produce virus, then there will be no virus detected in swabs from the 
patient. While the model allows this type of spread as a possibility, it is not known 
whether any virus actually spreads in this manner.

The more realistic scenario is that a virus has the ability to transmit via both cell-
free transmission and syncytia formation. In this case, the model predicts that the 
effect of syncytia formation starts to influence the time course of the infection when
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Fig. 17.1 Infection spreading through cell fusion only. The target cells are fused into existing 
syncytia that eventually die off. There are no single infected cells and no free virus in this infection
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which comes from setting the contributions of syncytia and single infected cells to 
the basic reproduction number equal. This condition involves all the syncytia prop-
erties considered in this model. The fusion rate, 𝛾, determines how many syncytia 
are formed during the infection, so if this is small, then there are few syncytia and 
their effect on the infection time course is small. The relative viral production rate, 
𝑟𝑝, describes the amount of free virus produced by syncytia, so if this is low, the 
syncytia do not affect the time course of the viral infection since they are not con-
tributing much virus. Finally, 1/𝑟𝛿𝛿 is the lifespan of the syncytia, and if this is small, 
the syncytia don’t survive long enough to have an effect. While all three of these 
factors contribute to the condition determining when the role of syncytia is impor-
tant, each parameter has a different effect on the time course of the infection. 
Figure 17.2 shows how changing each of these parameters affects the time of viral 
peak (top row) and infection duration (bottom row). While changing the fusion rate 
and relative viral production rate lead to monotonic decreases in the time of viral 
peak, changing the relative syncytia lifespan leads to a minimal time of viral peak 
when the syncytia and single infectious cells contribute equally to spread of the 
infection. The infection duration decreases when the fusion rate increases but 
increases when the relative viral production rate increases and shows a clear mini-
mal value as relative syncytia lifespan changes.
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17.2.2  Cell-Cell Fusion Assay

Virus-mediated syncytia formation is sometimes studied using cell-cell fusion 
assays (Jenkinson et al. 2003). These assays use donor cells, cells transfected to 
express the viral fusion protein, and acceptor cells, cells expressing the cell surface 
proteins, to study virus-mediated syncytia formation without the presence of the 
virus. Each cell type is stained with a different dye, so that they fluoresce in different 
colors. Once the cells fuse, the two dyes mix causing syncytia to fluoresce in a third 
color. This simplified system is easier to model with some of the proposed models 
being analytically solvable.

The simplest such model considers only the three different cell types, donor (𝐷), 
acceptor (𝐴), and syncytia (𝑆) with the fusion interactions represented in the model 
(Amidei and Dobrovolny 2022),
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Here, donor and acceptor cells can fuse with each other or to existing syncytia. 
All fusion events are assumed to occur at the same rate. Under the assumption that 
the total number of cells is fixed (D + A + S=N), this system can be solved analyti-
cally to yield expressions for the donor and acceptor cells,
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Figure 17.3 shows predicted time courses for this model under different initial 
conditions and different fusion rates.

An asymmetric version of this model was also considered by Amidei and 
Dobrovolny (Amidei and Dobrovolny 2022),
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Fig. 17.3 Behavior of the symmetric model of cell-cell fusion. Figures show the percent area 
covered by donor cells (red), acceptor cells (blue), and syncytia (black) for fusion rates of 1×10−3 
h (top row), 1×10−4 h (center row), and 1×10−5 h (bottom row) with an initial 50/50 distribution of 
donor/acceptor (left column), an initial 40/60 distribution of donor/acceptor (center column), or an 
initial 25/75 distribution of donor/acceptor (right column)

where only acceptor cells are allowed to bind to existing syncytia. The biological 
motivation for this type of asymmetry is unclear, but breaking the donor/acceptor 
symmetry allows for a model that produces syncytia time courses that depend more 
strongly on the initial ratio of donor to acceptor (see Fig. 17.4). This flexibility pro-
duces better fits to experimental data, although breaking the symmetry in favor of 
the donors should allow for equally good fits to experimental data (Amidei and 
Dobrovolny 2022). This model can also be solved analytically to yield,
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Figure 17.4 shows predicted time courses for this model under different initial 
conditions and different fusion rates.

A more detailed mathematical model of cell-cell fusion was used to study syncy-
tia formation of human immunodeficiency virus (HIV) (Mulampaka and Dixit 
2011). The model describes binding of the viral envelop protein gp120 to the CD4 
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Fig. 17.4 Behavior of the asymmetric model of cell-cell fusion. Figures show the percent area 
covered by donor cells (red), acceptor cells (blue), and syncytia (black) for fusion rates of 1×10−3 
h (top row), 1×10−4 h (center row), and 1×10−5 h (bottom row) with an initial 50/50 distribution of 
donor/acceptor (left column), an initial 40/60 distribution of donor/acceptor (center column), or an 
initial 25/75 distribution of donor/acceptor (right column)

CCR5 cell receptor—a necessary step in the fusion process. The basic model has an 
equilibrium solution of
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where GC is the density of gp120-CCR5 complexes, 𝐺0 is the initial density of 
gp120 proteins, 𝐶0 is the initial density of CCR5 receptors, and K = kon/koff is the 
ratio of binding rate (𝑘𝑜𝑛) and dissociation rate (𝑘𝑜𝑓𝑓). Figure 17.5 shows the depen-
dence of the equilibrium density of gp120-CCR5 on the initial densities of gp120 
proteins, CCR5 receptors, and 𝐾. The equilibrium concentration shows an initial 
linear dependence on both initial quantities until a saturation point is reached. If 
there are low amounts of either the protein or the receptor, this will be a limiting 
factor and will determine the final number of complexes. The equilibrium concen-
tration of complexes rises very steeply at very low values of 𝐾 (either low binding 
rates or high dissociation rates), reaching the saturation value very quickly.
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Fig. 17.5 Dependence of equilibrium density of gp120-CCR5 on (left) the initial density of CCR5 
receptors, (center) the initial density of gp120 proteins, and (right) the ratio of binding rate to dis-
sociation rate

17.2.3  Oncolytic Viruses

There is particular interest in use of syncytia forming viruses for oncolytic viro-
therapy (use of viruses to eradicate cancer) since there is some evidence that fuso-
genic viruses are more adept at eradicating cancer cells (Burton 2019; Ebert et al. 
2004). This hypothesis is an ideal example of an idea that can be tested through the 
use of mathematical modeling. Several models have been developed to attempt to 
study the role of syncytia formation in oncolytic virotherapy (Alzahrani et al. 2020; 
Bajzer et al. 2008; Biesecker 2010; Dingli et al. 2009; Jacobsen and Pilyugin 2015).

Initial modeling of syncytia formation in oncolytic viruses used ordinary differ-
ential equation models. The first oncolytic virus model that incorporated syncytia 
formation was proposed by (Bajzer et al. 2008),

 

dC

dt
rC

C I

K
CV CI

dI

dt
CV I

dV

dt
I V CV

� �
�� ��

�
�
�

�

�
�
�
� �

� �

� � �

1


 � �

� �

� � � ..
 

Uninfected cancer cell (𝐶) replication is described by a generalized logistic 
model with growth rate 𝑟, carrying capacity 𝐾, and shape parameter 𝜖. The unin-
fected cancer cells can be infected by free virus at rate 𝜅 or can fuse with infected 
cells at rate 𝜌. Note that the only role played by syncytia in this model is to remove 
uninfected cancer cells from the system—any uninfected cancer cell that fuses with 
an infected cell is assumed to immediately die. There is a slight imbalance in the 
model in that the infected cell that fused with the uninfected cancer cell is not also 
assumed to die (there is no -𝜌𝐶𝐼 term in the differential equation for I). The syncytia 
do not produce virus, nor do they take up any space or resources. Infected cells 
produce virus at rate 𝛼 and die at rate 𝛿. Free virus loses infectivity at rate 𝜔.
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Mathematical analysis of the model finds that the model has three fixed points. 
There are two disease-free equilibria; one with the tumor eliminated (𝐶* = 0, 𝐼* = 0, 
𝑉*  =  0) and one where the tumor remains after therapy (𝐶*=𝐾, 𝐼*  =  0, 𝑉*  =  0). 
Unfortunately, the tumor eradication fixed point is unstable and cannot actually be 
reached. The third equilibrium is a chronic infection, meaning the patient is left with 
a tumor that does not grow, but also does not shrink, and the viral infection remains. 
The chronic infection equilibrium is shown to undergo a Hopf bifurcation, meaning 
that the model exhibits oscillations as it settles down to the fixed point (Fig. 17.6 
(top row)). The syncytia fusion rate appears in the expression for the equilibrium 
number of infected cells and virus, so syncytia formation in this model helps reduce 
the final level of infection when there is a controlled tumor.

The model was further investigated by Biesecker et al., who used it to determine 
optimal treatment regimens (Biesecker 2010). The analysis found that one or two 
dose therapy was optimal—delivering small doses of virus periodically over a lon-
ger time frame is often insufficient to establish an infection that can completely 
eradicate the tumor. Along a similar vein, they found that small tumors were more 
difficult to treat than large tumors, again because a small number of uninfected 

Fig. 17.6 Possible outcomes predicted by the models of (top) Bajzer et al. and (bottom) Dingli 
et al. (Bajzer et al. 2008; Dingli et al. 2009). We use the same initial conditions and parameter 
values (taken from Bajzer et al.) to allow for direct comparison of the two models, which differ 
only in how syncytia play a role in the infection. (top left) The Bajzer model predicts a fairly quick 
eradication of the tumor while (bottom right) the Dingli model with the same parameter values 
predicts large oscillations. (top right) The Bajzer model predicts decaying oscillations leading to a 
controlled tumor while (bottom right) the same parameters in the Dingli model predict much larger 
oscillations
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cancer cells make it difficult to establish a long-lasting infection. It is unclear what 
role syncytia play in determining optimal treatment since this was not directly 
investigated in the study. However, since the role of syncytia in this model is to 
remove uninfected cancer cells without having them produce virus, the syncytia 
might be contributing to the difficulty in eradicating small tumors.

A later study by Dingli et al. extended the role of syncytia in the Bajzer model 
(Dingli et al. 2009),
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Note that syncytia now comprise their own compartment in the model (𝑆). They 
also take up space and resources, so they affect the ability of the tumor to spread. 
Perhaps more importantly, they produce virus and can contribute to perpetuating the 
infection.

The model was fit to experimental data from xenograft KAS-6/1 tumors in mice 
treated with measles virus (Myers et al. 2007). The model is capable of replicating 
a number of different treatment outcomes including tumor eradication, tumor con-
trol (the tumor size does not increase or decrease), and continued tumor growth, 
similar to the Bajzer model. Since the models are so similar, it is possible to use 
them to compare how the differing assumptions about the role of syncytia change 
model predictions. Figure 17.6 (top row) shows two possible outcomes of the Bajzer 
model as viral production rate and infected cell death rate are changed. Figure 17.6 
(bottom row) shows the Dingli model predictions using the same parameter values. 
The ability of syncytia to produce virus and play a more active role in the infection 
(Dingli model) causes more extreme oscillations in tumor size.

These first syncytia-forming oncolytic virus models lack any spatial dependence 
since they consist of ordinary differential equations. Jacobsen et al. addressed this 
issue by building a model framework that incorporates at least some spatial depen-
dence (Jacobsen and Pilyugin 2015). The model assumes a radially symmetric 
tumor with a boundary moving at velocity u(r,t). Under this assumption, the partial 
integro-differential equations describing the system are
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cancer cells 𝑐 replicate with growth rate 𝜆. They can be infected by free virus at rate 
𝛽 or incorporated into syncytia at rate 𝜌. The infected cancer cells 𝑖 can also be 
incorporated into larger syncytia at rate 𝜌 or they can die at rate 𝛿. Syncytia, 𝑧, die 
at rate 𝜇. Syncytia and infected cells produce virus at rate 𝛼, but only singly infected 
cells are assumed to have the ability to burst and release virus. The virus diffuses 
among the cells, while the positions of the cells themselves change with the moving 
boundary.

Under the assumption of spatial homogeneity, mathematical analysis results in 
the rather elegant result that the rate of tumor growth or decay is given by
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3
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where 𝑐* and 𝑖* are the fixed point values of the spatially homogeneous system. 
Unfortunately, this result suggests that it is not possible, at least in the spatially 
homogeneous case, to simultaneously eliminate the tumor along with the infection 
itself. Figure 17.7 shows combinations of 𝑐* and 𝑖* that result in a growth rate of zero 
for the parameters used in (Jacobsen and Pilyugin 2015). When the infected cells go 
to zero, we still have about half of the tumor cells remaining. The best that can be 
done in the spatially homogeneous system is to have a controlled tumor, one that 
doesn’t grow or shrink, with a chronic viral infection.

However, real tumors are not spatially homogeneous, so more realistic scenarios 
were assessed using numerical simulations of the model assuming an initial injec-
tion of virus into the center of the tumor. In this case, it was found that the tumor 
radius could go to zero, i.e., that the cancer could be cured if the fusion rate was 
large. Interestingly, simulations showed that cure of the tumor was also possible 
when fusion rate was low if the viral burst size during cell lysis was also low. At low 
viral burst size, intermediate values of fusion rate did not result in cure of the tumor.

Another model, proposed by Alzahrani et al., explores the hypothesis that move-
ment of syncytia helps spread the viral infection throughout a tumor, thus increasing 
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Fig. 17.7 Stable tumor sizes of the Jacobsen oncolytic virus model. Using values of 𝜆 = 0.48 /d, 
𝜇 = 0.5 /d, and 𝛿 = 1.5 /d, we plot the normalized fixed point values of 𝑐∗ and 𝑖∗ that result in a 
growth rate, 𝐹 of 0

the efficacy of oncolytic virus treatment (Alzahrani et al. 2020). This assumption is 
based on experimental studies that indicate that syncytia can use pseudopods to 
move (Sylwester et al. 1998; Sylwester et al. 1993). The model incorporates two 
types of motion for both cells and virus: diffusion from high concentrations to low 
concentrations, and haptotaxis determined by the extracellular matrix (ECM). 
Alzahrani et al. used a series of three mathematical models to systematically inves-
tigate the role of syncytia motion. The base model assumes stationary syncytia,
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where 𝑐 represents the uninfected cancer cells, 𝑖 represents the infected cancer cells, 
𝑠 represents the syncytia, 𝑢 is the ECM, and 𝑣 is the virus. In this version, uninfected 
and infected cancer cells, as well as virus, move via diffusion (with diffusion 
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coefficients Dc, 𝐷i, and 𝐷v) and through haptotactic movement towards higher con-
centrations of ECM (with rates 𝜂𝑐, 𝜂𝑖, and 𝜂𝑣). Uninfected cancer cells are assumed 
to replicate via a logistic model with growth rate 𝜇1. Uninfected cancer cells can be 
infected via free virus at rate 𝜌 or can fuse with infected cells at rate 𝜅. Infected cells 
and syncytia produce virus at rates 𝑏𝑖 and 𝑏𝑠, and die at rates 𝛿𝑖 and 𝛿𝑠, respectively. 
The ECM does not move, but is assumed to be remodeled in response to cell density. 
The authors compared the predictions of this model to a model where syncytia 
could move, both through diffusion or haptotactic motion, described by the modi-
fied syncytia equation

 

�
�

� � � � �� � � �� � �
s

t
D s s u ci ss s s

2
01� � � �· .

 

The study finds that a virus’ fusogenicity has a larger impact on its ability to clear 
a tumor than its motility. Both diffusion and haptotactic motion had little effect on 
the tumor invasion area, but changes in 𝜌0, a measure of the fusogenicity of the 
virus, led to substantial changes in the tumor invasion area.

17.3  Future Directions

17.3.1  Experiments

Experiments are crucial for refining and improving mathematical modeling efforts. 
Without experimental data to validate or refute different mathematical hypotheses, 
modelers cannot construct models that accurately reproduce reality. In the case of 
syncytia formation, experimental observation of some of the most fundamental 
questions is still lacking. For example, the model presented by Jessie and Dobrovolny 
(Sect. 2.1) explores ranges of the amount of virus produced by syncytia and the 
lifespan of syncytia simply because measurements of these quantities do not yet 
exist for any virus (Jessie and Dobrovolny 2021). Viral production has been mea-
sured from single cells, so it seems that it should be feasible to measure production 
from individual syncytia (Timm and Yin 2012). Questions that need to be answered 
include whether syncytia produce more or less virus than the corresponding number 
of singly infected cells and whether the production rate varies with the size of the 
syncytium. It should also be reasonably straightforward to measure the infectious 
lifespan of syncytia and determine whether there is a size dependence for this quan-
tity as well.

The cell-cell fusion assay described in Sect. 2.2 is one experimental assay that 
has been developed to study syncytia formation. Recent modeling work used data 
from this assay to estimate the fusion rate, although questions remain about the 
usefulness of this measurement when it comes to in vivo infections (Amidei and 
Dobrovolny 2022). Cell-cell fusion assays typically use cell types different from 
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those actually infected by viruses in humans. For example, recent cell-cell fusion 
assays studying SARS-CoV-2 fusion used Vero cells, 293 T cells, HeLa cells, TZM 
cells, A549 cells, and U2OS cells, none of which are the typical cells targeted in the 
human respiratory tract (Buchrieser et  al. 2020; Braga et  al. 2021; Cheng et  al. 
2021; Essalmani et  al. 2022; Hoernich et  al. 2021; Jocher et  al. 2022; Liu et  al. 
2022; Papa et  al. 2021; Rajah et  al. 2021; Ren et  al. 2021; Sanders et  al. 2021; 
Theuerkauf et al. 2021; Wang et al. 2021). One experiment examined the effect of 
having different cells as donors or acceptors, and analysis showed that the fusion 
rate remained the same (Amidei and Dobrovolny 2022; Papa et al. 2021). However, 
this experiment was limited to swapping the chosen donor and acceptor cells, which 
happened to be Vero and 293 cells, so it’s not clear whether this result will extend to 
other cell types. There are also many other host factors that come into play when 
syncytia formation occurs in vivo that are not present in the cell-cell assays, so the 
correlation between in vitro findings and actual infections is not clear (New et al. 
2021; Takemoto et al. 2022). One step in helping to bridge this gap is the develop-
ment of organoids that are being used to study infection processes, including syncy-
tia formation (Porotto et al. 2019; Clevers 2020; Ekanger et al. 2022; Mykytyn et al. 
2021; Shpichka et al. 2022).

There is also a need to develop more detailed studies of some of the spatial 
aspects of syncytia. Since syncytia are spatially extended objects, the question of 
whether their surface properties are homogeneous or heterogeneous can impact the 
spatial dynamics of viral spread. There has been some study of the spatial distribu-
tion of both viral surface proteins and cell surface receptors for single infected cells 
(Gershon et al. 1979; Leary and Todd 1977; Sadzotdelvaux et al. 1992; Zimmerberg 
et  al. 2004). While the distribution of cell surface receptors appears to be fairly 
homogeneous over the surface of a single cell before infection, one study found that 
in single infected cells, cell surface receptors redistribute themselves to aggregate in 
clumps on the cell surface after infection (Gershon et  al. 1979; Leary and Todd 
1977). Another study noted that viral surface proteins are also not homogeneously 
distributed about the surface of a single infected cell (Sadzotdelvaux et al. 1992). 
Does a similar effect occur on the surface of syncytia? There is an additional com-
plication for syncytia since uninfected cells can fuse and become part of existing 
syncytia. How long does the surface of this newly added cell differ from the surface 
of the rest of the syncytium? Similar questions can be asked about the production of 
virus from syncytia—is it homogeneously distributed around the cell surface or is 
viral production highly localized? Additionally, single infected cells can burst to 
release a large amount of virus at once, which is known to alter the viral time course 
as compared to continuous viral production (Gilchrist et al. 2004). Lytic production 
for singly infected cells was incorporated into the Jacobsen model, but they did not 
include a similar lytic mechanism for syncytia based on a study that suggests that 
the mechanism of death for syncytia differs from that of singly infected cells 
(Bateman et  al. 2002). More recent studies, however, suggest that syncytia can 
undergo apoptosis similar to singly infected cells, so viral bursts might need to be 
considered for syncytia as well (Hoffmann et al. 2008; Lin et al. 2010; Salsman 
et al. 2005).
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Finally, there is a need to better understand the similarities and differences 
between virus-cell fusion and cell-cell fusion. While cell-cell fusion arises because 
viral surface proteins appear on the surface of infected cells, there is some evidence 
that the attachment and fusion processes differ between virus-cell and cell-cell 
fusion (Connolly and Lamb 2006; Fan et al. 2021). One mathematical study sug-
gests that the redistribution of lipid molecules during fusion will differ for virus-cell 
fusion and cell-cell fusion simply due to the size difference between viruses and 
cells, although this doesn’t appear to have been experimentally verified even though 
it appears to be experimentally feasible to measure such redistribution (Lowy et al. 
1995; Rubin and Chen 1990). However, there are some experiments that suggest 
different fusion mechanisms for virus-cell and cell-cell fusion, or that different pro-
teases appear to be responsible for facilitating cell-cell or virus-cell fusion or that 
antivirals have differential effects on virus-cell and cell-cell fusion (de Haan et al. 
2004; Ghosh et al. 2000; Gombold et al. 1993; Konopka et al. 1995; Pleskoff et al. 
1995; Schmid et  al. 2000; Simmons et  al. 2011). Understanding how virus-cell 
fusion and cell-cell fusion differ will help answer the question of whether syncytia 
formation is an accidental by-product of expression of viral surface proteins on the 
cell surface or whether syncytia formation evolved as a strategy to help evade extra-
cellular immune responses.

17.3.2  Models

While some of the oncolytic virus models incorporate some spatial dynamics, they 
do not fully capture the full spatial heterogeneity of syncytia formation. The use of 
partial differential equations assumes continuity of the quantities being modeled, 
but this is not the case for cells. Cells are discrete objects, so the most realistic mod-
els need to take this into account. Models that simulate individual cells to study their 
collective behavior are known as agent-based models (ABMs). ABMs are ideal for 
capturing the spatially heterogeneous and discrete process of syncytia formation. 
While agent-based models have been used to simulate viral infections, they largely 
assume virus spreads through cell-free transmission, so none have incorporated syn-
cytia formation (Alvarado et al. 2018; Beauchemin et al. 2005; Goyal and Murray 
2016; Itakura et al. 2010; Tong et al. 2015; Wasik et al. 2014; Whitman et al. 2020; 
Wodarz et al. 2014). However, an ABM that includes syncytia formation has been 
created for models of bone formation, so incorporating syncytia formation into viral 
ABMs should be feasible (Van Scoy et al. 2017). The recent advance of implement-
ing a viral ABM on graphical processing units (GPUs) allows for full-scale simula-
tion of in vitro experiments in minutes on a desktop computer, so should also be 
able to replicate cell-cell fusion assays or organoid experiments in reasonable 
amounts of time (Fain and Dobrovolny 2022).

Another possible use of mathematical models is to help understand the possible 
benefits of syncytia formation. It is thought that syncytia formation protects the 
virus from extracellular threats such as many components of the immune response 
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(Labudova 2020; Cifuentes-Munoz and Dutch 2019). Mathematical models are an 
ideal vehicle for testing these types of hypotheses. For example, a model incorporat-
ing both syncytia formation and an antibody response, a common immune compo-
nent already incorporated into many ODE viral models, could lead to insights on 
how much syncytia formation is needed to effectively evade antibodies (Ciupe 
2015; Dobrovolny et al. 2013; Nikin-Beers et al. 2015). Similarly, a common appli-
cation of viral dynamics models is to study the effect of different antivirals, so this 
could easily be incorporated into models that also include syncytia formation in 
order to investigate whether syncytia formation helps the virus elude the antiviral 
(Zitzmann and Kaderali 2018). Models that incorporate antivirals will also be useful 
for optimizing treatment doses and timing to quickly eliminate infections (Koizumi 
and Iwami 2014; Koizumi et al. 2017). Many newer antivirals target fusion proteins 
of various viruses, preventing the virus from fusing with the cell (Lan et al. 2022; 
Van Den Bergh et al. 2022). Antivirals that prevent fusion should not only prevent 
fusion of virions with the cell surface, but will also likely prevent cell-cell fusion 
during the infection, so might prove to be more effective than antivirals that target 
other parts of the viral replication cycle. In order to accurately model these types of 
antivirals, syncytia formation should also be included in the models in order to cap-
ture all the effects of the antiviral.

However, if models are to be used to make predictions, we must ensure that they 
are properly validated. While some of the oncolytic virus models have been fit to 
experimental data, it’s not clear that models without syncytia formation would not 
have been able to replicate the same data. In order to properly validate models that 
include syncytia formation, we will need measurements of the time course of the 
syncytia. Currently, viral models are validated using measurements of viral time 
courses, or in the case of oncolytic virus treatment, measurement of tumor size. It is 
known that these limited measurements lead to problems with parameter identifi-
ability (González-Parra et al. 2018; Miao et al. 2011) making it difficult to assess 
the reliability of the model itself and to determine any limitations.

17.4  Conclusions

The application of mathematical models within host viral dynamics started about 
30  years ago and has led to a number of important advances, but there are still 
aspects of viral infections that have had limited mathematical modeling efforts 
(Beauchemin and Handel 2011; Perelson 2021). The formation of syncytia and its 
role in viral infections can be easily incorporated into mathematical models, but 
there have been few efforts to use mathematical modeling to improve our under-
standing of syncytia. This review describes these early efforts and what we have 
learned from them with the hope that both modeling and experimental efforts can be 
combined to help improve our understanding of this mechanism of viral spread.
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Chapter 18
Syncytium Induced by Plant-Parasitic 
Nematodes

Mateusz Matuszkiewicz and Mirosław Sobczak

Abstract Plant-parasitic nematodes from the genera Globodera, Heterodera (cyst- 
forming nematodes), and Meloidogyne (root-knot nematodes) are notorious and 
serious pests of crops. They cause tremendous economic losses between US $80 
and 358 billion a year. Nematodes infect the roots of plants and induce the forma-
tion of specialised feeding structures (syncytium and giant cells, respectively) that 
nourish juveniles and adults of the nematodes. The specialised secretory glands 
enable nematodes to synthesise and secrete effectors that facilitate migration 
through root tissues and alter the morphogenetic programme of host cells. The for-
mation of feeding sites is associated with the suppression of plant defence responses 
and deep reprogramming of the development and metabolism of plant cells.

In this chapter, we focus on syncytia induced by the sedentary cyst-forming nem-
atodes and provide an overview of ultrastructural changes that occur in the host 
roots during syncytium formation in conjunction with the most important molecular 
changes during compatible and incompatible plant responses to infection with 
nematodes.

18.1  Introduction

Nematodes are one of the most numerous and widespread groups of invertebrate 
animals. Phylum Nematoda encompasses more than 27,000 described species, and 
the total number of species is estimated at more than one million. Thanks to their 
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great adaptability, nematodes are found all over the Earth. Although they are very 
conservative in body organisation and morphology, they inhabit a variety of habitats 
and occupy very different niches in virtually all climatic zones. About 5000 known 
species can be found in different soil environments, and the densities of their popu-
lations vary between 60,000 and 30 million individuals per square meter (Wasilewska 
1979). Most of them are free-living species that feed on bacteria, fungi, or algae, but 
there are also species parasitizing animals or plants (Kikuchi et al. 2017). Plant- 
parasitic nematodes (PPNs) are among the most dangerous pests in modern agricul-
ture, and they are parasites of virtually all crops, i.e. Solanaceae (tomato, potato, 
pepper, tobacco), Fabaceae (soybean, chickpea, bean, pea, alfalfa), Malvaceae (cot-
ton), Amaranthaceae (beet), Musaceae (banana), Brassicaceae (cabbage and rela-
tives), and Poaceae (rice, wheat, corn). The value of economic losses caused by 
them is estimated worldwide to be between US $80 billion (Sasser and Freckman 
1987) and US $358 billion (Abd-Elgawad and Askary 2015) per year.

The classical systematics of nematodes has long been controversial, as it was 
based on the anatomical and morphological features and the type of food they 
take (Blaxter et al. 1998). Through the use of comparative genomics, Mitreva et al. 
(2005) distinguished five classes: Dorylaimia (I), Enoplia (II), Chromadorea/
Spirurina (III), Tylenchina (IV), Rhabditina (V) across the phylum Nematoda. More 
precise taxonomic classification based on phylogenetic marker 18S rRNA gene 
sequence allowed to distinguish 12 different clades (van Megen et al. 2009; Kikuchi 
et al. 2017). This classification indicates that ability to parasitize plants appeared 
several times during the evolution of nematodes. PPNs are found in clade 
1-Triplonchida (class II according to Mitreva et al. (2005)), clade 2-Dorylaimida 
(accordingly class I), clade 10b-Aphelenchoidea (class IV), and clade 12-Tylenchida 
(class IV). It is worth to note that classes I and V encompass mostly dangerous para-
sites of animals and humans with few plant-parasitic species, whereas the most of 
plant parasites belongs to class IV Tylenchina (clade 12-Tylenchida) (Mitreva 
et al. 2005).

A common feature of all PPNs is the presence of solid U-shaped odontostyle or 
hollow stylet, which are used to withdraw cellular content from parasitized plant 
cells. However, except for the clade 12-Tylenchida parasitic behaviour of PPNs is 
very simple and practically restricted only to migratory ectoparasitism when the 
parasite remains motile during its whole life and feeds on rhizodermal cells or corti-
cal cells below rhizodermis reachable to their mouth stylet (Sijmons et al. 1994; 
Wyss 1997). Probably PPNs have evolved from fungivorous soil-borne nematodes. 
The occurrence of thin fungal hyphae surrounding large and rich in nutrients plant 
roots seems to be a reasonable basis for such a transition. However, in the case of 
plant roots, the nutrients are not evenly distributed across their tissues. The outer 
cell layers, rhizodermis, and cortex are composed of thin-walled and strongly vacu-
olated cells containing only limited amounts of cytoplasm and nutrients. The bulk 
of nutrients is located in the central part of the root, called a vascular cylinder, where 
conductive tissues are located (Fig. 18.1a, d, g). This pattern of nutrient distribution 
may explain a tendency observed among lineages of PPNs to change their parasitic 
behaviour from ectoparasitism into endoparasitism. On the one hand, it provides 
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Fig. 18.1 Anatomy of feeding sites induced by sedentary plant-parasitic nematodes. Light micros-
copy micrographs of cross sections of giant cells induced by Meloidogyne hapla in sunflower 
(Helianthus annuus) root (a–c), and syncytia induced by Globodera rostochiensis in tomato 
(Solanum lycopersicum) root (d–f), and syncytia induced by Heterodera schachtii in Arabidopsis 
thaliana root (g–i). (a) uninfected sunflower root; (b) group of giant cells next to the nematode 
head; (c) group of giant cells above the nematode head. Arrows point to nucleoli; (d) uninfected 
tomato root; (e) syncytium at 7 dpi next to the nematode head; (f) syncytium at 14 dpi above the 
nematode head; (g) uninfected Arabidopsis root; (h) syncytium at 2 dpi next to the nematode head; 
(i) syncytium at 14 dpi above the nematode head. Abbreviations: C, cortex; CB, cortex bridge; En, 
endodermis; GC, giant cell; ISC, initial syncytial cell; N, nematode; Nu, nucleus; P, pericycle; Pd, 
periderm; Ph, phloem; R, rhizodermis; S, syncytium; X, xylem. Scale bars: 100 μm (b); 50 μm (a); 
20 μm (c–i) (figure a–c courtesy Kamila Chalamońska and Andrzej Skwiercz)

access to cells rich in nutrients, and on the other hand, hiding inside the root tissues 
protects from predators. In the next step, the parasite will benefit from the restriction 
of its motility and thus energy expenses for migration among or inside root cells due 
to the switch from migratory into the sedentary mode of life. However, such transi-
tion demands an ability to induce development of specialised feeding cells, which 
will create a sink for plant nutrients towards the parasite.
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Induction of feeding structures was achieved by some species from the clade 
Tylenchida, which developed the most advanced and sophisticated interactions with 
their hosts (Wyss 1997). Surprisingly, for unknown reasons, only nematode species 
parasitizing roots were able to develop permanent feeding sites whereas nematodes 
preferring above- and below-ground shoots remained migratory endoparasites 
(Palomares-Rius et al. 2017). However astonishingly, under specific artificial condi-
tions, the sedentary root-parasitic nematodes can infect and induce their feeding 
sites also in leaves and stems (Miller and DiEdwardo 1962; Golinowski et al. 1996). 
The first permanent nematode feeding sites were single cells or groups of discreet, 
slightly enlarged root cortical cells, which were constantly explored by sessile para-
sitic nematodes (Hussey et al. 1992). From these cells evolved giant cells and syn-
cytia. The former are hypertrophied cells with a large protoplast and reduced volume 
of the vacuole (Fig. 18.1b, c). They contain hypertrophied polyploid nuclei with 
enlarged nucleoli and increased numbers of plastids, mitochondria, and endoplas-
mic reticulum (ER). Giant cells induced by some nematode species contain a single 
enlarged polyploid nucleus whereas the other species achieve multinuclear poly-
ploidy via endomitosis and mitosis without cytokinesis (Mundo-Ocampo and 
Baldwin 1983; Huang and Maggenti 1969). Syncytia are formed by the fusion of 
protoplasts of neighbouring cells stimulated by the parasite followed by partial dis-
solution of cell walls between them leading to the formation of cell wall openings 
(Grundler et al. 1998; Fig. 18.1e, f, h, i). This way, the multinuclear stage is also 
achieved, and the nuclei become polyploid due to endomitoses. Less evolutionary 
advanced PPNs induce syncytia and single or groups of giant cells among root cor-
tex cells. Parasites being more evolutionary advanced developed tools to force the 
barrier of endodermis and to enter the vascular cylinder where they induce the 
development of nurse cells in direct contact with conductive tissues (Sijmons et al. 
1994; Palomares-Rius et al. 2017). The sedentary mode of parasitism and feeding 
sites with direct access to plant resources allowed this group of PPNs to increase 
their reproduction rates several hundred times in comparison to migratory ectopara-
sites feeding on rhizodermal cells (Cohn and Spiegel 1991).

In agricultural practice, depending on crop species and type of agricultural yield, 
the most damaging are usually nematodes belonging to the group of sedentary 
endoparasites. They do not create a uniform group and differ greatly in plant species 
preferences, type of induced permanent feeding site, infection habits, and develop-
mental and reproductive features. The two most detrimental groups of sedentary 
PPNs are root-knot nematodes (RKNs) with genus Meloidogyne which upon infec-
tion induce the development of groups of giant cells inside the vascular cylinder 
surrounded by hyperplastically dividing parenchymatic cells leading to the forma-
tion of swellings on the roots (galls, root-knots) (Fig. 18.1b, c), and cyst-forming 
nematodes (CNs) with leading genera Globodera and Heterodera which induce the 
development of syncytia located predominantly inside the vascular cylinder 
(Fig. 18.1e, f, h, i). The name of this group of PPNs originates from eggs-protecting 
cysts which are formed from the bodies of dead females. RKNs usually have a wide 
range of possible plant hosts, sometimes exceeding several hundreds of species. In 
contrast, CNs have a narrower host range sometimes restricted to a few closely 
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related plant species. However, also some genera of migratory nematodes, i.e., 
Pratylenchus and Radopholus, can create serious problems on some crops (Jones 
et al. 2013).

Due to different morphogenetic pathways modulated at cellular and molecular 
levels by RKNs and CNs in plants during infection, and the establishment and 
development of their feeding sites, later in this chapter, we will focus mainly on 
syncytia induced by CNs to highlight developmental and molecular changes related 
to their parasitism, feeding site induction, and development. For readers interested 
in the structure, development, and functioning of nematode-induced giant cells, we 
recommend the following papers: Huang and Maggenti (1969), Paulson and Webster 
(1970), Fattah and Webster (1984), de Almeida et al. (2004), Jagdale et al. (2021), 
and Rutter et al. (2022).

18.2  Plant-Parasitic Nematodes

The life cycle of sedentary PPN is relatively uniform. It starts from an egg deposited 
inside the body of a dead female in the case of CNs. The first stage juvenile (J1) 
develops inside the eggshell and moults into the second stage juvenile (J2). The J2s 
may remain dormant inside the eggshell for different time, even for more than 20 
years in the case of potato cyst nematode (G. pallida). Hatching of J2s is usually 
induced by exudates from host plant’s roots. Using chemosensory organs juveniles 
migrate towards host roots. Infective J2s of CNs have large and robust stylets, thus 
they rely more on the physical disruption of cell walls than on the cell wall- degrading 
enzymes. They usually enter rhizodermis cells making several punctures with stylet 
in cell walls and then break them with head movements and stylet thrusts. They 
enter the cell and keep migrating intracellularly towards the vascular cylinder 
mechanically breaking the walls of cortical and endodermal cells (Fig. 18.1e, h). 
This savage behaviour changes rapidly into subtle and exploratory when the ante-
rior part of the nematode body enters the vascular cylinder (Fig.  18.2a). The J2 
carefully pierces procambial, pericyclic, and parenchymatic cells of the vascular 
cylinder and awaits their reaction. If the reaction is adverse, the cell is destroyed and 
the next cell is probed. This examination lasts until the properly-reacting cell is 
found. The molecular and cytological features of “proper reaction” are still unknown 
but getting this signal the J2 remains motionless with its stylet inserted into selected 
cell for several hours. During this period the density of granules in nematode’s 
secretory glands decreases, which suggests that the sedentary J2 is releasing a cock-
tail of effectors to the selected cell. Afterward, the stylet is retracted and reinserted, 
and the metacorporal pump starts to pulse indicating the onset of food withdrawal 
(Wyss and Zunke 1986). Infective J2 of CNs selects only a single cell which 
becomes turned into the initial syncytial cell (ISC), and later, neighbouring meriste-
matic and/or parenchymatic cells of the vascular cylinder become modified and fuse 
with the ISC via local dissolutions of cell walls, thus, forming a syncytium 
(Golinowski et al. 1996; Fig. 18.2a).
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Fig. 18.2 Structures related to parasitism of sedentary plant-parasitic nematodes. Transmission 
electron microscopy micrographs of syncytia induced by Heterodera schachtii in Arabidopsis 
thaliana root (a–d) and giant cell induced by Meloidogyne hapla in sunflower (Helianthus annuus) 
root (e). (a) longitudinal section of nematode head and stylet inserted into the initial syncytial cell 
of 2 dpi syncytium; (b) section of 4 dpi syncytium with a feeding tube attached to the stylet orifice 
(arrow). The connection of feeding tubes with the endoplasmic reticulum is marked with the 
arrowhead. Double tail arrow points to widened plasmodesmata; (c) section of 4 dpi syncytium 
showing zone of modified cytoplasm in the initial syncytial cell; (d) section of 4 dpi syncytium 
with the longitudinal section of feeding tube attached to the stylet orifice (arrow). Arrowheads 
point to connections of endoplasmic reticulum with feeding tube wall; (e) cross-sectioned feeding 
tube inside the giant cell (courtesy Kamila Chalamońska and Andrzej Skwiercz). Abbreviations: 
FP, feeding plug; FT, feeding tube; FTS, feeding tube tubular structure; ISC, initial syncytial cell; 
M, mitochondrion; N, nematode; Ne, necrosis; S, syncytium; St, stylet; ZMC, zone of modified 
cytoplasm. Scale bars: 2 μm

After selection and induction of the ISC, the J2 loses its locomotive abilities and 
the induced feeding site becomes its only source of nutrients for all successive 
developmental stages. Sedentary J2 is still not sexually differentiated. It feeds for 
several days and then moults to sedentary and actively feeding J3, which exhibits 
the first anatomical features of sexual differentiation (Wyss 1992). There are numer-
ous indications that the sex of sedentary PPNs is regulated epigenetically by the 
amount and composition of nutrients withdrawn by the J2 (Müller et  al. 1982; 
Sobczak et al. 1997; Anjam et al. 2020). J3 feeds actively on the feeding site and 
moults to be J4. The male J4 undergoes successive moult, without a food uptake, to 
adult vermiform male, which breaks the cuticle of former stages and leaves the 
roots. The female J4 has another period of food uptake which ends with a moult to 
mature female. The female remains sedentary, and its body becomes round, citron-, 
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or pear-shaped. CNs reproduce usually by amphimixis, and after fertilisation, the 
female deposits eggs inside its own body, which becomes a protective cyst, or out-
side in the gelatinous sacs (Raski 1950).

18.3  Structure of Syncytia in Susceptible Plants

After selection and induction of the ISC, the infective J2 withdraws and reinserts the 
stylet into the same cell (Wyss and Zunke 1986; Fig. 18.2a, b). Granules produced 
in nematode oesophageal glands move via glands ducts towards the stylet and they 
are injected into the selected cell through the stylet channel. Probably some con-
stituents of nematode secretions spread inside the cytoplasm of the ISC and modify 
its gene expression whereas some other constituents interact with the cytoplasm of 
the ISC and form structures called feeding tubes (Rebois 1980; Rumpenhorst 1984; 
Endo 1991; Sobczak et al. 1999; Fig. 18.2b–d). There is a general agreement that 
feeding tubes serve as a kind of molecular sieve for the withdrawal of nutrients from 
modified plant cells (Eves-van den Akker et al. 2015). Like the stylet or odontostyle, 
the feeding tubes are formed by all microscopically analysed PPNs so far. In most 
of PPNs, the feeding tubes consist of a strongly electron-dense wall and electron 
translucent lumen, as found in the CNs (Fig.  18.2d). The recent feeding tube is 
attached to a stylet orifice (Fig. 18.2b, d) and surrounded by a zone of modified 
cytoplasm, which contains only short cisternae of endoplasmic reticulum and is 
devoid of all other organelles (Wyss 1992; Fig. 18.2c, d). Older feeding tubes are 
detached from the stylet tip, and in different stages of degradation, are present in 
various regions of syncytial cytoplasm (Sobczak et al. 1999; Fig. 18.2b). However, 
in the case of Meloidogyne species, this structure is additionally surrounded by a 
complex network called a fine tubular structure (Hussey and Mims 1991; Miyashita 
and Koga 2017; Fig. 18.2e), which is interconnected with tubules of endoplasmic 
reticulum (Miyashita and Koga 2017). In contrast, in feeding tubes of CNs such 
connections are relatively rare and have interconnections with cisternae of the endo-
plasmic reticulum (Sobczak et al. 1999; Fig. 18.2d).

After the release of gland secretions and formation of the feeding tube, the meta-
corporal pump of the nematode starts to pulse indicating the onset of active food 
withdrawal from the feeding site. The phase of active food uptake lasts for 2–4 h and 
then the juvenile withdraws the stylet and reinserts it again at the same place. The 
forward movement of gland granules and the formation of a new feeding tube takes 
place again. This feeding cycle occurs in all developmental stages of actively feed-
ing sedentary nematodes (Wyss 1992). Parasitism of CNs also involves another spe-
cific structure at the interface between the nematode and plant cell wall called the 
feeding plug (Endo 1978; Sobczak et al. 1999; Fig. 18.2b, c). It is a kind of peg 
embedded in the syncytial cell wall that fills the space between the outer cell wall of 
the syncytium and the nematode head during later developmental stages. The stylet 
of CNs is inserted into the syncytial cytoplasm only through the feeding plug. The 
plug is probably composed of callose and functions as a kind of seal filling the space 
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between the stylet and cell wall to protect syncytial cytoplasm leakage (Endo 1978; 
Sobczak et al. 1999) or acts as a glue providing durable adhesion of the parasite to 
its feeding site (Eves-van den Akker et al. 2015).

Arabidopsis thaliana has emerged as basic model plant in plant biology research, 
and fortunately, it is also a host for the beet cyst nematode (H. schachtii). Thus, the 
Arabidopsis–CNs interactions have been studied in detail (Sijmons et  al. 1991). 
H. schachtii, a common parasite of beet and numerous brassicaceous plants (Raski 
1950), selects the ISC preferentially among procambial cells located between xylem 
and phloem conductive elements (Golinowski et al. 1996; Figs. 18.1h and 18.2a, c). 
If these cells degrade or respond in an improper way, the juveniles select their ISCs 
among pericyclic cells (Sobczak et al. 1997; Fig. 18.2b). Syncytia induced in pro-
cambium expand further along the root axis by incorporation of modified procam-
bial and parenchymatic cells located between conductive bundles and they develop 
an extensive interface with sieve tubes transporting assimilates and xylem vessels 
transporting water (Fig. 18.3a, c, i). It allows the formation of large and extensive 
syncytia full of nourishments and water, which can support development of nema-
tode females (Golinowski et al. 1996). In contrast, syncytia induced in the pericycle 
are located on the outskirts of the vascular cylinder and they have a limited contact 
interface with conductive elements. They preferentially incorporate enlarged peri-
cyclic cells, thus, close to the nematode head, the syncytia have a half-collar-like 
shape on cross sections (Fig. 18.2b). At some distance from the ISC, also procam-
bial cells become incorporated, and syncytium enters the centre of the vascular cyl-
inder. However, the degree of hypertrophy of incorporated cells is lower than in 
syncytia induced in the procambium. Being smaller and less effective, they are usu-
ally able to support only the development of male nematodes (Sobczak et al. 1997), 
which, during the entire development, have 29 times lower nutritional demands than 
females (Müller et al. 1982).

Other CNs species such as potato cyst nematodes (G. rostochiensis and G. pal-
lida) select their ISCs usually among root cortical parenchyma cells or endodermis 
cells (Fig. 18.1e, f). In their case, the first syncytial elements are derived from corti-
cal cells which fuse with the ISC forming a so-called cortex bridge extending 
towards the vascular cylinder (Sembdner 1963; Jones and Northcote 1972; Sobczak 
et al. 2005; Fig. 18.1e, f). When the “cortex bridge” reaches the vascular cylinder, it 
expands along the root by incorporation of procambial, cambial, and vascular 
parenchyma cells (Jones and Northcote 1972; Sobczak et al. 2005; Fig. 18.1f).

The ISC and neighbouring procambial cell enlarge. The amount of their cyto-
plasm increases whereas the volume of the vacuole decreases (Figs. 18.2a, b and 
18.3a). About 24 h after ISC selection the first cell wall openings are formed by the 
widening of plasmodesmata between the ISC and neighbouring cells (Figs. 18.2b 
and 18.3b). The process of incorporation of new syncytial elements via incorpora-
tion of modified procambial and parenchymatic cells progresses and syncytium 
expands inside the vascular cylinder usually in acro- and basipetal directions from 
the ISC (Golinowski et al. 1996; Sobczak et al. 1997; Sobczak and Golinowski 2011).

The formation of syncytium is associated with numerous ultrastructural changes 
in incorporated cells. The most pronounced feature is the extreme hypertrophy of 
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Fig. 18.3 Ultrastructural features of syncytia induced by Heterodera schachtii in roots of 
Arabidopsis thaliana. Transmission electron microscopy micrographs of syncytia at 4 dpi (a, b, d), 
7 dpi (e–h), and 14 dpi (c, i). (a) terminal syncytial elements at leading edges of syncytium with 
small cell wall openings (double tail arrows); (b) cell wall openings (double tail arrows) formed by 
widening of plasmodesmata; (c) cell wall ingrowths (asterisks) formed at syncytial wall facing 
xylem vessels and cell wall opening (double tail arrow); (d) de-differentiation of the central vacu-
ole in recently incorporated syncytial elements. Double tail arrow points to cell wall stub; (e) for-
mation of small vacuoles in syncytial elements by dilation of endoplasmic reticulum cisternae 
(arrows). Double tail arrow points to cell wall stub; (f) portion of syncytium with dividing plastid; 
(g) extensive concentric arrays of smooth endoplasmic reticulum cisternae; (h) arrays of tubular 
endoplasmic reticulum; (i) new sieve tubes differentiated next to the syncytium. Abbreviations: 
CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; No, nucleolus; Nu, nucleus; Pl, 
plastid; S, syncytium; ST, sieve tube; X, xylem; V, vacuole. Scale bars: 5 μm (a–c); 2 μm (d–i)

syncytial elements (Fig. 18.1e, f, h, i) when compared to non-modified parenchy-
matic cells of the vascular cylinder. Accordingly, outer syncytial cell walls thicken 
to resist the increased osmotic pressure, which reaches 10 kPa in syncytial elements 
of H. schachtii syncytium induced in roots of A. thaliana, in comparison to 2 and 
4  kPa in cortex and vascular parenchyma cells, respectively (Böckenhoff and 
Grundler 1994). Using monoclonal antibodies, Davies et al. (2012) showed that the 
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structural architecture of syncytial walls is unique and different from neighbouring 
cell walls. The syncytial cell walls contain cellulose, xyloglucan, heteromannan, 
heavily methyl-esterified homogalacturonan, and arabinan, whereas galactan is 
absent. These cell wall components suggest that the syncytial cell wall is highly 
flexible to withstand internal pressure and turgor fluctuations during nematode feed-
ing (Davies et al. 2012).

The syncytium expands via successive incorporation of modified surrounding 
cells via local cell wall dissolutions, which facilitate protoplasts fusion. First cell 
wall dissolutions form via widening of plasmodesmata between the ISC and neigh-
bouring cells (Figs. 18.2b and 18.3b). At later stages of syncytium development, the 
cell wall openings form de novo by local digestion of syncytial walls (Grundler 
et al. 1998; Fig. 18.3a, c, e). 3-D reconstructions of syncytial walls show very regu-
lar arrangement of these cell wall openings, which are separated by remnants of 
non-digested cell wall, resembling the Parthenon pillars (Ohtsu et al. 2017). The 
widest and most numerous cell wall openings are in the old part of syncytium next 
to the nematode head (Fig. 18.1f, h, i). In young parts of the syncytium (remote 
from the nematode head) the cell wall openings are few and narrow.

With the growing nutritional demands of J3s, female J4s, and adults, the elabo-
rated systems of cell wall ingrowths (protuberances) composed of cellulose and 
other polysaccharides form on the inner side of the outer syncytial wall facing con-
ductive elements of xylem (Fig. 18.3c). This system is characteristic of transfer cells 
(cells specialised in short-distance transport of nutrients or water) and increases the 
surface of the xylem/syncytium exchange interface (Jones and Northcote 1972; 
Golinowski et al. 1996). The system of cell wall ingrowths is weakly developed, or 
even absent, in syncytia associated with male J3 (Sobczak et al. 1997). To provide 
enough nutrients, additional sieve tube elements differentiate next to the outer syn-
cytial wall (Fig. 18.3i).

Syncytial cytoplasm undergoes extensive changes and re-organisation. The 
amount of cytoplasm in syncytial elements increases, whereas the vacuole volume 
decreases. The large central vacuole typical for plant cells is de-differentiated into 
numerous small vacuoles unevenly distributed within the syncytium (Fig. 18.3d–f). 
New vacuoles and vesicles also form via widening of endoplasmic reticulum cister-
nae (Baranowski et al. 2019; Fig. 18.3e). The number of ribosomes increases indi-
cating high levels of protein synthesis, and the cytoskeleton undergoes extensive 
re-organisation (de Almeida Engler et al. 2004; Różańska et al. 2018). The system 
of endoplasmic reticulum expands. The cisternae of rough endoplasmic reticulum 
often form circular swirls (Fig. 18.3g). The tubules of smooth reticulum are well- 
developed and occur in the regions devoid of rough reticulum cisternae (Fig. 18.3h). 
The number of mitochondria and plastids increases (Fig. 18.3c). Mitochondria have 
a typical structure (Fig.  18.3c–i), but sometimes they acquire cup-like or coiled 
outlines (Fig.  18.3g). Plastids are round or elongated (Fig.  18.3c–i) and often 
become irregular (Fig. 18.3h), cup-like (Fig. 18.3g), or constricted (Fig. 18.3f). In 
contrast to typical root plastids, they usually contain relatively well-developed sys-
tem of thylakoids, making them a bit like chloroplasts. They do not contain starch 
grains when the associated juvenile withdraws food, but they deposit large starch 
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grains during nematode moults. The volume of syncytial nuclei also increases due 
to endoreduplication without cytokinesis (de Almeida Engler et al. 2012). Nuclei 
are irregular and amoeboid (Fig. 18.3a). The amount of heterochromatin decreases. 
The nucleolus is highly enlarged, which in combination with increased numbers of 
free cytoplasmic and reticulum-bound ribosomes indicates high translational activ-
ity in the syncytium (Fig. 18.3a).

The syncytium remains functional as long as the associated nematode withdraws 
nutrients and injects its secretions into the syncytial cytoplasm. When nematode 
stops feeding, i.e., when J3 male moults into non-feeding J4, or an adult female 
dies, the syncytium degenerates. It indicates that continuous stimulation and effec-
tors delivery by the nematode are necessary for maintaining functional syncytium in 
plant roots (Sobczak et al. 1997).

18.4  Molecular Basis of Nematode–Plant Interaction 
and Susceptibility Genes

Changes in plant anatomy and cell ultrastructure occurring during syncytium devel-
opment clearly indicate that PPNs can influence plant’s morphogenetic pathways 
and fine tune metabolic processes for their own benefits. Because plants do not pos-
sess genes which exclusively profit the nematode, the nematode modulates genes 
necessary for plant development and functioning. These genes, which expression is 
induced, silenced, or modulated by infective juveniles, are called susceptibility 
genes. There is an extensive search for such genes because the modulation of their 
expression may be a useful tool in breeding plants with reduced susceptibility to 
PPNs. Two approaches are used in a search for plant nematode susceptibility genes 
and their proteins. The most extensively used approach uses new-generation 
sequencing methods to identify transcripts whose abundance is reduced or elevated 
in nematode feeding sites in comparison to uninfected control roots (Siddique et al. 
2014, 2015; Różańska et al. 2018; Radakovic et al. 2018). The second approach 
focuses on the identification of putative nematode effectors and their plant protein 
interactors (Hewezi et  al. 2015; Habash et  al. 2017; Mitchum and Liu 2022). 
Overexpression or silencing of identified susceptibility genes was shown to reduce 
the susceptibility of mutants or overexpressors, which is reflected in lower numbers 
of developing females that deposit lower numbers of eggs, and induce smaller syn-
cytia. Also, at cytological and anatomical levels, the differences between syncytia 
induced in control and genetically modified plants are rather quantitative than quali-
tative. Genetically modified plants have lower hypertrophy of syncytial elements 
and lower number and size of cell wall openings. Their cell wall ingrowths are 
maldeveloped or absent, and the syncytial cytoplasm is more electron translucent 
(possibly poorly supplied with nutrients) (Siddique et  al. 2014, 2015; Różańska 
et al. 2018). Below we provide brief descriptions of some CNs susceptibility genes.
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Early responses to nematode infection are associated with the breakdown of the 
plant’s mechanical primary defence barrier constituted by the cell wall. During 
infection, plant NADPH oxidases are activated and there is an increased synthesis 
of superoxide anion radical, which forms H2O2 through the action of superoxide 
dismutase (SOD). H2O2 acts as a signalling molecule that triggers defence response. 
Alterations in reactive oxygen species (ROS) homeostasis can lead to the accumula-
tion of toxic by-products of oxygen metabolism affecting plant cell metabolism and 
inducing programmed cell death (PCD). Activation of metabolic pathways associ-
ated with the biosynthesis of phytoalexins (involvement of 1O2 in ROS production) 
and lignin (H2O2 as a reaction substrate) to seal the cell wall was described (Siddique 
and Grundler 2018). Siddique et al. (2015) found that Arabidopsis mutants impaired 
in NADPH oxidases (Rboh) expression were more susceptible (allowed develop-
ment of higher numbers of females and males of the nematode) to H. schachtii than 
wild-type plants, but double knock-out mutant of RbohD and RbohF (rbohD/F) was 
less susceptible to CNs infection than wild-type plants, suggesting that Rboh- 
mediated ROS plays a role in promoting infection. Moreover, H. schachtii parasit-
ism induces changes in ROS homeostasis also in the above-ground parts of plants 
where accumulation of SOD and H2O2 was found during early stages of syncytium 
development (Labudda et al. 2018). Additionally, activities of several antioxidative 
enzymes (SOD, catalase, and glutathione-S-transferase) were higher at 7 and 15 
days post inoculation (dpi). This clearly shows that the development of syncytium 
in the host roots has a constitutive impact on ROS homeostasis in whole infected 
plant. Similarly, novel effector gene (HsPDI) from H. schachtii, with disulfide 
isomerase domain, was postulated to be involved in ROS detoxification, which is 
necessary for nematode protection during infection, migration, and syncytium 
development (Habash et al. 2017).

Nitrogen metabolism and scavenging of reactive nitrogen species (RNS) is also 
crucial for proper development of syncytium. These pathways were significantly 
altered during CNs parasitism. Good examples are 3 and 15 dpi syncytia induced by 
H. schachtii in A. thaliana roots, where nitrate reductase (NIA) activity and expres-
sion of NIA2 gene were higher than in uninfected plants (Labudda et al. 2020).

The stress hormones salicylic acid (SA) and jasmonic acid (JA) act as signalling 
molecules in the plant defence responses to a range of pathogens. Biotrophic para-
sites show higher sensitivity to SA-based defence response. JA and ethylene (ET) 
are mediators of the defence response to necrotrophs and wounding (e.g. during 
grazing of insects). However, this clear separation seems to be too simplistic, as the 
action of SA, JA, and ET is strongly influenced by other phytohormones, ROS, and 
RNS (Gheysen and Mitchum 2011). When PPNs induce feeding sites in plant roots, 
massive reprogramming of expression of SA- and JA-related host genes occurs. 
Analyses of feeding site transcriptomes from various plant species clearly indicate 
strong activation of genes encoding pathogenesis-related proteins (PR) associated 
with activation of the SA synthesis pathway. Expression levels of the PR-1 gene in 
the rosette, and PR-2 and PR-5 genes in infested Arabidopsis roots were elevated at 
the early stages of H. schachtii infestation. Moreover, Arabidopsis mutants with 
reduced content of SA (sid2-1 and pad4-1) and mutants impaired in SA signal 
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transduction (npr1-2 and npr1-3) were more susceptible to H. schachtii (Wubben 
et al. 2008).

JA is responsible for triggering an early defence response during juvenile migra-
tion and the ISC selection stages. Application of JA methyl ester (methyl-JA; MeJA) 
to Arabidopsis leaves resulted in decreased susceptibility to H. schachtii infection 
(Kammerhofer et al. 2015). In contrast, Arabidopsis mutants with impaired JA bio-
synthesis (dde2 and lox6) were more susceptible to the same nematode compared to 
control plants (Kammerhofer et al. 2015). The involvement of JA was studied by 
analysis of the transcriptome of syncytium induced by H. glycines in soybean roots 
where massive suppression of JA signalling was found (Ithal et al. 2007).

The role of ET in the plant response to PPNs is indisputable, however, unam-
biguous interpretation of its role is difficult. In the first line, the response is species- 
specific and depends on the developmental stage of syncytium. Secondly, it becomes 
complicated due to ET interaction with auxins, SA, and JA. ET modifies “attractive-
ness” of plant roots to CNs (Wubben et al. 2001; Hu et al. 2017) as they are more 
likely to attack plants that have higher levels of ET. The infection-stimulating effect 
is also obtained after treatment with ET precursors (Wubben et al. 2001). Analysis 
of Arabidopsis mutants with impaired ET synthesis pathway showed that this hor-
mone plays a key role in the early stages of syncytium induction by H. schachtii. 
The ISCs were selected in roots of ein3-1 and ein2-1 mutants almost twice faster as 
in roots of wild-type plants, 4 h versus 8 h, respectively. The use of confocal laser 
scanning microscopy techniques together with ET-inducible reporter lines 
(pACS6::NLS-3xVenus and pPR4::NLS-3xVenus) confirmed the involvement of ET 
in the early stages of syncytium development. Therefore, modification of ET 
homeostasis may be one of the key strategies leading to the reproductive success of 
the CNs (Marhavý et al. 2019). Different susceptibility of ET mutants may depend 
on the type of signalling pathway that ET mutant deactivates. The canonical ET 
signalling pathway inhibits SA-dependent defence response, thus increasing plant 
susceptibility to infection with H. schachtii. In contrast, the second pathway involv-
ing ethylene receptor 1 (ETR1) and inhibition of cytokinin-related signalling path-
ways decreases plant susceptibility (Piya et al. 2018).

It is worth to stress that most of the plant–nematode interactions experiments is 
carried out in the in vitro culture. Closed culture containers with limited ventilation 
during experimental assays may change Arabidopsis mutants’ phenotype due to ET 
and CO2 accumulation (Matuszkiewicz et al. 2019). Plants cultured in well aerated 
containers were more susceptible when compared to plants grown in air-tight sealed 
plates. Therefore, choosing the proper sealing technique during in vitro assays is 
essential but neglected factor, which may mask the true phenotype of plant response 
to nematode infection.

Due to the developmental reprogramming of roots and cells incorporated into 
syncytia, levels of other phytohormones as auxins, gibberellins, cytokinins, and 
abscisic acid (ABA), which are transported in xylem and phloem sap, change upon 
nematode infection. Possibly, the nematode is capable to alter the plant’s perception 
of these phytohormones by interfering with the direction of flow in conductive ele-
ments during feeding site development or to modulate their signalling (Gheysen and 
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Mitchum 2011, 2019). Using the expression of synthetic auxin-responsive DR5 pro-
moter in transgenic Arabidopsis plants infected with H. schachtii, it was shown that 
the increase in auxin levels in the developing syncytium is due to local biosynthesis 
and accumulation of this hormone (Goverse et  al. 2000). The direction of auxin 
transport around syncytium region is also altered (Grunewald et al. 2009). Analyses 
of the expression of PIN genes encoding auxin transport proteins showed up- 
regulation of PIN3 and PIN4 expression during the early stages of syncytium devel-
opment, thus auxin was transported to cells next to syncytium. At this time point 
expression of the PIN1 gene coding auxin transporter responsible for auxin efflux 
from the cell was inhibited in a syncytium. Recently, two H. schachtii effectors were 
linked to the modification of auxin transport (Gheysen and Mitchum 2019). Effector 
19C07 interacts with LAX3 protein that is responsible for auxin influx into the syn-
cytium and induction of genes involved in cell wall degradation (Lee et al. 2011). 
Effector 10A07 interacts with the IAA16 protein thereby competing with selected 
transcription factors called auxin response factors (ARF) such as ARF5-9 and 
ARF19 (Hewezi et al. 2015). Another connection between auxin and ROS signal-
ling in plant–nematode interaction is the discovery that auxin transporter WALLS 
ARE THIN1 (WAT1) is a downstream target of Rboh-mediated ROS. Transcriptomic 
analysis showed strong down-regulation of WAT1 in rbohD/F mutant upon cyst 
nematode infection, but not in RKNs parasitism (Chopra et al. 2021). Moreover, 
WAT1 is crucial for the host indole metabolism via changing the levels of indole- 3- 
acetic acid (auxin; IAA) in a syncytium. The role of auxin homeostasis in plant–
nematode interactions has been extensively discussed in a review by Oosterbeek 
et al. (2021).

Cytokinins are hormones involved in regulation of plant cell divisions, stimula-
tion of cell volumetric growth, induction of shoot development and branching, and 
organ senescence by altering nutrient distribution. Interestingly, De Meutter et al. 
(2003) characterised cytokinins in the secretions of CNs and RKNs. The involve-
ment of cytokinins in syncytium development was also confirmed by identification 
of nematode genes responsible for cytokinins biosynthesis (isopentenyl transferase; 
HsIPT) (Siddique et  al. 2015). Silencing of this gene in infective juveniles of 
H. schachtii resulted in decreased virulence of treated juveniles reflected in reduced 
numbers of developing females that were also smaller and induced smaller syncytia. 
Moreover, genes related to cytokinins biosynthesis, catabolism, and signalling 
played important but divergent roles during infection and parasitism of CNs and 
RKNs (Dowd et al. 2017).

18.5  Resistance Response

During evolution, plants have developed mechanisms of resistance to protect their 
resources. As described above, the susceptible interaction of plants with parasitic 
nematodes is complex and multidimensional. It depends on internal factors such as 
the physiological state of the host as well as external causes such as the virulence 
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and severity of the pathogen, density of inoculum, and environmental conditions. 
The focus of researchers is on genetic determinants of the pathogen and host, and 
the resulting molecular mechanisms of plant–pathogen interaction. However, thanks 
to the multi-level nature of the interaction, plants have a wide range of responses to 
avoid or restrict pests. Pathogens, on the other hand, also constantly “armour up” to 
break down plants’ defence mechanisms (Jones and Dangl 2006; Dangl and Jones 
2019). The evolutionary “arms race” between plant defence mechanisms and patho-
gen virulence is best illustrated by the zig-zag model (Fig. 18.4) which is universal 
and applies to viral, bacterial, fungal, or herbivorous pests (Jones and Dangl 2006).

Once the nematode enters the root, a mechanism recognising pathogen- associated 
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) 

Fig. 18.4 Zig-zag model of plant response to parasitic nematode attack. The diagram depicts the 
concept of an “arms race” between plants and parasitic nematodes during evolution. The process 
consists of four phases. Phase I—activation of mechanism recognising pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) after root inva-
sion. Plasma membrane located pattern recognising receptors (PRR), schematically depicted as a 
dimer, recognise DAMP and PAMP molecules. To date, only one PAMP, ascaroside 18 (Ascr#18), 
has been characterised. The PRR recognising Ascr#18 is not known. The only known PRR recog-
nising plant-parasitic nematode pattern is NIRL1, but the recognised pattern is unknown. Phase 
II—nematodes have “produced” effectors, emblematically marked with asterisks, to break the 
immunity induced by PAMP factors (pattern-triggered immunity; PTI). The phenomenon of effec-
tors breaking PTI resistance mechanisms is called effector-triggered susceptibility (ETS). Phase 
III—some effectors become recognised by NB-LRR/NLR immunoreceptors also called immune R 
proteins. The immunity produced in response to the effector is called effector-triggered immunity 
(ETI). Hypersensitive response (HR) involves the activation of programmed plant cell death at the 
site of infection and occurs during both, PTI and ETI responses. Phase IV—coevolution of new 
effectors of parasitic nematodes and resistance proteins (R) of plants. Please note that the names of 
genes and effectors are given only as examples (based on the original scheme of Smant and Jones 
(2011), modified)
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derived from the debris of cells destroyed during root invasion is triggered 
(Fig.  18.4). Specific pattern recognition receptors (PRRs) located in the plasma 
membrane of plant cells recognise DAMP and PAMP signals. Molecular patterns 
are characteristic of pathogenic and non-pathogenic groups of organisms, i.e. bacte-
ria (elongation factor EF-Tu, flagellin) and fungi (chitin, glucans). Recognition of 
the patterns leads to the activation of a cascade of signals that stimulates plant 
immune mechanisms eliciting PAMP-triggered immunity (PTI). So far, ascaroside, 
a pheromone being a glycolipid and containing ascarose, is the only PAMP charac-
terised in PPNs (Manosalva et al. 2015). Among all ascarosides of PPNs, Ascr#18 
is the most abundant. It stimulates the plant immune system by the activation of the 
mitogen-activated protein kinase cascade, increasing expression of PTI marker 
genes, and activating SA and JA signalling pathways. In addition, treatment of 
tomato, potato, barley, and Arabidopsis with Ascr#18 increased their resistance 
level to CNs and RKNs. This shows that the mechanism of PAMPs recognition is 
conserved in monocotyledonous and dicotyledonous plants. However, the specific 
plant PRR of Ascr#18 is still unknown.

Mendy et al. (2017) used “NemaWater”, water in which hatched infective juve-
niles of CNs or RKNs were soaked for a longer time, to identify the first PRR recep-
tor in Arabidopsis that recognises nematode-associated molecular patterns 
(NAMPs). NIRL1 (nematode-induced leucine-rich repeat receptor-like kinase) is 
responsible for the induction of plant defence responses upon nematode infection. 
Moreover, knock-out mutants of this gene are hypersensitive to parasitic nematodes. 
Its action depends on activity of the positive regulator of the BAK1 (BRI1-associated 
receptor kinase 1), which is a BRI1 (brassinosteroid insensitive 1) co-receptor 
involved in defence processes against pathogenic microorganisms. In addition, the 
extracellular receptor domain of NIRL1 is highly conserved in monocotyledonous 
and dicotyledonous plants. Different plant species (i.e. tomato, sugar beet, rice, and 
tobacco) treated with “NemaWater” activated PTI pathways with a burst of 
ROS. Arabidopsis plants treated with “NemaWater” were less susceptible to CNs, 
RKNs, and the virulent Pseudomonas syringae pv. tomato strain DC3000. The spe-
cific molecular pattern recognised by the NIRL1 receptor remains unknown (Mendy 
et al. 2017).

During migration, parasitic nematodes destroy cell walls via mechanical damage 
caused by the stylet, nematode body movements and by the action of secreted cell 
wall-degrading enzymes. This leads to the release of DAMPs and subsequent acti-
vation of PTI. An example of DAMPs released by CNs attack are oligogalacturo-
nides. CNs secrete polygalacturonases (PGs) to degrade cell walls during infection. 
Arabidopsis has two genes coding for polygalacturonase inhibitors (PGIP1 and 
PGIP2). Their action inhibits complete degradation of pectin to galacturonic acid 
by PGs, but oligogalacturonides with varying degrees of polymerisation are released 
(Benedetti et al. 2015). Spatio-temporal analysis of PGIP1 and PGIP2 expression 
during different CNs infection stages pointed out the superior role of PGIP1 during 
plant–nematode interaction. Moreover loss-of-function mutant of PGIP1 was 
hypersusceptible to CNs (Shah et al. 2017). A recent publication indicates that also 
ET may function as a DAMP due to its small-molecule size, gaseous nature, and the 
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fact that even pinpoint root damage caused by the nematode stylet induces expres-
sion of ET-related genes that may impede selection of the ISC (Marhavý et al. 2019).

Trying to avoid recognition by plant defence mechanisms, parasites have evolved 
effectors blocking PTI resistance mechanisms (Fig. 18.4). This phenomenon has 
been called effector-triggered susceptibility (ETS) (Jones and Dangl 2006; Ngou 
et al. 2022). Sedentary PPNs synthesise chemical compounds in their oesophageal 
glands (subventral and dorsal), which are injected into the host cell protoplast via 
the hollow nematode stylet. On the one hand, these secretions are aimed at breaking 
the PTI mechanisms, and on the other hand, they are responsible for transforming 
the plant cells into functional feeding sites. A cocktail of nematode-derived effec-
tors also affects the expression of plant genes involved in cell wall modification 
processes, changes in signal transduction pathways, and phytohormone homeosta-
sis. The inhibition of expression of defence response genes is an important element 
of PTI collapse triggered by the PPNs. One of the first effector proteins character-
ised in CNs secretions was endo-1,4-β-glucanase, responsible for cellulose hydro-
lysis. The presence of this enzyme suggests that CNs may use it to weaken plant cell 
walls during migration, and additionally, injected into the ISC it may be involved in 
the formation of first cell wall openings between the ISC and neighbouring cells 
(Smant et al. 1998). A few years later 30C02 effector from H. schachtii was charac-
terised to affect the expression of plant β-1,3-endoglucanase (Hamamouch et  al. 
2012). They both demonstrate the importance of the control of cell wall-related 
processes during migration, ISC selection, syncytium induction and development.

Another well-studied protein effector found in secretions of both, CNs and 
RKNs, is chorismate mutase (CM; EC 5.4.99.5). This enzyme is involved in the 
shikimate pathway and catalyses the conversion of chorismate into prephenate, 
which is substrate for phenylalanine, tyrosine, tryptophan, and precursors of sec-
ondary metabolites like indole derivatives (auxin) synthesis. The secretion of CM 
into the cytosol of host cells can modify the morphogenetic programme of root cells 
and inhibit plant defence responses (Lambert et al. 1999; Jones et al. 2003; Vanholme 
et al. 2009).

An example of effectors found so far only in CNs is the numerous and diverse 
group of SPRYSEC proteins (SP1a and RYanodine receptor—SPRY domain con-
taining proteins) (Mei et al. 2015; Diaz-Granados et al. 2016). Their action is aimed 
at inhibition of plant defence responses. The GpRBP-1 (G. pallida effector contain-
ing the SPRY domain) breaks the resistance against white potato cyst nematode 
(G. pallida) provided by potato Gpa2 resistance gene (Sacco et al. 2009). Another 
two SPRYSEC effectors derived from G. pallida (GpSPRY-12N3 and 
GpSPRY-33H17) only weaken the effect of Gpa2. However, several SPRYSEC 
effectors from G. rostochiensis, SPRYSEC-4, -5, -8, -18, and -19, were shown to 
suppress plant defence responses during infection of potato cyst nematode (Ali 
et al. 2015). Recently, the mechanism of action of GpSPRY-412-2 effector, which 
selectively attenuates the action of the Gpa2 resistance gene was described. 
GpSPRY-412-2 binds to the potato cytoplasmic linker protein (CLIP)-associated 
protein (CLASP) and thus affects the stability and growth of microtubules. Changes 
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in cytoskeleton polarity and organisation are necessary for syncytium induction and 
appropriate development (de Almeida Engler et al. 2004; Mei et al. 2018).

Another interesting group of effectors secreted by PPNs belongs to CLAVATA3/
Endosperm Surrounding Region (CLE) like proteins, which imitate plant regulatory 
peptides. The transcript of the first nematode effector belonging to this “ligand- 
mimicry” group, HgSYV46, was identified in the cDNA library from the oesopha-
geal glands of soybean cyst nematode (H. glycines). The HgSYV46 peptide contains 
a conserved 14 amino acid motif at its C-terminus, found among others in plant 
peptide CLAVATA3 (CLV3), which activates the CLV1/CLV2 receptor complex 
and inhibits WUSCHEL expression, thereby interfering in cell differentiation. The 
mechanism of action of the CLE effectors family may involve the induction of the 
CLE signalling pathway in the roots, although it is a stem-specific pathway, to pro-
mote syncytium formation (Wang et al. 2005).

Most of the effectors belongs to large gene families, but there are also virulence 
factors encoded by single genes. An example is the 30D08 effector isolated from 
H. glycines and H. schachtii. It interacts with Arabidopsis auxiliary spliceosomal 
protein SMU2. Most likely, this interaction affects pre-mRNA splicing and alters 
the expression of host genes involved in syncytium formation (Verma et al. 2018). 
But a yet higher level of complication of plant–nematode interactions was achieved 
with the characterisation of the mechanism of action of the beet cyst nematode- 
derived effector Hs32E03, a homologue of soybean cyst nematode effector Hg32E03 
(Gao et al. 2003). It appeared to be the first nematode effector acting through epi-
genetic regulation. In Arabidopsis it binds to histone deacetylase (HDT1) and alters 
the histone acetylation profile, thus affecting chromatin containing rDNA fragments 
and further altering expression profiles of rRNA genes, which are important for 
syncytium development as the proliferation of ribosomes is one of the ultrastruc-
tural features of syncytial cytoplasm (Vijayapalani et al. 2018).

To defend themselves against pests, plants had evolved a specific mechanism 
recognising and inhibiting or deactivating nematode effectors. It is achieved by 
NB-LRR/NLR immunoreceptors, commonly called resistance (R) proteins 
(Table 18.1). Plant immunity triggered in response to effectors is called effector- 
triggered immunity (ETI). Upon effector recognition, the pathogen or parasite again 
becomes incapable of successfully infecting the plant, and the only way for it to 
gain the upper hand again is the production of new effectors which will break the 
established first level of ETI (Fig. 18.4). There are different concepts of interaction 
between R proteins and effectors. R proteins have an evolutionarily conserved struc-
ture consisting of nucleotide binding (NB) sequence and leucine-rich tandem 
repeats (LRR) motifs. The N-terminus of the protein contains the domain respon-
sible for protein–protein interaction. Two main classes of R proteins are distin-
guished depending on the type of N-terminal domain. The first class has a coiled-coil 
(CC) domain, whereas the second has a Toll interleukin-1 receptor domain (TIR) 
that has similarity to the cytoplasmic portion of Drosophila melanogaster and 
human Toll interleukin-1 receptor protein. Several plant genes for PPNs resistance 
have been mapped and at least partly characterised (Kaloshian et al. 2011). The best 
analysed plant resistance genes are Mi1.2, Mi-9, and Hero-A from tomato, H1, 
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Table 18.1 List of the best-known plant resistance genes against PPNs

Crop 
plant Resistance source R gene

Plant-parasitic 
nematode 
(pathotype)

R-protein 
type Reference

Potato Solanum tuberosum 
sp. andigena

H1 Globodera 
rostochiensis 
(Ro1, Ro4)

CC-NB- 
LRR

Bakker et al. 
(2004)

S. spegazzini Gro1-4 G. rostochiensis 
(Ro1, Ro5)

TIR-NB- 
LRR

Paal et al. (2004)

S. tuberosum sp. 
andigena

Gpa2 G. pallida (Pa2) CC-NB- 
LRR

van der Voort 
et al. (1997)

Tomato S. pimpinellifolium Hero-A G. rostochiensis 
(Ro1, Ro3, Ro5)
G. pallida (Pa2, 
Pa3)

CC-NB- 
LRR

Ernst et al. 
(2002)

S. peruvianum Mi1.2 Meloidogyne 
incognita
M. javanica
M. arenaria

CC-NB- 
LRR

Milligan et al. 
(1998)

S. arcanum Mi-9 M. incognita CC-NB- 
LRR

Jablonska et al. 
(2007)

Sweet 
pepper

Capsicum annuum CaMi M. incognita CC-NB- 
LRR

Chen et al. 
(2007)

Sugar 
beet

Beta procumbens Hs1pro-1 Heterodera 
schachtii

LRR-TM Cai et al. (1997)

Soybean Glycine max Rhg1 H. glycines Non- 
canonical 
R-gene

Kandoth et al. 
(2011)

Rhg4 Liu et al. (2012); 
Matthews et al. 
(2013)

Wheat Aegilops tauschii Cre1 H. avenae CC-NB- 
LRR

De Majnik et al. 
(2003)

Triticum aestivum Cre3 H. avenae CC-NB- 
LRR

De Majnik et al. 
(2003)

Gpa2, and Gro1-4 from potato, CaMi from pepper, Rhg1, and Rhg4 from soybean, 
and Cre1 and Cre3 from wheat. Resistance to different species of RKNs is provided 
by Mi1.2, Mi-9, and CaMi genes, whereas resistance to different species of 
Globodera and Heterodera is granted by Hero-A, H1, Gpa2, Gro1-4, Hs1pro-1, Rhg1, 
Rhg4, Cre1, and Cre3 genes. Among these genes only Gro1-4 belongs to the TIR- 
NB- LRR family, whereas genes listed above represent mostly CC-NB-LRR family 
of R genes, except of Hs1pro-1, Rhg1 and Rhg4, which do not encode R proteins with 
the canonical NB-LRR motif. Hs1pro-1 encodes a protein rich in LRR with a trans-
membrane domain that has little similarity to other described R proteins. Rhg1 and 
Rhg4, on the other hand, encode proteins with extracellular LRR domain, trans-
membrane domain, and cytosolic serine/threonine kinase domain (Kaloshian 
et al. 2011).
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The classical model of plants resistant response to pathogens was proposed by 
Flor and it is known as “gene-for-gene” hypothesis. It assumes that a plant is resis-
tant to a pathogen when it has a dominant resistance gene that matches to avirulence 
gene in pathogen (Flor 1942). Nowadays, some of R genes and pathogens effectors 
are known, but detailed analyses of interactions between them indicated some 
inconsistences, thus additional elements were added. “Guard model” postulates that 
interaction between immunity and avirulence proteins is coordinated by additional 
host proteins. “Decoy model” infers that effectors are recognised and bound by host 
proteins that resemble the target host protein for particular avirulence protein. In all 
models, binding of the effector to an R gene product (directly, or via guard or decoy) 
leads to activation of the R protein and further to induction of the plants’ defence 
response (Kourelis and van der Hoorn 2018).

One of the best elaborated resistance models for plant–nematode interactions is 
potato resistance gene Gpa2 and G. pallida effector Gp-RBP1. Upon recognition of 
the effector by the Gpa2 R protein and RanGTPase-activating protein (RanGAP2), 
a defence mechanism leading to syncytium degradation is activated. The presence 
of proline at position 187 in the SPRY domain of the Gp-RBP1 effector is essential 
for proper recognition by Gpa2. Some virulent G. pallida pathotypes have a muta-
tion at this position, making them unrecognisable for the R protein, which cannot 
bind the effector. Moreover, the RanGAP2 protein interacts with the CC domain of 
the Gpa2 protein, which may suggest that RanGAP2–Gpa2 interactions are neces-
sary for proper recognition of the SPRY domain of the Gp-RBP1 effector (Tameling 
and Baulcombe 2007; Sacco et al. 2009).

“Guard model” is well-described for interaction between tomato Mi-1.2 R pro-
tein, which inhibits RKNs parasitism, and creates signalling complex with chaper-
one proteins HSP90 (heat shock protein 90) and SGT1 (suppressor of G2 allele of 
skp1), and guard protein RME1 (resistance to Meloidogyne spp.), which partici-
pates in the response to RKNs effector(s). Conformational changes of RME1 pro-
tein, resulting from interaction with RKNs effector(s), lead to the binding of ATP 
molecules to the Mi1.2 R protein. Later ATP hydrolysis modifies the Mi1.2 protein 
and thus activates defence mechanisms (Bhattarai et  al. 2007). Additionally, 
effector(s) interact also with the immune protein chaperone complex HSP90/SGT1/
RAR1 and via it induce NB-LRR receptor-dependent response. It is also possible 
that this complex may induce receptor folding and formation of intramolecular 
interactions, controlling receptor levels in the cell, and regulating their intracellular 
mobility (Kadota and Shirasu 2012).

Another “guard/decoy” model was described for tomato and potato cyst nema-
tode, G. rostochiensis. Gr-VAP1 (venom allergen-like protein) is secreted by the 
nematode into its feeding site where it interacts with Rcr3pim protein, which is 
papain-like cysteine protease (PLCP). The interaction between Gr-VAP1 and 
Rcr3pim is recognised by membrane receptor Cf-2 R protein which activates defence 
mechanisms. It has to be stressed that Cf-2 is originally an R protein providing 
resistance to the fungal pathogen Cladosporium fulvum (Lozano-Torres et al. 2012). 
Rcr3 is targeted also by other effectors produced by different pathogens, i.e., Cip1 
from the bacterium Pseudomonas syringae, and several EPIC effectors from the 
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oomycete Phytophthora infestans (Ilyas et al. 2015). It is postulated that the “guard/
decoy” recognition model permits response to multiple pathogens more robustly 
and efficiently at lower metabolic costs for plants (van der Hoorn and Kamoun 2008).

18.6  Hypersensitive Response Activated by 
Plant-Parasitic Nematodes

One of the primary local plant defence reactions is the hypersensitive response 
(HR). It involves the activation of programmed plant cell death mechanisms at the 
site of infection and occurs in PTI and ETI responses. HR is a local reaction that 
limits the spread of the pathogen and protects the plant from further damage. It is 
assumed that there is a certain activation threshold, beyond which activation of cell 
death is observed (Coll et al. 2011). There is a consensus that HR shares biochemi-
cal, physiological, and molecular features with other types of PCD, as it is always 
associated with cytoplasm shrinkage and degradation, the release of cytochrome c 
from the mitochondria, electrolytes leakage, vacuole collapse, loss of water poten-
tial, chromatin condensation, and DNA fragmentation. Symptoms typical for 
autophagy such as the formation of various types of membranous structures, includ-
ing autophagosomes, and increased activity of vacuolar processing enzymes (VPE) 
and proteases are also observed in the HR (Mur et  al. 2008; Tang and Bassham 
2018). However, despite symptoms characteristic of other types of cell death, HR is 
considered a separate type of PCD (Coll et al. 2011; Mur et al. 2008). It is also 
worth remembering that the cascade of processes activated in the HR is unique for 
particular plant–parasite interaction (Zheng et al. 2021). Under conditions where no 
activation of defence mechanisms is needed, inappropriate activation of the HR can 
lead to spontaneous cell death, which can have a detrimental impact on plant growth. 
This is why precise control of HR is so important. Under stress less conditions, R 
gene transcription is usually kept at a low level. In contrast, when a stress stimulus 
is received, the effective production or activation of R proteins is required. This 
process is controlled by the regulation of transcription factors, alternative splicing, 
and post-transcriptional modifications (Balint-Kurti 2019). Control of the HR is 
also provided at the level of protein accumulation and stability. Many plant NB-LRR 
receptors are likely tuned by chaperone proteins HSP90 and HSP70 and co- 
chaperons (auxiliary proteins), which can affect their stability, maturation, and 
proper functioning. Co-chaperone proteins in plants include RAR1 (required for 
MLA12 resistance 1) and SGT1, which interact with each other and with HSP90 to 
form the so-called HSP90/RAR1/SGT1 chaperone complex (Kadota and Shirasu 
2012). The action of this complex affects the NB-LRR receptor-dependent response. 
In addition to interaction with the chaperone complex, the action of the R receptor 
complex may be associated with the formation of homo- and hetero-oligomers as 
shown for ZAR1 (HopZ-activated resistance 1) activation in Arabidopsis, where 
NLR complexes form homo-pentamer pores embedded in the cell membrane and 
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thus initiating defence response in plants (Wang et al. 2019a, b). An extensive net-
work of sensors and helper proteins responsible for triggering the HR has been suc-
cessfully characterised in tomato (Baggs et  al. 2017; Wu et  al. 2017). Recently 
Derevnina et al. (2021) found G. rostochiensis effector, SPRYSEC15 which sup-
presses signalling mediated by helper NLRs—NRC2 and NRC3. The HR in plants 
resistant to PPNs can be switched on at three different phases of infection: (1) in the 
cortex and rhizodermis during penetration and migration of the nematode, e.g. 
tomato carrying Mi-1.2 R gene (Paulson and Webster 1972; Fig. 18.5a); (2) directly 
in feeding site after its induction and initial development, e.g. potato carrying Gpa2 
or H3 from S. tuberosum ssp. andigena CPC2802 R gene (Varypatakis et al. 2020; 
Fig. 18.5b); and (3) in non-modified cells adjacent to developing feeding sites, e.g. 
tomato carrying Hero-A R gene (Sobczak et al. 2005; Kaloshian et al. 2011; Zheng 
et al. 2021; Fig. 18.5c). In the case of CNs syncytia, the HR most frequently occurs 
in cells next to syncytium. It leads to the formation of a physical barrier composed 
of dead cells, due to induced HR, between the syncytium and nutrients and water 
conducting elements. Degenerated cells inhibit syncytium enlargement and devel-
opment by “cutting” off nutrient influx from neighbouring cells. This type of 
defence reaction is commonly called “delayed HR” or “male-based” resistance as 
usually the feeding site functions long enough to allow only the development of 
males, but too short to allow the development of females which have higher nutri-
tional demands. Thus, the sex ratio is biased towards males and the PPNs reproduc-
tion rate is decreased. However, both CNs and RKNs have evolved effectors to 
inhibit HR.  In the case of RKNs, the effector MeTCTP has been characterised, 
which suppresses PCD triggered by the pro-apoptotic protein BAX (Bcl-2- 
associated X; Zhuo et al. 2017) while cyst nematodes inhibit the HR rather in an 
indirect manner, as described for SPRYSEC effectors family (Diaz-Granados 
et al. 2016).

18.7  Concluding Remarks

Advances in multi-omics techniques used to study plant responses to infections 
with PPNs at genomic (i.e. Cotton et  al. 2014; Eves-van den Akker et  al. 2016; 
Masonbrink et al. 2019), transcriptomic (i.e. Szakasits et al. 2009; Matuszkiewicz 
et  al. 2018; Siddique et  al. 2022; Zhang et  al. 2017), microtranscriptomic (i.e. 
Hewezi et al. 2008; Koter et al. 2018), proteomic (i.e. Hütten et al. 2015; Zhang 
et al. 2015; Filipecki et al. 2021), metabolomic (i.e. Hofmann et al. 2010; Assefa 
et al. 2021), and effectoromic (i.e. Lilley et al. 2018; Elashry et al. 2020; Maier et al. 
2021) levels and the use of model plants, including crops, contribute to better under-
standing of the complexity of plant–nematode interactions. An ample example of a 
such multi-omics approach to identify susceptibility genes was published recently 
by Siddique et al. (2022) where authors studied the role of vitamin B5 in plant–
nematode interaction. Their work was supported by assembling a high-quality 
genome of H. schachtii with the usage of two sequencing strategies—PacBio and 
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Fig. 18.5 Ultrastructural features of plant resistance reactions. Transmission electron microscopy 
micrographs of (a) resistant genotype of Solanum sparsipilum root infected with Meloidogyne 
incognita (2 dpi). Cell next to the nematode degrade during juvenile migration. (courtesy Abou 
Bakari Kouassi); (b) degenerated syncytium induced in tomato (Solanum lycopersicum) carrying 
Cf-2 and Rcr3pim genes by Globodera rostochiensis (7 dpi) (courtesy Geert Smant); (c) degenerated 
cells of the vascular cylinder next to syncytium induced by Globodera rostochiensis pathotype 
Ro1 in tomato (Solanum lycopersicum) genotype LA1792 (contains Hero resistance gene) roots at 
4 dpi. Abbreviations: N, nematode; Ne, necrosis; S, syncytium. Scale bars: 5 μm (a–c)
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Illumina. Moreover, transcriptomic analysis of H. schachtii and infected Arabidopsis 
roots was performed in a nematode life stage-specific manner. These applications of 
multi-omics techniques will help to find new susceptibility genes or metabolic path-
ways which could be crucial for proper syncytium development. Searching for new 
plant susceptibility factors or resistance enhancers could be a way to restrict these 
parasites.
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Chapter 19
Mechanisms of Cell Fusion in Cancer

Felicite K. Noubissi, Oluwatoyin V. Odubanjo, Brenda M. Ogle, 
and Paul B. Tchounwou

Abstract Cell–cell fusion is a normal physiological mechanism that requires a 
well-orchestrated regulation of intracellular and extracellular factors. Dysregulation 
of this process could lead to diseases such as osteoporosis, malformation of mus-
cles, difficulties in pregnancy, and cancer. Extensive literature demonstrates that 
fusion occurs between cancer cells and other cell types to potentially promote can-
cer progression and metastasis. However, the mechanisms governing this process in 
cancer initiation, promotion, and progression are less well-studied. Fusogens 
involved in normal physiological processes such as syncytins and associated factors 
such as phosphatidylserine and annexins have been observed to be critical in cancer 
cell fusion as well. Some of the extracellular factors associated with cancer cell 
fusion include chronic inflammation and inflammatory cytokines, hypoxia, and 
viral infection. The interaction between these extracellular factors and cell’s intrin-
sic factors potentially modulates actin dynamics to drive the fusion of cancer cells. 
In this review, we have discussed the different mechanisms that have been identified 
or postulated to drive cancer cell fusion.
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Abbreviations

293T Human kidney cell
APC Adenomatous polyposis coli
ASCT1 Alanine/serine/cysteine/threonine-preferring transporter 1
Bai1 Brain-specific angiogenesis inhibitor 1
Bai3 Brain-specific angiogenesis inhibitor 3
BCL9L β-catenin/BCL9-Like
BMDCs Bone marrow-derived cells
BRCA Breast cancer gene 1
CSC Cancer stem cells
CXCR-4 C-X-C chemokine receptor type 4
cyt Cytosolic tail
DOCK 180 Dedicator of cytokinesis
ECM Extracellular matrix
ELMO Engulfment cell and mobility protein
EMT Epithelial-mesenchymal transition
ENV Envelop
ERK Extracellular signal-regulated kinase
FBGC Foreign body giant cell
FISH Fluorescence in situ hybridization
FP Fusion peptide
GCM1 Glial cells missing
GRP78 Glucose-regulating protein 78
HCC Hepatocellular carcinoma
HERVs Human endogenous retroviruses
HEY Human ovarian carcinoma cell line
HIOECs Human immortalized oral epithelial cells
HR Heptad repeats
HS578T Hyg Hygromycin resistant cancer cell lines
HUVEC Human umbilical vein endothelial cells
ICAM1 Intercellular adhesion molecule 1
IDC Invasive ductal carcinoma
IκB-α Nuclear factor of kappa light polypeptide gene enhancer in B 

cells inhibitor alpha
MCF7 Human breast cancer cells
MDA-MB-231 Human breast adenocarcinoma cells
MMP9 Matrix metalloproteinase-9
MPC-1 Monocyte chemoattractant protein 1
MSC Multipotent stromal/mesenchymal stem cell
NF-Κb Nuclear factor kappa-light-chain-enhancer of activated B cells
OSCCs Oral squamous carcinoma cells
PGCCs Polyploid giant cancer cells
PHPP Pre-hybrid preparation process
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PtdSer Phosphatidylserine
Rac1 Ras-related C3 botulinum toxin substrate 1
RBD Receptor binding domain
RNA Ribonucleic acid
RNAseq RNA sequence
ROS Reactive oxygen species
RSK Ribosomal S6 kinase
SCC-9 Squamous cell carcinoma cells 9
shRNA Small hairpin RNAs
siRNA Small interfering RNA
SKOv3 Human ovarian cancer cell line
STAB2 Stabilin-2
SU Surface unit
T47D Human ductal breast epithelial tumor cell
TCF/LEF T-cell factor/lymphoid enhancer factor
TCF4 T-cell factor 4
Tim4 T-cell membrane protein 4
TM Transmembrane
tm Transmembrane anchorage domain
TNF-α Tumor necrosis factor alpha
TNFR1 TNF receptor 1
TRAF2 TNF receptor associated factor 2
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
VLA-4 Very late activation antigen 4

19.1  Introduction

Cell–cell fusion is a fundamental requirement in numerous developmental and 
physiological processes in eukaryotes. These processes include fecundation, pla-
centation, muscle growth, osteoclast differentiation in mammals, and tissue regen-
eration (Aguilar et  al. 2013; Bastida-Ruiz et  al. 2016; Seyfried and Huysentruyt 
2013). However, cell fusion has also gained importance in cancer progression as a 
source of genetic instability, as well as a mechanism of drug resistance and metas-
tasis (Kerbel et al. 1983a; Lu and Kang 2009; Seyfried and Huysentruyt 2013). In 
the early 1900s, Aichel proposed that metastatic cancer cells acquire leukocyte-like 
properties that allow them to migrate through the bloodstream by fusing with white 
blood cells (Aichel 1911). Numerous studies have since confirmed that cell fusion 
can contribute to cancer initiation, promotion, and progression (reviewed in Hass 
et al. 2021). Several in vitro and in vivo studies have shown that metastatic cells 
could result from the fusion of primary tumor cells with adjacent non-tumor cell 
types, including macrophages, fibroblasts, and stem cells (Chakraborty et al. 2004; 
Mandel et al. 2013; Pawelek 2014; Pawelek and Chakraborty 2008; Rachkovsky 
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et al. 1998; Yang et al. 2015). To highlight a few, hybrids generated between weakly 
metastatic Cloudman S91 mouse melanoma cells and normal mouse macrophages, 
or human macrophages, showed a more aggressive phenotype than the parental cell 
line and induced aggressive metastases in a mouse model. In addition, the hybrids 
were highly heterogeneous (Rachkovsky et  al. 1998). Prostate cancer cells were 
shown to fuse with stromal and skeletal muscle cells, whereas breast cancer cells 
fused with normal mammary gland cells and endothelial cells, resulting in hybrids 
with increased metastatic potential, proliferation rate, and drug resistance (Kerbel 
et al. 1983a, b). Li et al. showed that human hepatocellular carcinoma cells with low 
metastatic potential exhibited heterogeneity and significantly increased metastatic 
potential following fusion with mesenchymal/multipotent stem/stromal cells 
(MSCs) (Li et al. 2014). Wang et al. demonstrated that hybrid cells generated from 
the fusion of multiple myeloma cells and bone marrow-derived MSCs were highly 
heterogeneous and expressed stemness markers with increased resistance to drug 
treatment (Wang et al. 2018). Lung cancer cells were shown to fuse with MSCs to 
give rise to hybrids with enhanced metastatic capacity and characteristics of cancer 
stem cells by undergoing EMT (Zhang et  al. 2019b). Chan et  al. showed that 
adipose- derived stem cells fused with the breast cancer cell MDA-MB-231 sponta-
neously to produce breast cancer stem cells (CSC) expressing CD44+ CD24–/low 
EpCAM+. Furthermore, these hybrids exhibited a higher tumorigenic potential in 
xenograft mice compared to the parent tumorigenic triple-negative breast cancer 
cell line MDA-MB-231 (Chan et al. 2020). Fusion of mesenchymal stem/stromal 
cells and breast cancer cells (MDA-MB-231 Hyg and HS578T Hyg) was also shown 
by Dörnen et al. to lead to the formation of hybrid cells exhibiting a heterogeneous 
phenotype with stem cell characteristics (Dörnen et  al. 2020). Chitwood et  al. 
showed that breast tumor cells spontaneously fused with other cells in vivo to form 
hybrids. Those hybrids were found to be more prevalent in lung metastases than in 
the primary tumors supporting the role of cancer cell fusion in metastasis develop-
ment (Chitwood et al. 2018). This was substantiated by the finding of Gast et al. 
who showed that cancer cell hybrids generated in vivo potentiate tumor heterogene-
ity and metastasis, and they are enriched in the circulation (Gast et al. 2018). Mezler 
et  al. showed that spontaneous fusion between primary human MSC and human 
MDA-MB-231 breast cancer cells produced hybrids with elevated ability to develop 
a tumor and various distant organ metastases in a much shorter time than the paren-
tal breast cancer cells (Melzer, von der Ohe, and Hass 2018a). They also showed 
that even in the instance of dormancy observed with some hybrids to induce tumor 
initiation, tumor growth and formation of metastases in various organs occurred 
rapidly within about 10.5 days (Melzer et al. 2021). Yart et al. showed that fusion 
between two ovarian cancer cell lines SKOV3 and COV318 could generate ovarian 
polyploid giant cancer cells (PGCCs) with increased invasive capacity and those 
giant cells could also form ovarian tumors in ovo (Yart et al. 2020).

Although cancer cell fusion as a source of metastasis is more challenging to 
demonstrate in patients, there have been some indirect and direct links between 
cancer cell fusion and metastasis in the clinic. The discovery in cancer patients of 
circulating tumor cells expressing both carcinoma and leukocyte cell markers points 
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to fusion events between bone marrow-derived cells and tumor cells (Andersen 
et al. 2007; Chakraborty et al. 2004; Yilmaz et al. 2005). A study used FISH to dem-
onstrate that a renal cell carcinoma arising as secondary malignancy after the patient 
had undergone an allogeneic bone marrow transplant contained the donor’s Y chro-
mosome in the nuclei of the mother’s tumor cells (Yilmaz et al. 2005). In further 
support, recent reports have used short tandem repeat length-polymorphism and 
forensic genetic techniques to show that a metastatic melanoma lesion in a patient 
arose from the fusion between a bone marrow-derived cell that the patient received 
as a transplant and a tumor cell (Lazova et  al. 2011). Another transplant patient 
developed a nodular malignant melanoma on the upper back, which spread to an 
axillary sentinel lymph node. Analysis of both the primary tumor and the metastasis 
displayed both the patient and donor characteristics (LaBerge et al. 2017). More 
recently, LaBerge et  al. traced hybrids from a primary melanoma to an axillary 
lymph node and to the brain metastasis of a transplant patient, therefore document-
ing the progression of the cancer from the primary tumor to the metastasis (LaBerge 
et al. 2021). Gast et al. analyzed circulating tumor cells in patients’ peripheral blood 
and showed that the number of hybrids in the peripheral blood of human cancer 
patients correlated with disease stage and predicted overall survival (Gast et  al. 
2018) suggesting that those circulating hybrids have the potential of generating 
metastasis.

Even though fusion between cancer cells and bone marrow-derived cells or other 
cell types has been shown in many instances, the mechanisms driving this process 
are yet to be determined. A collaboration between cells’ intrinsic components and 
their environmental factors seems to control this process. Some of the fusogens and 
proteins identified in normal physiological fusion processes have been observed to 
be critical in cancer cell fusion as well. These factors include HERV proteins (syn-
cytin- 1 and -2) (Bastida-Ruiz et al. 2016), the receptors ASCT1, ASCT2 (Bastida- 
Ruiz et  al. 2016; Larsen et  al. 2009; Larsson et  al. 2007; Strick et  al. 2007), 
phosphatidylserine (Sharma and Kanwar 2018), and annexins (Uygur et al. 2019). 
External factors associated with cancer cell fusion include chronic inflammation, 
inflammatory cytokines, hypoxia, and viral infection. In this review, we have high-
lighted the different mechanisms that have been identified or postulated to drive 
cancer cell fusion.

19.2  Mechanisms of Cancer Cell Fusion

The membrane that separates cells from the extracellular environment is made of a 
phospholipid bilayer. The fusion of two or more cells will require the morphological 
reconstruction of the cell membrane and the merging of the cell contents. The nor-
mal physiological mechanism of cell fusion, which is observed in fertilization, pla-
centation, muscle differentiation, bone homeostasis, regeneration, and repair 
processes (Hass et al. 2021), is a highly regulated process by internal and external 
factors. A dysregulation of this process could lead to diseases such as osteoporosis 
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(Zhou et  al. 2015), malformation of muscles (Buckingham 2006; Horsley and 
Pavlath 2004), difficulties in pregnancy (Chen et al. 2006; Langbein et al. 2008; Lee 
et al. 2001), and cancer (Bastida-Ruiz et al. 2016).

A series of five common steps have been proposed to take place during fusion 
events regardless of the cell type. These steps involve priming, chemotaxis, mem-
brane adhesion, membrane fusion, and post-fusion resetting (Zhou and Platt 2011) 
. A pre-hybrid preparation process (PHPP) and a post-hybrid selection process have 
been identified as well (Hass et  al. 2020; Melzer et  al. 2020). The priming step 
enables the cells to become competent to fuse. During this process, adhesion mol-
ecules are expressed, the lipid composition of the cell membrane is modified with 
the translocation of inner-leaflet lipids such as phosphatidylserine and loss of the 
inhibitory state of the membrane due to the degradation of the extracellular matrix 
which allows cell migration and promotes cell–cell contact of the fusing cells (Zhou 
and Platt 2011). This close proximity is a requirement for cell fusion, and it triggers 
dehydration of the contact site, therefore reducing the hydration repulsion between 
the outer leaflets of the membranes. This reduction of repulsion allows the forma-
tion of a fusion stalk with only the outer leaflets of the membranes fused together 
(Chernomordik and Kozlov 2008; Gerbaud and Pidoux 2015; Pérot et al. 2011). The 
formation of a fusion stalk is followed by its radial expansion resulting in a hemifu-
sion diaphragm with the inner leaflets still unaffected. The fusion of the inner leaf-
lets will follow leading to a complete merge of the membranes and the opening of a 
pore through which the cell contents can blend completing the cell–cell fusion event 
(Pérot et al. 2011). The complex biochemical and thermodynamic processes that 
occur during the fusion of membranes are still not well understood. Studies have 
identified proteins or fusogens that play critical roles in this process and function to 
overcome the energy barrier to facilitate cell fusion (Brukman et al. 2019; Hernández 
and Podbilewicz 2017; Pérez-Vargas et al. 2014; Podbilewicz et al. 2006). In addi-
tion to fusogens and phosphatidylserine externalization, actin reorganization plays 
a critical role in cell–cell fusion (Brukman et al. 2019; Hernández and Podbilewicz 
2017; Ogle et al. 2005; Whitlock and Chernomordik 2021). Indeed, inhibition of 
actin polymerization or lamellipodia and filopodia formation results in a drastic 
reduction in breast cancer cell fusion with MSCs (Melzer et al. 2019). After fusion, 
cells revert to the post-hybrid state and become non-fusogenic again. The factors 
and mechanisms involved in this change of phenotype are still not understood.

A well-orchestrated interaction between intracellular and external factors gov-
erns the mechanisms of cell fusion. Some of those factors that are responsible for 
mediating membrane fusion in normal physiological processes have been observed 
in cancer cells and seem to play similar roles there as well. Further insights might 
be gleaned from our understanding of intracellular fusion and the fusion of the enve-
lope virus with the host cell.
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19.2.1  Intrinsic Factors

Some fusogens involved in normal physiological processes have been identified. 
Syncytin-1 and syncytin-2 have been shown to drive fusion of cytotrophoblasts to 
form syncytiotrophoblasts (Chalbi et al. 2014; Huppertz et al. 2006; Malassiné et al. 
2005; Muir et al. 2006; Pérez-Vargas et al. 2014). In myoblast fusion, the two fuso-
gens, myomaker, and myomerger have been identified (Bi et al. 2017; Leikina et al. 
2013; Millay and Olson 2013; Quinn et al. 2017). In fertilization, Izumo1 and Juno 
expressed in sperm and oocyte, respectively, were shown to be critical to the fusion 
of the sperm and oocyte (Bianchi and Wright 2015; Chalbi et al. 2014; Inoue et al. 
2005; Kato et al. 2016). Some of these fusogens have been found in cancer cells 
suggesting their role in cancer cell fusion.

19.2.1.1  Syncytins, the Human Endogenous Retrovirus Envelope Genes 
(HERV env) and Cancer Cell Fusion

Syncytin-1 and -2 are human endogenous retrovirus envelope genes (HERV env) 
that express env proteins or fusogens involved in trophoblast fusion during placenta 
development (Blond et al. 1999; Sha et al. 2000). The syncytiotrophoblasts resulting 
from trophoblasts fusion are very invasive with high migratory capability (reviewed 
in Bastida-Ruiz et al. 2016). Syncytins have been demonstrated to be expressed or 
overexpressed in many cancers and cell lines (Bastida-Ruiz et al. 2016; Larsen et al. 
2009; Larsson et al. 2007; Strick et al. 2007). The increase in the expression of syn-
cytins in some cancer cells might be modulated by the higher number of chromo-
somes, chromosome mutation, or chromosomal rearrangement (Strick et al. 2011). 
Bjerregaard et al. demonstrated in their studies that syncytin was expressed in breast 
cancers and breast cancer cell lines. An inhibition of syncytin levels by using syn-
cytin antisense oligonucleotide or the use of syncytin inhibitory peptides prevented 
fusion between breast cancer cells and endothelial cells (Bjerregaard et al. 2006). 
Syncytin antisense oligonucleotide could inhibit human myoblasts fusion as well 
(Bjerregard et al. 2014). Cell fusion was also inhibited in 293T cells when peptides 
designed to investigate the functions of the heptad repeat regions of the transmem-
brane (TM) subunit of syncytin were used (Chang et al. 2004). Using the siRNA 
approach, Strick et al. showed that silencing of syncytin-1 gene expression blocked 
cell–cell fusion of endometrial carcinoma (Strick et al. 2007). The syncytin recep-
tors ASCT1 and ACST2 are upregulated in many cancers (Bastida-Ruiz et al. 2016; 
Strick et al. 2007) and in the cancer fusion partner cells such as endothelial cells 
which are breast cancer cell fusion partners (Bjerregaard et al. 2006). The syncytin 
receptor ASCT2 was found to be expressed in prostate cancer cells and to promote 
tumor growth and metastasis. Inhibition of its expression was shown to reduce 
tumor progression and metastasis in xenograft mice and was suggested as a target 
for therapy (Wang et al. 2015).
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The mechanism by which syncytin-1 (HERV-W) promotes cancer cell fusion is 
still not well understood. However, syncytin-1 (HERV-W) resembles the retroviral 
envelope proteins, and the mechanism by which retroviral envelope proteins fuse 
cell membranes is well-studied. It is therefore expected that syncytin-1 (HERV-W) 
might employ the retroviral envelope proteins mechanism to promote cancer 
cell fusion.

Syncytin-1 is a trimeric glycoprotein composed of two units: a surface unit (SU) 
and a transmembrane unit (TM). The SU is composed of four main elements: (1) a 
receptor binding domain (RBD), (2) a furin cleavage site (314−RNKR−317), (3) 6 
N-glycosylation sites, and (4) a CΦΦC (186−CX2C−189) motif whereas the TM is com-
posed of six main elements; (1) a fusion peptide (FP), (2) two heptad repeats (HR1 
and HR2), (3) a transmembrane anchorage domain (tm), (4) a cytosolic tail (cyt), (5) 
1 N-glycosylation site, and (6) a 397−Cx6C−407 domain (reviewed in Bastida-Ruiz 
et al. 2016). The protein is translated and folded in the endoplasmic reticulum. Both 
SU and TM are translated together but then separated by cleavage at the furin cleav-
age site of SU by proteases like the furin-convertase enzyme. Subsequently, a disul-
fide bond is formed between the 397−Cx6C−407 domain of TM and 186−CX2C−189 motif 
of SU (Gerbaud and Pidoux 2015; Pérot et al. 2011). During syncytin-driven cell–
cell fusion, syncytin-1 in one cell recognizes and binds to its receptor (ASCT1 or 
ASCT2) on another cell. During this process, the receptor binding domain on SU 
recognizes its receptor on the target cell, and a conformational change in the tri-
meric structure of syncytin results in the separation of the SU unit and the TM unit 
by rupture of the disulfide bond. This produces a loop-to-helix movement of the 
syncytin-1 fusion peptide in the TM unit which triggers its projection toward the top 
of the glycoprotein, promoting its interaction with the target membrane, and its 
strong insertion into the membrane (Gerbaud and Pidoux 2015; Pérot et al. 2011). 
The tight connection of both membranes through the envelope protein allows the 
HR2 domain in the TM unit to fold back and interact with the HR1 domain, revers-
ing the direction of the cell membrane and bringing both membranes in close prox-
imity. The proximity of the membranes considerably reduces the free energy needed 
to overcome the barrier to merge (reviewed in Bastida-Ruiz et al. 2016). This mech-
anism of syncytin-dependent fusion might as well control fusion of cancer cells 
expressing this fusogen.

19.2.1.2  Phosphatidylserine

Phosphatidylserine (PtdSer) is an important component of the inner leaflet of 
eukaryotic cells. It connects signals between cells to drive processes such as apop-
totic engulfment, synaptic pruning, and immune cells activation (reviewed in 
Whitlock and Chernomordik 2021). Its presence in the outer leaflet of membranes 
has been associated with all cell fusion mechanisms studied including myoblast 
fusion (van den Eijnde et al. 2001; Jeong and Conboy 2011), macrophage fusion 
(Faust et al. 2019; Helming et al. 2009), trophoblast fusion (Adler et al. 1995; Das 
et al. 2004; Žigon et al. 2015), and fertilization (Rival et al. 2019). PtdSer interacts 
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with different receptors and binding proteins including Tim4, Bai1, Bai3, STAB2, 
Annexin 1, Annexin 5, and CD36 (reviewed in Whitlock and Chernomordik 2021). 
It was shown to interact with Bai1 and Bai3 to activate Elmo/Dock180/Rac signal-
ing during myoblast fusion (Hamoud et al. 2014; Hochreiter-Hufford et al. 2013). 
PtdSer was also shown to bind to Bai1, Bai3, and CD36 during sperm and egg 
fusion and to signal through activation of the Elmo1/Rac1 pathway (Rival et  al. 
2019). The PtdSer receptor CD36 was demonstrated to contribute to the fusion of 
macrophages (Helming et  al. 2009; Park et  al. 2016) and monocytes with lung 
tumor stem cells to form highly invasive tumor-hybrid cells (Aguirre et al. 2020). 
PtdSer is selectively exposed to the surface of many cancer cells and not on normal 
cells when exposed to oxidative stress(Sharma and Kanwar 2018). Events such as 
inflammation, hypoxia, and oxidative stress are linked to the apoptotic pathways 
(Mohr et al. 2015) and promote PtdSer externalization (Brukman et al. 2019). This 
externalization of PtdSer could result in cell fusion. The externalization of PtdSer 
during cancer cell fusion may trigger syncytin-driven fusion by means of a mecha-
nism similar to the PtdSer-dependent activation of HIV Env-mediated fusion. In this 
proposed mechanism, the localization of PtdSer in the outer leaflet of the membrane 
might regulate the reorganization of fusogenic proteins that are already present at 
the fusion site in preparation for fusion. It is also suggested that PtdSer binds to its 
specific proteins to direct the timing and location of fusion protein assembly 
(Whitlock and Chernomordik 2021).

A study showed that inhibition of apoptosis or inhibition of PtdSer prevented 
fusion between breast cancer cells and MSCs suggesting a mechanism of cancer 
cell fusion similar to that of myoblast fusion that involves PtdSer interaction with 
Bai1-dependent activation of the ELMO/Dock180/Rac1 signaling (Noubissi et al. 
2015; Noubissi and Ogle 2016). High levels of the guanine nucleotide exchange 
factors ELMO and Dock180 have been observed in breast cancer cell lines (Li et al. 
2013) and activation of the ELMO-Dock signaling pathway has been demonstrated 
to contribute to breast cancer metastasis (Abu-Thuraia et al. 2015; Li et al. 2013). 
ELMO1 is also a modifier of breast cancer risk for BRCA mutation carriers (Walker 
et  al. 2010) and Rac1 was shown to be overexpressed in many breast diseases 
including breast carcinoma and breast metastases (Bid et al. 2013; Feng et al. 2014). 
This Rac1 overexpression correlates positively with the aggressive form of breast 
cancer (Abu-Thuraia et al. 2015; Li et al, 2013; Lu and Ravichandran 2006). Rac1’s 
contribution to cancer metastasis seems to be controlled by episodes of hypoxia and 
re-oxygenation  (Lee et  al. 2015). Rac1 modulates cytoskeletal rearrangements 
which is critical for several cellular activities, such as phagocytosis, mesenchymal- 
like migration, axonal growth, adhesion and differentiation of multiple cell types, 
and reactive oxygen species (ROS)-mediated cell killing (reviewed in Heasman and 
Ridley 2008; Walker and Spurdle 2010). Rac1 also regulates signaling pathways 
that drive cellular growth and cell cycle regulation (Saci et al. 2011), the formation 
of cell–cell adhesions (Ehrlich et al. 2002), and the process of contact inhibition 
(Bosco et al. 2010), which are critical in malignant transformation. PtdSer-dependent 
activation of the ELMO/Dock180/Rac1 signaling might drive cancer development 
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and progression via several mechanisms including Rac1-driven actin cytoskeleton 
reorganization which promotes cancer cell fusion.

In Drosophila, cell–cell fusion was demonstrated to involve the interaction 
between non-muscle Myosin II and actin network. During cell–cell fusion, Myosin 
II senses the mechanical strains in the actin network and is recruited to the fuso-
genic synapse where it accumulates and generates cortical tension necessary to 
resist podosome-like structure invasion, thereby promoting membrane juxtaposition 
and fusion (Kim et al. 2015). During osteoclast fusion, actin filaments were shown 
to polymerize to form thick actin filament bundles in the podosome field at the zone 
of contact of two cells and to recruit non-muscle myosin IIA to promote osteoclast 
fusion by generating protrusive forces against matrix (Takito et  al. 2017). This 
mechanism of actin dynamics-dependent cell–cell fusion might operate similarly in 
cancer cell fusion as a result of the PtSer-dependent activation of the ELMO/
Dock180/Rac1 signaling. In support, Rac1 was found to be expressed within the 
actin-rich region of the fusogenic domain of osteoclasts (Takito et  al. 2017). 
Inhibition of proteins associated with lamellipodia and filopodia formation such as 
Arp2/3 and formin with a sub-lethal concentration of cytochalasin D resulted in a 
reduction in breast cancer cell fusion with MSCs as well (Melzer et al. 2019). This 
supports the role of actin polymerization in cancer cell fusion.

19.2.1.3  Annexins and Glucose-Regulated Protein 78 (GRP78)

Annexins are proteins that bind to PtdSer to drive different processes (Rosenbaum 
et al. 2011). PtdSer was shown to bind to Annexin A1 and A5 to promote myoblast 
(Leikina et al. 2013) and osteoclast (Verma et al. 2018) formation. Annexin A5 was 
also shown to be important in trophoblast fusion (Degrelle et al. 2017; di Simone 
et al. 2001). Together with syncytin-1, Annexin 5 has been implicated in prostate 
cancer cell fusion cocultured with muscle cells (Uygur et al. 2019). The presence of 
muscle cells significantly increased the concentrations of interleukins 4 and 13 
which induced high levels of syncytin-1 and Annexin A5 in prostate cancer cells to 
facilitate cell fusion. However, inhibition of Annexin A5 in prostate cancer cells or 
muscle cells using siRNA reduced the fusion of prostate cancer cells. In addition, 
high levels of Annexin A5 were also observed in human prostate cancer tissues 
compared to non-malignant tissues (Uygur et al. 2019).

GRP78 is a well-known endoplasmic reticulum chaperone commonly used as a 
marker for stress. However, it was also found to be expressed in other compartments 
of the cell such as the cytoplasm, mitochondria, the nucleus, and the cell surface 
(reviewed in Ni et  al. 2011). GRP78 expression as a cell surface receptor was 
observed to be selectively expressed in various cancer cells as a cell surface receptor 
(Li and Lee 2006; Ni et al. 2011). In prostate cancer cells, GRP78 interaction with 
its ligand α2-macroglobulin (α2M) was shown to activate anti-apoptotic pathways 
driving cell proliferation such as ERK1/2, p38 MAPK, and PI3K-dependent signal-
ing and survival pathways such as Akt and NF-kB signaling cascade (Misra et al. 
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2006). Activation of these pathways results in tumor progression, metastasis, and 
resistance to therapy (Ni et al. 2011). ERK1/2 and PKA have been shown to induce 
an increase in syncytin and trophoblast fusion (Delidaki et al. 2011). Recently, Ruiz 
et al. used the human placental cell line BeWo to demonstrate that binding of α2M 
to GRP78 activates ERK1/2 and CREB, leading to the stimulation of the unfolded 
protein response (UPR)-driven increase in cell fusion (Bastida-Ruiz et al. 2020). It 
is therefore possible that α2M and GRP78 interaction in cancer cells activates the 
ERK1/2 signaling to induce cancer cell fusion.

19.2.2  Extracellular Factors

19.2.2.1  Inflammation, Inflammatory Cytokines, and Signaling Pathways

Inflammation and inflammatory cytokines have been shown to induce cell fusion 
(Davies et al. 2009; Melzer et al. 2018b; Weiler and Dittmar 2019; Yan et al. 2017). 
Davies et al. showed that in an inflammatory mouse model, intestinal inflammation 
and epithelial proliferation promoted bone marrow-derived cells (BMDCs) fusion 
with intestinal progenitors (Davies et al. 2009).

In cancer, Yang et  al. demonstrated that the inflammatory cytokine TNF-α 
enhanced fusion between squamous cell carcinoma cells 9 (SCC-9) and human 
umbilical vein endothelial cells (HUVEC). This enhancement in fusion was paral-
leled with an upregulation of syncytin-1  in SCC-9 and its receptor ASCT-2  in 
HUVEC. Activation of the Wnt/β-catenin signal pathway by TNF-α also upregu-
lated syncytin-1 expression and fusion between SCC-9 and HUVEC cells showing 
the contribution of the Wnt/β-catenin signaling in cancer cell fusion (Yan et  al. 
2017). Song et al. also showed that inflammation and inflammatory cytokines trig-
gered fusion of oral cancer cells with endothelial cells (Song et  al. 2012). They 
demonstrated that the addition of exogenous TNF-α induced a threefold increase in 
fusion between human oral squamous cell carcinoma cell lines and human umbili-
cal vein endothelial cells. They detected the integrin called very late activation anti-
gen 4 (VLA-4, α4β1) in human oral squamous cell carcinoma cell lines and in most 
of the oral squamous cell carcinoma specimens whereas the VLA-4 ligand the vas-
cular cell adhesion molecule 1 (VCAM-1) was detected in the vascular endothelium 
of oral squamous cell carcinoma. TNF-α cell treatment upregulated VCAM-1 
expression and its inhibition with a specific antibody or inhibition of VLA-4 pre-
vented cancer-endothelial adhesion and fusion. This suggests that TNF-α triggers 
the fusion of cancer cells with endothelial cells by a mechanism that signals through 
VCAM-1/VLA-1 pathway (Song et al. 2012). The overexpression of VCAM-1 in 
the inflammatory tumor microenvironment has been linked to tumor development 
and progression. The integrin VLA-4 α4β1, on the other hand, is expressed in many 
different cancers (reviewed in Song et al. 2012). These integrins might well facili-
tate cell–cell adhesion which will facilitate fusion of cancer cells.
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TNF-α has also been shown to induce fusion of breast cancer cells MDA-MD-435 
with breast epithelial cells M13SV1(Mohr et al. 2015; Weiler et al. 2018; Weiler and 
Dittmar 2019) by a mechanism that activates the NF-κB signaling and its target 
genes. This TNF-α-induced fusion was inhibited using minocycline (Weiler et al. 
2018). Studies of the mechanisms by which minocycline impairs TNF-α-induced 
fusion showed that it prevents the interaction between the TNF-α receptor TNFR1 
and its associated protein TRAF2 and selectively inhibits IκB-α phosphorylation 
and NF-κB-p65 activation in the non-cancerous M13SV1 cells resulting in the 
reduction in the expression of the matrix metalloproteinase-9 (MMP9) and the 
intercellular adhesion molecule 1 (ICAM1) (Weiler and Dittmar 2019). 
Downregulation of the NF-kB pathway reduced TNF-α-dependent cell fusion 
(Weiler and Dittmar 2019) suggesting a critical role for NF-κB activation in TNF- 
α- driven cell fusion.

Skokos et al. showed that TNF-α and the matrix metalloproteinase-9 (MMP-9) 
were important in macrophage fusion as well (Skokos et al. 2011). They demon-
strated that fusion events were significantly reduced in monocyte chemoattractant 
protein 1 (MPC-1) null mice and MPC-1 null macrophages. MPC-1 is one of the 
key chemokines required for foreign body giant cell (FBGC) formation in the for-
eign body response by the immune system. The reduction in macrophage fusion 
was associated with a decrease in the levels of MMP-9 and TNF-α production. An 
abnormal subcellular redistribution of E-cadherin and β-catenin during fusion was 
also observed in these MPC-1-null macrophages. The addition of exogenous TNF-α 
to MCP1-null macrophages restored fusion, which was paralleled with the restora-
tion of MMP-9 expression and redistribution of E-cadherin (Skokos et al. 2011). 
MMP-9 directly degrades extracellular matrix (ECM) proteins and activates cyto-
kines and chemokines to regulate tissue remodeling (Yabluchanskiy et al. 2013). 
MMP-9 probably cleaves E-cadherin to stimulate membrane–membrane apposition 
and induces normal and cancer cell–cell fusion.

β-catenin/E-cadherin complexes seem to be critical for sperm-oocyte adhesion 
as well. In this scenario, after adhesion, β-catenin is rapidly ubiquitinated and 
degraded in the proteasomes to allow membrane fusion between sperm-oocyte. The 
redistribution or degradation of E-cadherin and β-catenin complexes may change 
the lipid composition in the cell membrane, which will then provide microenviron-
ments where cell fusion occurs (Takezawa et al. 2011). In cytotrophoblast fusion, 
E-cadherin was detectable at the cell–cell contact sites of cell aggregates, but its 
level was significantly reduced in fusing cytotrophoblasts suggesting its relocation 
after cell–cell adhesion.

A disintegrin and metalloproteinase 10 (ADAM10) was shown to cleave 
E-cadherin and affect E-cadherin and β-catenin subcellular localization in epithelial 
cells adhesion, migration, and proliferation (Maretzky et al. 2005). ADAM12 which 
controls cell fusion in myoblasts was found to induce E-cadherin ectodomain shed-
ding to promote trophoblast fusion as well through remodeling of intercellular 
boundaries which includes disorganization of adherens junctions (Aghababaei et al. 
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2015). This shows that metalloproteinases play an important role in extracellular 
remodeling during cell fusion.

Matsuura et al. showed that the β-catenin/BCL9-Like (BCL9L)/T-cell factor 4 
(TCF4) signaling directly targets the glial cells missing 1 (GCM1)/syncytin path-
way and thereby regulates the fusion of human choriocarcinoma cells(Matsuura 
et al. 2011). This β-catenin/GCM1/syncytin pathway-dependent cell fusion might 
be important in tissue regeneration and/or cancer development. In Min mice, which 
have a mutated adenomatous polyposis coli (APC) that constitutively activates the 
Wnt/β-catenin signaling, the frequency of fusion of intestinal cells with bone 
marrow- derived cells in the intestine is increased compared with the wild type 
(Rizvi et al. 2006). The APC Min mice are known to develop a high number of intes-
tinal tumors (Hamilton et al. 2013). Fusion between intestinal cells and bone mar-
row-derived cells might contribute to the development and/or progression of those 
tumors. In breast cancer, Zhang et  al. showed that fusion of macrophages with 
breast cancer cells produces hybrids with high proliferation, migration, and invasion 
capabilities modulated through activating epithelial-mesenchymal transition and 
Wnt/β-catenin signaling pathway (Zhang et al. 2019a).

TNF-α might create an environment conducive to cell–cell adhesion and after 
adhesion of cancer cells with other cells, E-cadherin is cleaved from the E-cadherin/
β-catenin complexes by metalloproteinases (such as MMP-9, ADAM10, ADAM12). 
β-catenin is then free to translocate into the nucleus where it interacts with LEF/
TCF to activate Wnt/β-catenin signaling and NF-κB pathway therefore promoting 
tumor development and metastasis.

19.2.2.2  Virus

Members of four classes of viruses have been shown to have the ability to induce the 
fusion of various cells in vitro and in vivo resulting in heterokaryon and hybrid cell 
formation. These viruses involve members of paramyxoviridae, retroviridae, coro-
naviridae, poxviridae, and reoviridae (Dittmar et al. 2021). Some of the viruses that 
infect human cells have been associated with cell fusion-driven cancer development 
(Duelli et al. 2005; Duelli and Lazebnik 2003, 2007) and progression (Ganem et al. 
2007; Larizza and Schirrmacher 1984; Shackney et al. 1989). It is possible that by 
inducing cell fusion, viruses trigger chromosomal instability and abnormal gene 
expression (Duelli and Lazebnik 2003; Ogle et al. 2004), which might lead to can-
cer development (Duelli et  al. 2005; Duelli and Lazebnik 2007) and/or cancer 
metastasis (Ganem et  al. 2007; Larizza and Schirrmacher 1984; Shackney 
et al. 1989).

The mechanisms by which viruses cause cell fusion are still not clear. Two mech-
anisms have been postulated including: (1) viral infection-driven fusogens activa-
tion and (2) virus serving as a bridge between two cells leading to their fusion 
(Duelli and Lazebnik 2007). As fusogens activator, viral infection of a cell stimu-
lates the expression of fusogenic proteins by the cell at different locations including 
the cell membrane, and the cell can subsequently fuse with any other cell expressing 
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a receptor for the fusogenic protein. The most studied fusogens activated by this 
mechanism involve the Env proteins (Duelli and Lazebnik 2007). They are expressed 
in normal tissues and in cancers. This fusogens activation mechanism of fusion is 
being extensively studied and considered in oncolytic virus therapy (Burton and 
Bartee 2019; Krabbe and Altomonte 2018; Liu and Kirn 2007). Since viruses infect 
many different cell types, these cells will potentially fuse to give rise to subsets of 
heterogeneous hybrids with unstable genome and abnormal gene expression which 
could lead to cancer (Duelli and Lazebnik 2007). In the second bridge builder mech-
anism, a viral particle serves as a bridge between two cells promoting their fusion. 
In this case, the cells are not infected by the virus. This mechanism in this case is 
less clear than the fusogens activation mechanism.

Although the direct evidence between viral infection and cancer cell fusion is 
challenging to prove, many indirect links have been shown between the expression 
of some human endogenous retroviruses (HERV) Env elements and cancer develop-
ment and progression. HERVs are relics of ancient retroviral infections and account 
for about 8% of the human genome. They were believed for a long time to be silent 
passengers within our genomes. However, they have been found to be reactivated in 
many diseases especially the Env elements HERV-K HML-2 which is the most 
recent integration group with the least number of mutations. This Env element is not 
expressed in normal cells but has been observed to be reactivated in cancers and 
associated with cancer progression and poor outcome (Curty et al. 2020; Dervan 
et al. 2021). The HERV-K (HML-2) family encodes functional retroviral proteins 
and produces retrovirus-like particles (Grandi and Tramontano 2018).

Johanning et al. analyzed four HERV-K loci in different breast cancer subtypes 
(basal, Her2E, LumA, and LumB breast cancer subtypes) of 512 breast cancer 
patients with invasive ductal carcinoma (IDC) and found that HERV-K was 
expressed exclusively in the basal subtype of breast cancer and seemed associated 
with extremely poor prognosis and high frequencies of recurrence and metastasis 
(Johanning et al. 2017). Similarly, upregulation of HERV-K (HML-2) was observed 
in 84 hepatocellular carcinoma (HCC) tissues compared with adjacent normal tis-
sues and significantly correlated with cancer progression and poor outcome. It was 
proposed as a novel candidate prognostic biomarker for HCC (Ma et  al. 2016). 
Analysis of 106 pancreatic cancer patient sera showed that HERV-K viral RNA 
levels and anti-HERV-K antibody titers were significantly higher than in normal 
donor sera and played an important role in the progression of the disease (Li et al. 
2017, 2019). HERV-K expression in melanoma tissues from 82 patients was also 
associated with recurrence and reduced disease-free survival of melanoma patients 
(Cardelli et al. 2020).

Huang et al. used the RNAi approach and HERV-K ENV monoclonal antibodies 
to demonstrate that proteins encoded by HERV-K can mediate intercellular fusion 
of melanoma cells, which may generate multinuclear cells and drive the evolution 
of genetic changes that provide growth and survival advantages (Huang et al. 2013). 
HERV-K reactivation in viral infected cells might result from its hypomethylation 
as HERV-K methylation was decreased in melanoma patients with clinical param-
eters associated with reduced disease-free survival (Cardelli et al. 2020). RNAseq 
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studies showed that activation of HERV-K potentially drives cancer progression by 
contributing to the Ras-dependent signaling (Zhou et al. 2016) and involves ERK 
signaling in the RAS-ERK-RSK pathway (Lemaître et  al. 2017; Li et  al. 2017). 
HERV ENV proteins can also promote cancer via immune suppression (Gao et al. 
2021). Inhibition of HERV-K using shRNA was shown to induce the reversion of 
breast cancer cells to a non-tumorigenic phenotype such as inhibition of cell prolif-
eration, colony formation, and cell transformation, as well as inhibition of tumor 
formation and metastasis in vivo (Ma et al. 2016) suggesting that HERV-K could be 
targeted for therapy. Since HERV-K is selectively activated in cancer cells and not 
in normal cells and its activation correlates with the poor outcome of many cancers, 
it has been proposed as a candidate for diagnostics, prognostic, and cancer vaccines 
for immunotherapy.

The reactivation of HERV env elements such HERV-K HML2 env and syncytin-
 1  in cells by viral infections has been extensively reported in the literature and 
shown to be associated with disease progression including cancer (reviewed in 
Dittmar and Hass 2022). Although many studies have shown a link between syncy-
tin- 1 expression and cell fusion in cancer development and progression (reviewed in 
Dittmar et al. 2021), studies on the direct link between HERV-K reactivation and 
cell fusion in cancer are limited (Huang et al. 2013). Further studies will be required 
to elucidate the role of HERV env elements in cancer cell fusion and cancer devel-
opment and progression.

19.2.2.3  Mediators of Cell Stress and Other Factors (Hypoxia, 
Radiotherapy, Chemotherapy, pH, Exosomes, 
Cellocytosis, Entosis)

Hypoxia is a phenotype of solid tumors in response to rapid cell and tissue growth. 
This hypoxic microenvironment puts cancer cells under stress and might promote 
fusion with cells of the stroma recruited to the tumor microenvironment. Interestingly, 
hypoxia has been shown to promote fusion between certain eukaryotic cell types 
such as bone marrow-derived mesenchymal stem cells and cardiomyocytes (Haneef 
et al. 2014), bone marrow-derived MSCs and myoblasts (Archacka et al. 2021), and 
between urine-derived stem cells and different types of liver cells (Hu et al. 2021). 
In cancer, hypoxia was also shown to stimulate a significant increase in fusion 
between MSCs and breast cancer cells T47D and MCF7 (Noubissi et  al. 2015; 
Noubissi and Ogle 2016) and between oral squamous carcinoma cells (OSCCs) and 
human immortalized oral epithelial cells (HIOECs) (Huang et al. 2018). Morh et al. 
demonstrated that TNF-α together with hypoxia was a strong inducer of cell fusion 
in human MDA-MB-435 and MDA-MB-231 breast cancer cells (Mohr et al. 2015). 
Hypoxic conditions might promote cell fusion by mechanisms that involve the pro-
duction of growth factors such as VEGF (Archacka et al. 2021), the upregulation of 
CXCR4 (Hu et al. 2021), the activation of the apoptotic pathway (Noubissi et al. 
2015; Noubissi and Ogle 2016), and EMT mechanism (Huang et al. 2018).
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Additional factors such as chemotherapy (Yart et  al. 2020) and radiotherapy 
(Levin et al. 2010; Seyfried 2012) are other potential inducers of cancer cell fusion 
which can result in the formation of polyploid giant cancer cells (PGCCs). PGCCs 
are large, atypical cancer cells with multiple copies of DNAs. They form a special 
subpopulation of cancer cells that contribute to tumor heterogeneity. Their forma-
tion can be induced by stress factors such as hypoxia, radiotherapy, chemotherapy, 
and viruses (reviewed in Zhou et al. 2022). Although PGCCs can be formed through 
repeated incomplete mitotic events, studies using several cancer cell lines such as 
HEY, MDA-MB-231, and SKOv3 demonstrated that PGCCs formation can be 
induced by cell fusion (Zhang et al. 2014). Paclitaxel treatment of ovarian cancer 
cells was shown to induce ovarian PGCCs formation in  vitro (Yart et  al. 2022). 
There is evidence also that patients with radiation-treated cancer have a lower 
chance of survival due to the increased fusion of epithelial cells with macrophages 
(Seyfried 2012). Interestingly, advanced rectal cancer patients who received a com-
bination of radiotherapy and chemotherapy (capecitabine alone or a combination of 
capecitabine and oxaliplatin) developed more PGCCs in their tumors than patients 
who did not receive the radiochemotherapy. Those PGCCs were more prevalent in 
metastases than in the primary tumors and associated with recurrent metastasis, 
chemoresistance, and poor prognosis. Consistent with these observations, the treat-
ment of colon cancer cell lines LoVo and HCT116 with radiation or the chemothera-
peutics capecitabine, oxaliplatin, or irinotecan induced the formation of PGCCs. 
These PGCCs produced many daughter cells that were resistant to further treat-
ments and exhibited strong migration, invasion, and proliferation capabilities and 
mesenchymal phenotypes (Fei et al. 2019).

Additional factors that might contribute to cancer cell fusion include low pH, 
exosomes-dependent signaling (reviewed in Dittmar and Hass 2022; Hass et  al. 
2020; Howcroft et  al. 2011; Uygur et  al. 2019), cellocytosis (Vignery 2005), or 
entosis (Overholtzer et al. 2007). However, direct evidence of the role of these fac-
tors and processes in cancer cell fusion is yet to be demonstrated.

19.3  Conclusion

Although fusion has been extensively shown to happen between many different 
cancer cells and other cell types and to promote cancer progression and metastasis, 
the mechanisms of how fusion is initiated and terminated are still scarcely under-
stood. Communication between cells intrinsic factors and extracellular factors 
appears to drive this process. Activation of fusogenic proteins (syncytins) in combi-
nation with phosphatidylserine externalization and cytoskeletal reorganization 
seems to be critical in cancer cell fusion. Inflammation/inflammatory cytokines, 
together with metalloproteinases, hypoxia, and apoptotic cells seem to support can-
cer cell fusion by converting cells from non-fusogenic states into fusogenic states or 
by increasing cell–cell contacts. Inflammation could be induced by viral infection 
which may at the same time reactivate fusogens such as HERV Env elements 
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(HERV-K HML2). Inflammation and inflammatory cytokines such as TNF-α also 
activate signaling pathways including the Wnt/β-catenin and NF-κB signal path-
ways that drive cancer progression. The non-apoptosis-dependent externalization of 
phosphatidylserine also activates different receptors which signal through specific 
pathways to induce fusion. Additional factors such as radiotherapy and chemother-
apy have been implicated in cancer cell fusion as well. The roles of other factors 
such as pH, exosomes, entosis, and cellotosis in cancer cell fusion are yet to be 
demonstrated. Fusion promotes cancer progression by inducing chromosomal insta-
bility. Identification of additional fusogens or factors driving cancer cell fusion will 
help understand this process and potentially develop more effective drugs for cancer 
treatment. Indeed, the selective expression of HERV-K HML2 env in cancer cells 
has made it a potential candidate for diagnostics, prognostic, and cancer vaccines 
for immunotherapy. Although cell fusion seems deleterious in cancer, this mecha-
nism is being studied for oncolytic virus therapy by fusing cancer cells with den-
dritic cells to elicit a strong immune response to eradicate cancer cells. However, 
further studies are required to understand the mechanisms of cancer cell fusion in 
order to determine how to prevent it or exploit it and reduce cancer progression and 
metastasis.
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Chapter 20
Cell Fusion and Syncytia Formation 
in Cancer

Mareike Sieler and Thomas Dittmar

Abstract The natural phenomenon of cell–cell fusion does not only take place in 
physiological processes, such as placentation, myogenesis, or osteoclastogenesis, 
but also in pathophysiological processes, such as cancer. More than a century ago 
postulated, today the hypothesis that the fusion of cancer cells with normal cells 
leads to the formation of cancer hybrid cells with altered properties is in scientific 
consensus. Some studies that have investigated the mechanisms and conditions for 
the fusion of cancer cells with other cells, as well as studies that have characterized 
the resulting cancer hybrid cells, are presented in this review. Hypoxia and the cyto-
kine TNFα, for example, have been found to promote cell fusion. In addition, it has 
been found that both the protein Syncytin-1, which normally plays a role in placen-
tation, and phosphatidylserine signaling on the cell membrane are involved in the 
fusion of cancer cells with other cells. In human cancer, cancer hybrid cells were 
detected not only in the primary tumor, but also in the circulation of patients as so- 
called circulating hybrid cells, where they often correlated with a worse outcome. 
Although some data are available, the questions of how and especially why cancer 
cells fuse with other cells are still not fully answered.
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CHC Circulating hybrid cell
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20.1  Introduction

Cell fusion is a biological mechanism crucial for physiological processes, such as 
fertilization and placentation, wound healing, and tissue regeneration as well as 
myogenesis and osteoclastogenesis (Aguilar et al. 2013; Dittmar and Zänker 2011a; 
Zhou and Platt 2011; Brukman et  al. 2019; Blond et  al. 1999). In contrast, it is 
known that cell fusion plays a role in pathophysiological processes, like viral infec-
tions or tumor development (Dittmar and Zänker 2011b; Weiler and Dittmar 2019a; 
Dittmar et al. 2021; Manjunath et al. 2020a). Although the fusion of cells with other 
cells seems to be easy at first glance, there are many proteins and signaling mole-
cules necessary to regulate cell fusion and until now the whole process is mechanis-
tically not fully understood (Zhou and Platt 2011; Ogle et al. 2005). Cells which are 
known for their fusogenicity, like cytotrophoblasts (Vargas et al. 2009; Song et al. 
2021a; Msheik et al. 2019; Gauster et al. 2009) or myoblasts (Lehka and Redowicz 
2020; Eigler et al. 2021; Pircher et al. 2022), are not fusogenic per se and need to 
enter a profusion state first (Podbilewicz 2014). Then, after the energy consuming 
actual fusion step, the resulting hybrid cell either stays in a multinucleated state, like 
syncytiotrophoblasts and myoblasts, or needs to undergo a post-hybrid selection 
process (PHSP) to achieve genomic stability and a structured cell metabolism to 
survive (Hass et al. 2021a; Hernandez and Podbilewicz 2017). Cell–cell fusion in a 
cancer context is believed to result in cancer hybrid cells exposing new malignant 
properties, like a higher tumorigenic or metastatic potential, an enhanced drug and 
radiation resistance as well as cancer recurrence (Lindström et  al. 2017; Powell 
et  al. 2011; Rachkovsky et  al. 1998; Dittmar et  al. 2009, 2011; He et  al. 2015; 
Melzer et al. 2018a; Wang et al. 2012; Gast et al. 2018; Pawelek 2014; Wang et al. 
2018; Clawson et al. 2015; Lartigue et al. 2020; Rubio et al. 2022; Merle et al. 2021; 
Yart et  al. 2022; Montalban-Hernandez et  al. 2022). In this review the current 
knowledge about the mechanisms of cell–cell fusion, which proteins and mediators 
are involved and the properties of the resulting multinucleated cells, called syncytia, 
is discussed.

20.2  How Does Cell–Cell Fusion Work and Which Proteins/
Mediators Are Involved?

Cell–cell fusion is a strictly regulated and energy-consuming process which can be 
divided into different steps, called the hallmarks of cell–cell fusion (Podbilewicz 
2014; Hernandez and Podbilewicz 2017). Since the membranes of two cells are 
strongly repelled by hydrostatic forces there are several intermediate states that 
need to be overcome, namely the dehydration of the membrane lipid’s polar head 
groups, the promotion of a hemifusion stalk, and the opening and expansion of a 
pore between the fusing cells. The soluble contents of the cells are mixed, and a 
hybrid cell is formed, which can further fuse with other cells and build up syncytia. 
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Different triggers are capable of getting cells into a fusion competent state and 
inducing cell–cell fusion. Inflammation and inflammatory cytokines are known 
mediators for cell–cell fusion (Melzer et al. 2018b; Yan et al. 2017; Davies et al. 
2009; Weiler and Dittmar 2019b; Song et al. 2012; Mohr et al. 2015; Skokos et al. 
2011; Hotokezaka et al. 2007) and are found in the environment of tumors, since 
they are assumed as wounds that do not heal (Dvorak 1986, 2015; Ribatti and 
Tamma 2018; Balkwill and Mantovani 2001). In addition, viruses are known to 
induce cell–cell fusion by the expression of virus-specific proteins, like env ele-
ments, in the targeted cell (Duelli and Lazebnik 2007). Those proteins have fuso-
genic properties of which advantage is taken in the development of oncolytic viruses 
(Burton and Bartee 2019; Matveeva and Shabalina 2020; Krabbe and Altomonte 
2018; Del Papa et al. 2021). The effects of pH and different ions in cell–cell fusion 
are also discussed, since they have an impact on phospholipid scramblases (Liang 
and Yang 2021). Another trigger of cell fusion is hypoxia, which also is a character-
istic feature of the tumor microenvironment (Petrova et  al. 2018; Emami Nejad 
et al. 2021; Li et al. 2021; Eltzschig and Carmeliet 2011; Tinganelli and Durante 
2020). It is known that hypoxia activates the transcription factor hypoxia-inducible 
factors-1α (HIF-1α), which induces the transcription of hypoxia-associated proteins 
(Petrova et al. 2018; Emami Nejad et al. 2021; Li et al. 2021; Eltzschig and Carmeliet 
2011; Tinganelli and Durante 2020). Several studies showed that hypoxia has differ-
ent impacts on the protein expression and cell–cell fusion of different kind of cells 
(Yart et al. 2022; Archacka et al. 2021; Huang et al. 2018; Kudo et al. 2003), but 
what exactly happens and how fusogenic proteins are (in-)activated remain to be 
elucidated. As already mentioned, after getting the cells in a pro-fusogenic state the 
fusion process needs to be catalyzed by viral or intracellular proteins to overcome 
the energetic barrier between the membranes (Brukman et al. 2019). For example, 
for the fusion of gametes in mammals, the conserved immunoglobulin superfamily 
member Izumo1  in sperms (Inoue et  al. 2005) as well as the glycosylphosphati-
dylinositol (GPI)-anchored Izumo1 receptor Juno in eggs (Bianchi et al. 2014) is 
crucial. Studies showed that human infertility can be caused by female antibodies 
against Izumo1 or mutations in Juno (Clark and Naz 2013; Yu et al. 2018). Another 
well-known protein playing a role in the reproduction of mammals is the human 
endogenous retroviral (HERV) envelope protein Syncytin-1 (ERV-W), which medi-
ates the fusion of villous cytotrophoblasts to form syncytiotrophoblasts, serving as 
fetomaternal barrier, during pregnancy (Potgens et  al. 2004; Bolze et  al. 2017; 
Soygur and Sati 2016; Muir et al. 2006; Malassine et al. 2005; Mi et al. 2000). A 
decreased expression of Syncytin-1 in pregnancy can lead to fetal growth restriction 
(Wang et al. 2022) or preeclampsia (Ruebner et al. 2013; Huang et al. 2014; Knerr 
et  al. 2004). For the regulation of Syncytin-1, an antagonist protein, named 
Suppressyn, which can bind to Syncytin’s receptor alanine serine cysteine trans-
porter (ASCT) 2 and therefore inhibit trophoblast syncytialization, was found 
(Sugimoto et al. 2013, 2019). Likewise, Syncytin-2 (ERV-FRD), another member of 
the HERV family, was also shown to play a role in the development of a functional 
placenta (Vargas et al. 2009; Chen et al. 2008; Soygur et al. 2016). HERV elements 
in general make up 8% of the human genome and although the majority of them 
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have become inactive due to mutations or silencing (Xue et  al. 2020; Garcia- 
Montojo et al. 2018; Gao et al. 2021; Dervan et al. 2021; de Parseval and Heidmann 
2005; Curty et al. 2020), viral infections can increase or reactivate, for example, the 
expression of Syncytins (Marston et al. 2021; Uleri et al. 2014; Mameli et al. 2012; 
Liu et al. 2017) or the most transcriptionally active HERV element HERV K, which 
was found to be expressed in different cancers (Dai et al. 2018; Zhou et al. 2016; Li 
et al. 2017). Furthermore, a variety of intracellular proteins are known to mediate 
cell–cell fusion crucial for building up and maintenance of body tissues. The fusion 
of myoblasts to form muscle fibers depends on the two muscle-specific proteins 
Myomaker and Myomerger (Myomixer/Minion) (Millay et al. 2013; Bi et al. 2017; 
Gamage et al. 2017; Quinn et al. 2017; Leikina et al. 2018; Zhang et al. 2017); the 
expression of the both proteins on fibroblasts is sufficient to induce cell–cell fusion. 
Additionally, osteoclasts resulting from Receptor Activator of NF-κB Ligand 
(RANKL)-stimulated cell–cell fusion of monocyte progenitors are crucial for bone 
remodeling during bone development and maintenance since they are capable of 
resorbing bone (Levaot et al. 2015). It was shown that the formation of multinucle-
ated osteoclasts leads to more efficient bone resorption compared to bone resorption 
by mononucleated cells (Lees and Heersche 1999). Proteins involved in cell–cell 
fusion of monocyte progenitors to form osteoclasts are dendritic cell-specific trans-
membrane protein (DC-STAMP), CD36, CD44, CD47, and CD200, whose expres-
sion decreases as the osteoclast gains nuclei (Soe 2020; Helming and Gordon 2009; 
Helming et al. 2009; Fang et al. 2020; Vignery 2005). For further fusion of multi-
nucleated osteoclasts, Syncytin-1 was found to be involved (Soe et al. 2011; Moller 
et al. 2017). A dysregulation of osteoclast fusion was connected to osteopetrosis 
(Yagi et al. 2005) or osteoporosis (Mizuno et al. 1998). In addition to fusogenic 
proteins, cell fusion depends on the reorganization of the actin skeleton, proteases, 
chemokines, and cytokines (Aguilar et al. 2013; Brukman et al. 2019; Dittmar et al. 
2021; Podbilewicz 2014; Hass et al. 2021a, b; Hernandez and Podbilewicz 2017; 
Helming and Gordon 2009; Abmayr and Pavlath 2012; Martens and McMahon 
2008; Petrany and Millay 2019) as well as the crosstalk with plasma membrane 
phospholipids and their binding proteins, like phosphatidylserine (PS) and 
PS-binding annexins (Aguilar et  al. 2013; Zhou and Platt 2011; Brukman et  al. 
2019; Ogle et al. 2005; Hernandez and Podbilewicz 2017; Liang and Yang 2021; 
Whitlock and Chernomordik 2021; Whitlock et al. 2018; Zhang et al. 2020, 2022; 
Sharma and Kanwar 2018; Melzer et  al. 2019a; Bevers and Williamson 2016). 
Viable cells show an asymmetric distribution of phospholipids between the inner 
and outer leaflets of the membrane, whereas PS is usually located in the inner leaflet 
of the membrane and its translocation to the outer leaflet is associated with apopto-
sis (Martin et al. 1995). Translocation of PS to the outer leaflet is mediated by phos-
pholipid scramblases, such as members of the transmembrane member 16 
(TMEM16) family (Suzuki et  al. 2010, 2013; Gyobu et  al. 2017). Targeting of 
TMEM16 family members or their receptors leads to failure in fusions taking place 
in myogenesis, osteoclastogenesis, and syncytialization as well as a diminished 
entry of HIV into host cells and syncytia formation induced by SARS-CoV-2 spike 
protein (Zhang et al. 2020; Verma et al. 2018; Braga et al. 2021; Zaitseva et al. 2017; 
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Hochreiter-Hufford et al. 2013). In addition, a mutation in TMEMF16 causing its 
inactivity is related to a rare bleeding disease, named Scott syndrome (Suzuki et al. 
2010). In summary, cell–cell fusion is dependent not only on fusogenic proteins, but 
also on multiple factors, including further proteins, conditions given by the micro-
environment of the cells and the composition of the cell membrane.

20.3  Does Cell–Cell Fusion Naturally Occur in Cancer?

The German physician Otto Aichel already proposed in 1911 that the formation of 
malignant tumors could be attributed to the fusion of tumor cells with infiltrating 
leukocytes (Aichel 1911). He also assumed that cell–cell fusion could be an expla-
nation for aneuploidy and that the altered chromosomal content could lead to a 
metastatic phenotype in the hybrid cell. Indeed, in current studies ploidy abnormali-
ties of cells are assumed as a hallmark of cancer and are found in approximately 30 
% of human tumors (Matsumoto et al. 2021; Zack et al. 2013; Bielski et al. 2018; 
Quinton et al. 2021; Dornen et al. 2020a). In addition, the existence of cancer hybrid 
cells with altered metastatic capability, drug resistance, and cancer stem/initiating 
cell (CS/IC) characteristics was proven in a plethora of in vitro and vivo studies (for 
review, see Dittmar et al. 2021; Manjunath et al. 2020a; Hass et al. 2021a, b; Wang 
et al. 2021). Until today, it is not clear how the fusion process of cancer cells with 
other cells is directed and why cancer cells fuse at all. Physiological fusion pro-
cesses are tightly regulated and depend on the expression of specific fusogens and 
their affiliated receptors, while in cancer cells the distribution of fusogens is highly 
heterogeneous. Likewise, the fusion rate or the amount of detected cancer hybrid 
cells, respectively, varied between 0.0066 and 6.5% in in  vitro studies 
(Miroshnychenko et  al. 2021; Wakeling et  al. 1994; Fortuna et  al. 1989; Lu and 
Kang 2009; Yan et al. 2016) and between 0.5% and up to 51% in vivo (Powell et al. 
2011; Gast et al. 2018; Miroshnychenko et al. 2021; Yan et al. 2016; Melzer et al. 
2019b; Ramakrishnan et al. 2013; Rizvi et al. 2006). The values of these studies 
should only be compared with caution, since they differ not only in the experimental 
setup and use of different models and cancer types, but also in the read-out method 
as well as in the time point for analysis. A late time point for detection might not 
refer to the fusion rate of cancer cells but show the proliferation of stable hybrid 
cells. One possible influence on the formation of cancer hybrid cells may be chemo-
therapy by favoring the formation of therapy-resistant hybrid cells or promoting the 
proliferation of already existing hybrid cells. In a study published by Yan and col-
leagues, it was shown that the use of a chemotherapeutic agent in a xenograft mouse 
experiment can almost double the amount of tumor hybrid cells in a solid tumor 
(Yan et al. 2016). In addition, they observed that after the administration of the che-
motherapeutic agent, a large number of hybrid cells were found in the outer layer of 
the tumor, probably because more chemotherapeutic agent comes into contact with 
the cells in this area compared to inside the tumor (Yan et al. 2016). Since the che-
motherapeutic agent in this study was given to the mice only once and this does not 
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correspond to the real treatment of cancer patients, it cannot be said in general that 
chemotherapy promotes the development of cancer hybrid cells. Likewise, in sev-
eral studies it was observed that treatment with chemotherapeutics or irradiation led 
to a (dose-dependent) formation of polyploid giant cancer cells (PGCCs), which 
can arise from cancer-cell fusion (Lin et al. 2019; Coward and Harding 2014; Puig 
et al. 2008; Kaur et al. 2015; Mirzayans et al. 2017; Song et al. 2021b). In addition, 
Rizvi et al. found out that irradiation can induce the fusion of bone-marrow-derived 
cells (BMDCs) with the irradiated tissue, but the hybrid cells in this study failed to 
initiate tumor growth (Rizvi et al. 2006). However, it was also shown that irradiation 
therapy can dissect tumor cells, leading to circulating tumor cells (CTCs) (Tinganelli 
and Durante 2020). In most of the studies, it was not analyzed whether those circu-
lating cells surviving in the body and generating metastasis were originated by 
cancer-cell fusion. Another type of cancer cells, the CS/ICs, being able to generate 
a tumor when transplanted into an immune deficient animal and often showing 
chemo- and radiation-therapy resistance, are identified by a CD44+/CD24–low or 
CD133+ phenotype (Dittmar et al. 2009; Li et al. 2008; Meirelles et al. 2012; Zielske 
et al. 2011). Although it is often not characterized in studies whether the CS/ICs 
arose from cell fusion, it is interesting to keep in mind that CD44 is not only a 
marker for CS/ICs, but also mediates the homotypic fusion of macrophages, which 
would support the suggestion that CS/ICs could arise from the fusion of cancer cells 
with other cells (Fang et al. 2020; Vignery 2005; Dittmar 2022).

20.3.1  Syncytin-1 Contributes to Cancer-Cell Fusion 
and Progression

Little is known about the role of fusogenic proteins in cancer-cell fusion, but it is 
likely that dysregulation of previously characterized fusogenic proteins may play a 
role in the formation of cancer hybrid cells and syncytia formation. One prominent 
fusogenic protein already mentioned before is Syncytin-1, which under physiologi-
cal conditions is crucial for placental development and binds to ASCT2 (Grandi and 
Tramontano 2018; Blond et al. 2000). A plethora of studies showed that Syncytin-1 
expression was increased in cancers, for example in endometrial carcinoma (EC) 
(Liu et al. 2019; Strissel et al. 2012; Strick et al. 2007) and breast cancer (Bjerregaard 
et  al. 2006; Larsson et  al. 2007), but also in T-cell lymphoma (Maliniemi et  al. 
2013), leukemia (Sun et al. 2010), urothelial cell carcinoma (Yu et al. 2014), non- 
small cell lung cancer (Fu et al. 2021; Li et al. 2019), colorectal cancer (Montalban- 
Hernandez et al. 2022; Larsen et al. 2009), prostate cancer (Uygur et al. 2019), and 
hepatocellular carcinoma (Zhou et al. 2021). Furthermore, in vitro studies showed 
that the expression of Syncytin-1 is increased in PGCCs resulting from coculture of 
the human colorectal cancer cell lines HCT166 and LoVo and stimulation with 
cobalt chloride (CoCl2) to mimic hypoxia (Fei et al. 2019). Likewise, Syncytin-1 
expression was increased by TNFα stimulation of squamous cell carcinoma 9 
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(SCC-9) cells and human umbilical vein endothelial cells (HUVEC) and led to an 
increased fusion of the cells (Yan et al. 2017). In contrast, the sole expression of 
Syncytin-1 in cancer cells was not sufficient to induce a high rate of cell–cell fusion 
as compared to the fusion rate of cytotrophoblasts. Indeed, it was seen in different 
studies using immunohistochemistry (IHC) to characterize breast cancer, lung can-
cer, colorectal cancer, and endometrial cancer that Syncytin-1 expression was heter-
ogenous among the cancer cells (Yan et al. 2017; Liu et al. 2019; Strick et al. 2007; 
Bjerregaard et  al. 2006; Fu et  al. 2021), indicating that Syncytin-1 expression is 
only increased in a specific compartment of the tumor or in specific cells, respec-
tively. To add, Syncytin-1 was mainly found in the cytoplasm and not in the plasma 
membrane of the cancer cells (Yan et al. 2017; Liu et al. 2019; Strick et al. 2007; 
Bjerregaard et al. 2006; Fu et al. 2021; Fei et al. 2019) where it needs to be located 
to mediate cell–cell fusion and what consequently could explain the low fusion rate 
of the cells. Nevertheless,  there are studies showing that Syncytin-1 is not only 
upregulated in cancer, but also plays a role in the fusion of cancer cells as well as in 
the progression of cancer (Yan et  al. 2017; Liu et  al. 2019; Strick et  al. 2007; 
Bjerregaard et al. 2006; Larsson et al. 2007; Yu et al. 2014; Fu et al. 2021; Larsen 
et al. 2009; Uygur et al. 2019; Fei et al. 2019; Chignola et al. 2019; Benesova et al. 
2017). In their study, Uygur et  al. cocultured prostate cancer cells with primary 
human myocytes and observed an increase of Syncytin-1 as well as Annexin 5 
expression after the coculturing period and resulting hybrid cells with CS/IC char-
acteristics (Uygur et  al. 2019). When using a Syncytin-1 inhibitory peptide or 
knocking down Syncytin-1 with small hairpin ribonucleic acid (shRNA) less multi-
nucleated cells could be observed in the coculturing assay. In addition, human pros-
tate tissue was characterized for its Syncytin-1 expression in normal, benign, and 
malignant human prostate tissue samples via tissue microarrays and it was found 
that the Syncytin-1 expression correlated with malignancy of the tissue (Uygur et al. 
2019). Bjerregaard and colleagues characterized the breast cancer cell lines MCF-7 
and MDA-MB-231 as well as samples from breast cancer patients (Bjerregaard 
et al. 2006). By real-time polymerase chain reaction (RT-PCR) and IHC the expres-
sion of Syncytin-1 in the breast cancer cell lines and the breast cancer specimens 
was proven. Fusion between MCF-7 cells and either HUVECs or CPAE cells was 
observed after 24 h of coculturing and was significantly decreased when MCF-7 
cells were either treated with a phosphorothioate -protected Syncytin antisense oli-
gonucleotide, which reduced Syncytin-1 messenger ribonucleic acid (mRNA), or 
when a Syncytin-1 inhibitory peptide was used (Bjerregaard et  al. 2006). Also 
working with samples from breast cancer patients, Larsson et  al. observed the 
expression of Syncytin-1  in more than a third of the specimens by using IHC 
(Larsson et al. 2007). Interestingly, in their study they could identify Syncytin-1 
expression as an independent prognostic indicator of increased recurrence-free sur-
vival (Larsson et al. 2007). In contrast to the study by Larsson et al., Yu and col-
leagues were able to show that the overexpression of Syncytin-1 correlated with the 
degree and aggressiveness of urothelial cell carcinoma (UCC) and enhanced prolif-
eration as well as viability of the cancer cells (Yu et al. 2014). When they xeno-
grafted SV-HUC-1 cells that normally cannot initiate tumors but had been transfected 
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with a Syncytin-1 overexpression vector for the experiment, a tumor developed in 
nude mice which also showed signs of fused cells in hematoxylin-eosin (HE) stain-
ing (Yu et al. 2014). In samples from UCC patients they found a mutation in the 
promoter region of Syncytin-1 which enables the proto-oncogenic transcription fac-
tor c-Myb to bind and initiate Syncytin-1 expression in this kind of cancer (Yu et al. 
2014). Like Yu et  al. in UCC, Strick and colleagues demonstrated by RT-PCR, 
Northern, and Western Blots that Syncytin-1 expression correlated with tumor 
malignancy and metastasis in endometrial carcinoma (EC) (Strick et  al. 2007). 
Using HE staining, they were also able to observe syncytia in EC biopsies. The EC 
cell line RL95-2 was used as an in vitro model and the expression of Syncytin-1 was 
decreased using small interfering RNAs (siRNAs). Normally, cell fusion can be 
induced in these cells by forskolin, which could be significantly decreased in siRNA 
treated cells (Strick et al. 2007). Similarly, Liu et al. also found in EC a correlation 
between Syncytin-1 expression and clinical stages of the tumor and overall survival 
(Liu et al. 2019). In in vitro studies using EC cell lines they observed that the over-
expression of Syncytin-1 led to an increase in proliferation, cell migration and inva-
sion, and G2/M phase transition in the cell cycle, meaning that Syncytin-1 promoted 
cells to enter mitosis (Liu et al. 2019). In human colorectal tumor tissues, Fei et al. 
detected Syncytin-1 expression by IHC which again correlated with stage and 
metastasis formation of the cancer (Fei et al. 2019). Larsen et al. also worked on 
colorectal cancer and observed heterogenous Syncytin-1 expression among patient 
samples, which correlated negatively with the overall survival (Larsen et al. 2009). 
Likewise, the expression of Syncytin-1 in non-small cell lung cancer (NSCLC) was 
proven by Fu et al. by IHC and they observed that patients with lower Syncytin-1 
expression survived more than 5 years after tumor treatment (Fu et al. 2021). They 
also had a look on the methylation and therefore epigenetic regulation of the 5′-LTR 
in the HERVW gene and found less methylation what equals less inactivation in 
NSCLC tissues (Fu et al. 2021). A similar discovery was made by Benesova et al. 
when they analyzed the methylation of the Syncytin-1 promoter region on semi-
noma tissue (Benesova et al. 2017). Recently, Zhou et al. found in hepatocellular 
carcinoma (HCC), similar to the other studies mentioned, that Syncytin-1 expres-
sion correlated with a poor prognosis and they declared it to be a prognostic factor 
to predict vascular invasion, metastasis, and tumor size (Zhou et  al. 2021). The 
group also observed that the phosphorylation and therefore activation of the kinases 
MEK1/2 and ERK1/2 correlated linearly to the Syncytin-1 expression in HCC 
(Zhou et al. 2021).

20.3.2  Phosphatidylserine as Possible Cell Fusion Mediator 
in Cancer

The role of the phospholipid PS in cell fusion of cancer cells with other cells is 
under investigation. It is known that cancer cells often display PS on their surface 
(Whitlock and Chernomordik 2021; Sharma and Kanwar 2018). In the already 
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mentioned study from Uygur et al. not only an increase in Syncytin-1 but also in 
Annexin 5 expression was observed in cancer hybrid cells (Uygur et  al. 2019), 
whereas the latter is a known PS-binding protein playing a role in myoblast, osteo-
clast, and trophoblast fusion (Whitlock and Chernomordik 2021). Knockdown of 
Annexin 5 via siRNAs impaired the formation of multinucleated fusion cells in this 
study (Uygur et al. 2019), illustrating the need for PS in cell fusion. Another well-
known appearance of PS in the outer leaflet of the plasma membrane is during 
apoptosis (Martin et al. 1995) and in a study by Noubissi et al. proof was given that 
apoptotic cells can induce cancer-cell fusion (Noubissi et al. 2015). The fusion of 
MSCs and T47D or MCF7 human breast cancer cells was significantly increased by 
addition of apoptotic cells to the cell coculture and was impaired when the caspase 
inhibitor Z-VAD-FMK was added (Noubissi et al. 2015). Unfortunately, since there 
were no PS masking or Annexin targeting experiments in this study, one element is 
missing to complete the circle of the role of PS in cell fusion. It is also not known 
whether the apoptotic cells themselves fused with other cells or whether they only 
induced the fusion between neighboring cells. The fusion of apoptotic cells with 
other cells resulting in viable hybrid cells would need a termination of apoptotic 
processes in an early stage and studies need to investigate whether this is possible. 
Also, the role of apoptotic bodies needs to be further investigated. Data of Hochreiter-
Hufford and colleagues showed that the activation of the PS receptor BAI1 and 
apoptosis promoted myoblast fusion (Hochreiter-Hufford et  al. 2013). As in the 
study by Noubissi et al., fusion could be prevented by blocking apoptosis and could 
be increased again by adding apoptotic cells. In this study they could see that apop-
totic cells did not directly fuse with normal cells but rather induced the fusion of 
non-apoptotic cells (Hochreiter-Hufford et al. 2013).

20.4  How Do Tumor Hybrid Cells Survive and How Does 
Fusion Alter Them?

20.4.1  The Post-hybrid Selection Process (PHSP)

The fusion of two or more cells normally leads to a mechanism called cellular 
senescence, which is a stable and irreversible growth arrest playing an important 
role in tumor suppression and tissue repair (Gal and Krizhanovsky 2014; Chuprin 
et al. 2013; Bojko et al. 2020). In this perspective, the fusion of cancer cells with 
neighboring cancer cells is investigated to empower oncolytic viruses, which repli-
cate in and kill cancer cells specifically (Del Papa et  al. 2021; Fu et  al. 2003; 
Nakamura et al. 2004; Higuchi et al. 2000; Ackermann et al. 2020; Lin et al. 2010; 
Allen et al. 2004). By arming those viruses with fusogenic membrane proteins, they 
can spread more efficiently throughout the cancer mass and enhance cancer cell–
cell fusion, which results in the formation of non-viable syncytia (Krabbe and 
Altomonte 2018; Salsman et al. 2005; Guedan et al. 2012; Le Boeuf et al. 2017). In 
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addition, dying syncytial cells can release immunologically active syncytiosomes, 
which can load specific melanoma tumor antigens in dendritic cells and therefore 
stimulate the immune system to target cancer cells (Bateman et al. 2002). But how 
can cancer hybrid cells circumvent this destiny? In normal and in neoplastic tissues 
the occurrence of cell–cell fusion is a rare process, but even rarer is the survival of 
resulting hybrid cells. Since hybrid cells exhibit both aneuploidy and genomic insta-
bility, they need to restabilize their chromosomal imbalances by PHSP, which plays 
a crucial role in determining the fate of normal hybrid cells and the malignant prop-
erties of cancer hybrid cells (Hass et al. 2021a; Hass 2020; Chunduri and Storchova 
2019; Melzer et al. 2020; Holland and Cleveland 2009). Knowing how these cells 
survive can help to prevent the formation of CS/ICs, the increased growth of tumors 
or the formation of metastasis (Hass et al. 2021a). A proposed initial step in PHSP 
is the heterokaryon-to-synkaryon transition (HST)/ploidy reductions (PR) step 
which means the segregation of chromosomes in dividing tumor hybrid cells. Since 
after the fusion of two or more (cancer) cells there are also several centrosomes in 
the resulting hybrid cell, chromosomal missegregation is occurring, leading to 
aneuploidy, micronuclei formation, neosis and/or chromothripsis by bi-, tri, or even 
multipolar divisions of the cell (Hass et al. 2021a; Song et al. 2021b; Chunduri and 
Storchova 2019; Holland and Cleveland 2009; Duncan et al. 2009; Ganem et al. 
2009; Godinho et al. 2009; Passerini et al. 2016; Duncan et al. 2010). The distribu-
tion of the segregated chromosomes to daughter cells is random and cannot be pre-
dicted. These serious changes in the genomic content of the cells are the main cause 
for the poor survival of hybrid cells, since genes coding for crucial cellular pro-
cesses such as metabolism, proliferation, signaling, or DNA replication are elimi-
nated during PSHP and HST/PR. Cells are responding to this stress with autophagy, 
protein aggregation, further DNA damage or cell cycle arrest resulting in senes-
cence or apoptosis (Chunduri and Storchova 2019; Passerini et al. 2016; Jonas et al. 
2013; Barr et al. 2017; Sheltzer 2013; Stefani and Dobson 2003; Oromendia et al. 
2012). And even if the cancer hybrid cells have successfully undergone HST/PR, 
this does not guarantee their continued survival. The hybrid cells are further selected 
until the previously unstable genome stabilizes to some extent but remains aneu-
ploid. This further selection has been named autocatalytic karyotype evolution 
(Hass et al. 2021a; Li et al. 2000) and goes on until a chromosomal stabilized sub-
clone arises, able to survive. As already described before, cancer hybrid cells are 
existing and were found in a variety of human cancer patient samples, where in 
general they were found to contribute to tumor heterogeneity and worsening the 
patient prognosis. With a mathematical model Miroshnychenko and colleagues 
demonstrated that along the well-known mutations found in tumors cell fusion can 
increase tumor-tissue plasticity, promote tumor progression and metastasis, although 
cell fusion rarely occurs and hybrid cells are even less likely to survive the PHSP 
process (Miroshnychenko et al. 2021). However, also other factors supporting the 
survival of the hybrid cells are existent. Do et al. used HeLa cells with low expres-
sion levels of p53, a transcription factor with pro-apoptotic properties in their study 
and let them fuse with each other (Do et al. 2017). Fused cells mainly went into cell 
cycle arrest or died as levels of p53 increased again after fusion. In surviving hybrid 
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clones increased levels of the protein Survivin were found in the cytoplasm, whereas 
knockdown of Survivin led to a decreased survival rate of stable hybrid cell clones 
again. In addition, Athanassiadou et al. showed that an increased Survivin expres-
sion in breast carcinomas was correlated to a worse prognosis (Athanassiadou 
et al. 2011).

20.4.2  Stable Cancer Hybrid Cells Show Altered Properties 
Within the Tumor

Cancer hybrid cells which survived PHSP show a random new phenotype, which 
cannot be predicted. Concerning the tumorigenicity of cancer hybrid cells only a 
few studies exist showing that tumorigenicity of cancer hybrid cells has remained 
the same or even decreased in comparison with parental cancer cells (Wang et al. 
2012; Miroshnychenko et al. 2021; Melzer et al. 2018c), which would be favorable 
for patients. Unfortunately, many more studies exist showing that tumorigenicity 
and the metastatic potential have increased or even newly developed in cancer 
hybrid cells compared to parental cells (Rachkovsky et al. 1998; He et al. 2015; 
Melzer et al. 2018a, b; Gast et al. 2018; Lartigue et al. 2020; Merle et al. 2021; 
Miroshnychenko et al. 2021; Zhou et al. 2015; Delespaul et al. 2019, 2020; Hass 
et al. 2019; Xue et al. 2015; Zhang et al. 2019; Yan et al. 2015; Xu et al. 2014; Tal 
et al. 2019; Sun et al. 2019; Sodi et al. 1998; Rappa et al. 2012; Miller et al. 1989; 
Mi et al. 2012; Luo et al. 2016; Duelli et al. 2007; Ding et al. 2012). It should be 
emphasized that even homotypic fusion of two cancer cells can decisively alter the 
properties of the resulting hybrid cell, as seen in a study where the fusion of B16- 
F10 melanoma cells leads to hybrid cells with enhanced metastatic potential in 
comparison with the parental cells (Mi et  al. 2012). So, cancer hybrid cells can 
gather new properties by cell fusion, but how do they become metastasis or recur-
rence associated CS/ICs? It is possible that CS/ICs result from fusion of non-CS/
ICs with normal cells and that the resulting hybrid cells have gained the new char-
acteristics by HST/PR (Zhou et al. 2015; Delespaul et al. 2019; Duelli et al. 2007). 
Moreover, cancer cells could fuse with stem cells and gain CS/IC characteristics, 
which was shown in several studies (He et  al. 2015; Ramakrishnan et  al. 2013; 
Melzer et al. 2018c; Hass et al. 2019; Xue et al. 2015; Zhang et al. 2019; Gauck 
et al. 2017; Dornen et al. 2020b; Wei et al. 2014). As stated before, CS/ICs are iden-
tified by a CD44+/CD24–low or CD133+ phenotype (Dittmar et  al. 2009; Li et  al. 
2008; Meirelles et al. 2012; Zielske et al. 2011) and also by identification of overall 
stemness markers such as Oct4, Nanog, Bmi1, Sox2, or ALDH1 (Xu et al. 2014). 
Cancer hybrid cells and especially CS/ICs are also associated with an increased 
resistance against chemotherapeutics, which implicates that those cells are less sen-
sitive or can even survive chemotherapeutic treatments (Lindström et  al. 2017; 
Dittmar et al. 2011; Kaur et al. 2015; Uygur et al. 2019; Liu et al. 2021; Mirzayans 
and Murray 2020). Cancer hybrid cells resulting from spontaneous in vitro fusion of 
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macrophages with MCF7 cells showed radiation resistance with a higher survival 
rate, less DNA damage, and less heterogeneity in DNA damage compared to paren-
tal cells (Lindström et al. 2017). Less DNA heterogeneity could result from a PHSP 
with an enhanced DNA-repair capacity in the cancer hybrid cells. Concerning the 
treatment of cancer hybrid cells with different chemotherapeutic reagents, Dittmar 
et al. could show that cancer hybrid cell clones from the epithelial cell line M13SV1 
and the breast cancer cell lines HS578T or MDA-MB-435, respectively, obtained by 
spontaneous in vitro cell fusion and antibiotic double selection showed different 
reactivity toward doxorubicin, 5-fluorouracil, etoposide, or paclitaxel (Dittmar et al. 
2011), which probably is attributed to different PHSP. Likewise, a paclitaxel resis-
tance was observed in cancer hybrid cells from head and neck squamous cell carci-
noma and mesenchymal stem cells (MSCs) (Liu et al. 2021). In a recent study by 
Montalbán-Hernández and colleagues it was shown that cancer hybrid cells result-
ing from fusion of colorectal cancer cells and monocytes found in  vitro and in 
patients’ blood are able to evade the immune system by expression of SIGLEC5, 
which suppresses T-cell activation (Montalban-Hernandez et al. 2022). It was also 
shown that the count of tumor hybrid cells in patients’ blood correlated positively 
with SIGLEC5 levels (Montalban-Hernandez et al. 2022). Similarly, Aguirre and 
colleagues used NSCLC cell lines and monocytes to generate cancer hybrid cells, 
which were able to avoid immune control by inhibiting natural killer (NK) cells via 
expression of HLA class I members, which resulted in less perforin generation as 
well as less cytotoxicity of the NK cells (Aguirre et al. 2020). In addition, also T-cell 
proliferation was reduced by cancer hybrid cells (Aguirre et al. 2020). The role of 
NK cell inactivation especially in metastasis was recently discussed (Chan and 
Ewald 2022) and since cancer hybrid cells play a major role in metastasis genera-
tion, they may be also responsible for the effects on immune cells.

20.5  How Can Tumor Hybrid Cells Be Detected In Vitro 
and In Vivo?

20.5.1  Detection of Cancer Hybrid Cells In Vitro and In Vivo 
in an Experimental Setup

In experimental studies tumor hybrid cells are detectable in vivo and in vitro by 
overlapping fusion markers like fluorescent reporter genes, antibiotic resistances, or 
lineage characteristics received from parental cells and thus, a plethora of studies 
using modifies cancer cells and transgenic mouse models are existent showing 
either homotypic cancer cell fusion or heterotypic cancer cell fusion with other 
cells, such as MSCs or macrophages (Lindström et al. 2017; Powell et al. 2011; 
Rachkovsky et al. 1998; Dittmar et al. 2009, 2011; Melzer et al. 2018a–c, 2019b; 
Wang et  al. 2012; Gast et  al. 2018; Lartigue et  al. 2020; Mohr et  al. 2015; 
Miroshnychenko et al. 2021; Wakeling et al. 1994; Lu and Kang 2009; Yan et al. 
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2016; Ramakrishnan et al. 2013; Strick et al. 2007; Noubissi et al. 2015; Hass 2020; 
Delespaul et al. 2019, 2020; Zhang et al. 2019; Xu et al. 2014; Tal et al. 2019; Rappa 
et al. 2012; Luo et al. 2016; Duelli et al. 2007; Ding et al. 2012; Dornen et al. 2020b; 
Aguirre et al. 2020; Wang et al. 2020; Kerbel et al. 1983). For example, Dörnen 
et al. used immortalized MSCs (iMSCs) that showed resistance to puromycin and 
cocultured them with either the hygromycin resistant breast cancer cell line HS578T 
Hyg or MDA-MB-231 Hyg to receive double antibiotic resistant cancer hybrid cells 
clones (Dornen et al. 2020b). The cancer hybrid cells clones were also characterized 
by short tandem repeat (STR) analysis to verify their fusogenic origin and showed 
new properties, indicating that cell fusion can lead to tumor heterogeneity (Dornen 
et al. 2020b). Likewise, the dual antibiotic selection method was used to generate 
hybrid cells from coculturing of breast cancer cells and breast epithelial cells 
(Dittmar et al. 2009, 2011; Fahlbusch et al. 2020) as well as of two bone and lung- 
tropic sublines of the before mentioned breast cancer cell line MDA-MB-231 (Lu 
and Kang 2009). To study the impact of ERVW-1 (Syncytin-1) expression on the 
cell fusion of normal human diploid fibroblasts (IMR-90 cells) and cancer cells, 
Chuprin et al. started their experiments by generating IMR-90 cells overexpressing 
ERVW-1 and in addition either the green fluorescent protein (GFP) or mCherry 
(Chuprin et al. 2013). The coculturing of these cells led to fused multinuclear cells 
with overlapping expression of both fluorescent proteins, from which the group 
concluded that ERVW-1 expression induces cell fusion (Chuprin et al. 2013). They 
also observed that hybrid cells underwent cellular senescence mediated by p53, a 
transcription and tumor suppression factor (Chuprin et al. 2013). In other studies, 
antibiotic resistance was used concurrently with fluorescent reporter genes, such as 
in the study by Wang et al. (2020). They used the human prostate cancer cell line 
LNCaP, being resistant to G418 and expressing the red fluorescent protein (RFP) 
AsRed2, and the human prostate stromal cell line HPS-15, being resistant to puro-
mycin and expressing GFP (Wang et al. 2020). After coculturing the cells for sev-
eral weeks, cancer hybrid cells were isolated by dual antibiotic treatment and 
showed dual fluorescence as well as genomic heterogeneity among the cancer 
hybrid clones. In addition, they were also analyzed by STR to prove the origin 
through the fusion of the parental cells (Wang et al. 2020). A similar approach for 
coculturing was done with different breast cancer cell lines and cancer-associated 
fibroblasts (CAFs) by Miroshnychenko and colleagues (Miroshnychenko et  al. 
2021). Lineage characteristics of M2-macrophages, namely CD163+/CD45+, were 
used to characterize cancer hybrid cells in a coculture experiment with GFP-labeled 
MCF-7 human breast cancer cells by Lindström and colleagues (Lindström et al. 
2017). Using flow cytometry after the coculturing the cells, cancer hybrid cells were 
identified as GFP+/CD163+/CD45+ cells and were further characterized for their 
radiation resistance, as described before (Lindström et  al. 2017). In a study by 
Aguirre et al. the lung cancer cell lines H460/H460GFP and A549 were cultured in 
cancer stem cell medium and used for rising cancer hybrid cells by fusion with 
human monocytes isolated from buffy coats (Aguirre et al. 2020). The hybrid cells 
were characterized by the expression of either GFP+CD14+ or PANK+CD14+, 
whereas CD14 is a specific marker for monocytes and PANK (Pan-Cytokeratin) is 
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a cancer-epithelial-cytokeratin marker. To detect the earliest fusion time point in 
these cells, the group used the vital colorants DID and DIO on the monocytes and 
the H460-CSCs and could see double positive DID+DIO+ fusion cells in about 
30 min of coculture (Aguirre et al. 2020). Melzer et al. cocultured MSCs labeled 
with GFP and the human benign breast cancer line MCF10A labeled with the RFP 
mCherry and did time lapse imaging to analyze the time needed for a fusion event, 
which turned out to be less than five minutes (Melzer et  al. 2018b). In another 
in vivo study by Melzer et al. GFP-labeled MSCs (MSCGFP) and the breast cancer 
cell line MDA-MB-231-labeled with mCherry (MDA-MB-231cherry) were cocul-
tured, two cancer hybrid cells were isolated by flow cytometry and injected subcu-
taneously in NOD/scid mice in comparison with the parental MDA-MB-231GFP 
breast cancer cell line (Melzer et al. 2018a). A significantly elevated tumor growth 
as well as multiple metastases in distant organs was observed after a shorter time in 
comparison with the parental breast cancer cell line in the mice (Melzer et  al. 
2018a). Similar approaches were used by Gast et al. when cancer hybrid cells from 
GFP-tagged murine macrophages and H2B-RFP-labeled mouse colon carcinoma 
cells MC38 were analyzed concerning formation of metastasis in mice (Gast et al. 
2018). Another possibility to detect fusion events is the use of a Cre recombinase in 
combination with recombinable vectors (Mohr et al. 2015; Tal et al. 2019; Sprangers 
et al. 2012). For example, Mohr et al. used so-called fluorescence double reporter 
(FDR) vectors which code for a loxP-flanked RFP cassette followed by GFP and 
which can be recombined by Cre recombinase leading to a fluorescence switch from 
red to green and therefore display a fusion event (Mohr et al. 2015). An approach 
described either as bimolecular fluorescence complementation (BiFC) (Noubissi 
et al. 2015) or as dual split protein (DSP) assay (Ishikawa et al. 2012) based on the 
expression of only a half of a fluorescent protein in each of the cells to be fused was 
used in in vitro studies. With all these approaches, however, it must be remembered 
that other mechanisms can resemble cancer-cell fusion, like cell cannibalism, ento-
sis, emperipolesis, or cytophagocytosis, that forms cell-in-cell structures with DNA 
exchange (Fais and Overholtzer 2018; Overholtzer and Brugge 2008; Xia et  al. 
2008; Janssen and Medema 2011; Wang et al. 2019). Moreover, genes or mRNAs of 
fusion markers can be transferred via extracellular vesicles or by horizontal/lateral 
gene transfer and thereby alter the phenotype of the recipient cell (Yanez-Mo et al. 
2015; Colombo et al. 2014; van Niel et al. 2018; Mittelbrunn and Sanchez-Madrid 
2012) and tumor cells can shed vesicles even larger than exosomes, called ecto-
somes, and are known to produce blebs more often (Mittelbrunn and Sanchez- 
Madrid 2012). All of those naturally occurring processes can lead to false positive 
results in the setup for the detection of cell fusion events. Also, when using a stably 
expressed Cre recombinase, it should be noted that Cre can be cytotoxic and is alter-
ing the genome of possible cancer hybrid cells, because of active recombinase rec-
ognition sites in the mammalian genome (Thyagarajan et al. 2000; Schmidt- Supprian 
and Rajewsky 2007). To verify the fusogenic origin of the cancer hybrid cells, for 
example, karyotypization or STR analysis needs to be done, which is limited to 
heterotypic cancer hybrid cells only, since hybrids arising from homotypic fusion 
events show the same genetic background (Weiler and Dittmar 2019a).
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20.5.2  Detection of Cancer Hybrid Cells In Vivo 
in Human Cancers

The detection of tumor hybrid cells outside of an experimental setting and in the 
context of human disease is challenging due to the lack of predetermined markers 
and the unknown fusion partners. Nevertheless, several studies have been able to 
demonstrate the fusion between cancer and normal cells in human cancers, and thus 
the existence of cancer hybrid cells, using a variety of markers (Manjunath et al. 
2020a, b; Gast et al. 2018; Clawson et al. 2015; Montalban-Hernandez et al. 2022; 
Ramakrishnan et al. 2013; Larsson et al. 2007; Shabo et al. 2008, 2009, 2013, 2015; 
Lazova et al. 2013; Yilmaz et al. 2005; Clawson et al. 2012, 2017; Andersen et al. 
2007, 2010; Chakraborty et  al. 2004; Kurgyis et  al. 2016). On a genomic level, 
Yilmaz et al. could detect tumor hybrid cells in a female patient with a primary renal 
cell carcinoma, who received a bone marrow transplantation (BMT) from a male 
donor in the past, by detection of the Y chromosome (Yilmaz et al. 2005). Similar 
findings were reported for patients with pancreatic ductal adenocarcinoma, lung 
cancer, renal carcinoma, and head and neck squamous carcinoma who received a 
sex-mismatched BMT in a study by Gast et al. (2018). Also, after BMT, Lazova 
et al. showed both alleles, from donor and patient, in tumor cells and in associated 
metastases by performing STR genotyping (Lazova et al. 2013). In order to charac-
terize more precisely which normal cells specifically underwent heterogenous cell 
fusion with cancer cells, a commonly used approach is to look for non-cancer spe-
cific epitopes of the normal fusion partner, such as epithelial, macrophage, or hema-
topoietic antigens (Dittmar and Zänker 2011b; Ramakrishnan et al. 2013; Shabo 
et al. 2008, 2013; Manjunath et al. 2020b; Clawson et al. 2012). Studies by Shabo 
et al. concentrated on detecting tumor hybrid cells (probably) originating from the 
fusion of breast cancer or colorectal cancer cells with tumor-associated macro-
phages (TAMs) (Dittmar and Zänker 2011b; Shabo et al. 2008, 2013). These mac-
rophages of the M2 type are promoting tumor progression and present specific 
antigens like CD14, CD68, CD163, MAC387, or DAP12, which were also found in 
the cancer hybrid cells (Dittmar and Zänker 2011b). In detail, in breast cancer tis-
sues from 133 patients the macrophage-specific antigen CD163 was found in 48% 
of the samples, whereas MAC387 was found in 12% (Shabo et  al. 2008). The 
expression of CD163 correlated positively with the occurrence of distant metastasis 
and shorter survival of the patients (Shabo et al. 2008), which was also seen in a 
study analyzing rectal cancer (Shabo et al. 2009). The expression of DAP12 was 
found in 66% of the analyzed breast cancer samples and was also associated with a 
high tumor grade and liver and skeletal metastases (Shabo et al. 2013). Likewise, 
Ramakrishnan and colleagues demonstrated that the pan-hematopoietic marker 
CD45 is expressed in up to 23.9% of human epithelial ovarian carcinoma cells, sug-
gesting the existence of fusion cells (Ramakrishnan et al. 2013).
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20.5.3  Detection of Circulating Hybrid Cells (CHCs) 
in the Blood of Human Cancer Patients

In addition to the possibility of studying CHCs in the primary solid cancer, there are 
also circulating cancer/tumor cells (CCCs/CTCs) and, amongst these, circulating 
hybrid cells (CHCs), which have been detected in studies and are moving further 
into the focus of research as liquid biomarkers for early tumor detection (Gast et al. 
2018; Clawson et al. 2012, 2015, 2017; Manjunath et al. 2020b; Dietz et al. 2021; 
Walker et al. 2021; Sutton et al. 2022; Deng et al. 2022; Pereira-Veiga et al. 2022; 
Sulaiman et al. 2022; Lopresti et al. 2022; Menyailo et al. 2022; Ruano et al. 2022; 
Hu et al. 2022; Parappilly et al. 2022). In the already mentioned study by Gast et al. 
CHCs were detected in the circulation of female cancer patients who received a sex- 
mismatched BMT by coexpression of CD45 and EPCAM as well as the Y chromo-
some amongst others (Gast et  al. 2018). The amount of CHCs in the circulation 
correlated with stage and survival of the patients (Gast et  al. 2018). Studies by 
Clawson and colleagues identified CHCs in patients with melanoma (Clawson et al. 
2012, 2015) or pancreatic ductal adenocarcinoma (Clawson et al. 2017). Originally 
CTCs were analyzed in the blood of melanoma patients, but when staining for pan- 
cytokeratin (KRT) and the leukocyte marker CD45 50% double positive cells were 
found, indicating that a fusion event between cancer cells and leukocytes happened, 
which was also seen in the blood from colorectal and pancreatic cancer patients 
(Clawson et al. 2012). CHCs from melanoma patients showed morphological char-
acteristics from macrophages, high ploidy or aneuploidy, and expression of macro-
phage markers CD14 and CD 68 as well as markers specific for M2 macrophages 
CD163, CD204, and CD206  in combination with melanocytic specific markers 
ALCAM and MLANA (Clawson et al. 2015). When transplanted subcutaneously in 
nude mice, the hybrid cells disseminated and produced metastasis (Clawson et al. 
2015). A similar CHC immunophenotype and DNA content was detected in sam-
ples from patients with pancreatic ductal adenocarcinoma which also resulted from 
cancer-cell fusion with M2 macrophages (Clawson et al. 2017). In addition, single 
cell RNASeq revealed high levels of expression of various metastasis-related mark-
ers, such as MIF, CD44, CD74, and CXCR4 and indeed the CHCs were able to 
induce metastases when transplanted into mice (Clawson et al. 2017). CHCs were 
also found in the blood of most NSCLC patients (76.5%), staining positive for both, 
the epithelial markers cytokeratin (CK) and EpCAM and the myeloid/macrophage 
markers CD14 and CD45, and showing more than one nucleus (Manjunath et al. 
2020b). It was found that the count and the size of (giant) CHCs correlated with 
tumor stage and overall survival in NSCLC patients (Manjunath et al. 2020b). A 
plethora of 14 cancer types was characterized for the occurrence of CHCs from 
fusion of cancer cells (epithelial or tissue specific markers) with macrophages 
(CD45) by Dietz et al. (2021). CHCs were found in all cancer types, even in glio-
blastoma, which is reported to rarely disseminate outside the central nervous system 
(Dietz et al. 2021). The same working group did research on whether CHCs are 
suitable liquid biomarkers during treatment of gastrointestinal cancers (Walker 
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et al. 2021). Samples from patients with rectal adenocarcinoma (RAC), esophageal 
adenocarcinoma (EAC), and colorectal liver metastasis (CRLM) were characterized 
concerning CHCs (macrophage-specific staining of CD45; epithelial cell staining of 
pan-cytokeratin (CK)), starting with the response of RAC and EAC patients to neo-
adjuvant therapy (NAT) (Walker et al. 2021). Significantly less CHCs were found in 
the patients after resection and NAT with a pathologic complete response (pCR) to 
NAT (4.7 ± 4 vs. 31 ± 19.9 CHCs in RAC patients; 3.8 ± 2.1 vs. 21 ± 21.2 CHCs in 
EAC patients), whereas patients with an incomplete response to NAT showed com-
parable levels of CHCs like before treatment (20 ± 18.1 in RAC and EAC patients 
combined) and NAT non-responsive patients had an increased occurrence of CHCs 
(47 ± 20.9 CHCs in RAC and EAC patients combined) (Walker et al. 2021). In EAC 
patients more CHCs were found in lymph node positive samples and the overall 
number of CHCs correlated with disease-specific survival (DSS), indicating that 
regardless of the degree of pathologic response lower levels of CHCs in EAC may 
improve patients’ survival (Walker et al. 2021). The amount of CHCs in patients 
with CRLM correlated with treatment success and with recurrence and spreading of 
further metastasis in patients (Walker et al. 2021). In a recent study, CHCs were 
detected in EC patients by staining for CD45+/Pan-Cytokeratin+/EpCam+/CD31+ 
cells, which showed a macrophage-like morphology and polyploidy (Sulaiman 
et al. 2022). The CHCs were characterized morphologically, for example whether 
they were tiny or giant, and were then compared to pathological parameters of the 
EC. This led the authors to the conclusion that the presence of CHCs correlated 
neither with stage nor with grade of the disease (Sulaiman et al. 2022). It should be 
noted that the authors did not quantify CHCs in this study, which was done in the 
studies described previously. Also recently published was a study by Lopresti and 
colleagues who characterized, as termed by them, atypical circulating tumor cells in 
the blood of patients with metastatic breast cancer (Lopresti et  al. 2022). They 
divided the CTCs into three different subsets, whereas the fraction called giant atyp-
ical CTCs (g-aCTCs) resembles CHCs, which were found in 46% of the patients 
and were characterized to have an enlarged size with multiple nuclei as well as a 
hybrid epithelial-mesenchymal phenotype, but were negative for CD45 (Lopresti 
et al. 2022). Nevertheless, the occurrence of g-aCTCs was correlated with overall 
and progression-free survival of the patients (Lopresti et  al. 2022). Ruano et  al. 
analyzed CHCs in the blood of patients with high-grade serous ovarian cancer by 
collecting them either by size or by antigen expression. The cells were characterized 
by CD45 expression and aneuploidy of chromosome 8, whereas the former had no 
prognostic value, but ploidies of the chromosome correlated with a shortened lifes-
pan (Ruano et al. 2022). To analyze CHCs in uveal melanoma, Parappilly and col-
leagues used immunohistochemical staining for the common melanocytic marker 
gp100, for the 5-hydroxytryptamine receptor 2B (HTR2B) upregulated in high-risk 
uveal melanoma, and for  the leukocyte specific antigen CD45  (Parappilly et  al. 
2022).  They thus demonstrated that CHCs outnumber CTCs and are prognostic 
markers for 3-year progression-free survival (Parappilly et al. 2022). In sum, these 
data indicate that cancer cells expressing specific epitopes from non-cancerous cells 
were identified in human cancers and serve as a proof of the cancer hybrid cells 
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existence. However, it must be kept in mind that the expression of these epitopes can 
also originate by the genomic instability of the primary cancer and that markers on 
cancer hybrid cells can get lost, as seen, for example, in a study by Melzer et al., 
where the Y chromosome of the parental cell was not detectable in the cancer hybrid 
cell anymore (Melzer et al. 2018a). Furthermore, the detection of homotypic cell 
fusions in human cancers turns out to be much more difficult because the cells have 
an identical genetic background and no specific epitopes to prove a fusion event 
exist. Thus, the establishment of potential fusion markers in human cancers would 
be helpful not only for a better characterization of the tumor but also for a more 
accurate diagnosis and treatment of patients.

20.6  Conclusions

Cell–cell fusion is a crucial process in development and maintenance of different 
organs and tissues in mammals (Inoue et al. 2005; Bianchi et al. 2014; Potgens et al. 
2004; Bolze et al. 2017; Soygur and Sati 2016; Muir et al. 2006; Millay et al. 2013; 
Bi et al. 2017; Gamage et al. 2017; Quinn et al. 2017; Leikina et al. 2018; Zhang 
et al. 2017), whereas in a tumor context it leads to an increase of heterogeneity in 
the tumor and its regulation, if any is existent, is not understood (Matsumoto et al. 
2021; Zack et al. 2013; Bielski et al. 2018; Quinton et al. 2021; Dornen et al. 2020a). 
Still ongoing research has shown that there are some conditions and proteins that 
can promote or induce cell fusions in the tumor microenvironment, such as hypoxia 
(Petrova et al. 2018; Emami Nejad et al. 2021; Li et al. 2021; Eltzschig and Carmeliet 
2011; Tinganelli and Durante 2020), the presence of inflammatory cytokines 
(Melzer et al. 2018b; Yan et al. 2017; Davies et al. 2009; Weiler and Dittmar 2019b; 
Song et al. 2012; Mohr et al. 2015; Skokos et al. 2011; Hotokezaka et al. 2007) or 
the expression of Syncytin-1 (Liu et al. 2019; Strissel et al. 2012; Strick et al. 2007; 
Bjerregaard et al. 2006; Larsson et al. 2007; Maliniemi et al. 2013; Sun et al. 2010; 
Yu et al. 2014; Fu et al. 2021; Li et al. 2019; Larsen et al. 2009; Uygur et al. 2019; 
Zhou et al. 2021). A plethora of studies investigated the fusion process itself and 
showed with different experimental setups that cancer cells are indeed able to fuse 
with normal cells, like macrophages, to form cancer hybrid cells (Lindström et al. 
2017; Powell et al. 2011; Rachkovsky et al. 1998; Dittmar et al. 2009, 2011; Melzer 
et al. 2018a–c, 2019b; Wang et al. 2012; Gast et al. 2018; Lartigue et al. 2020; Mohr 
et al. 2015; Miroshnychenko et al. 2021; Wakeling et al. 1994; Lu and Kang 2009; 
Yan et al. 2016; Ramakrishnan et al. 2013; Strick et al. 2007; Noubissi et al. 2015; 
Hass 2020; Delespaul et al. 2019, 2020; Zhang et al. 2019; Xu et al. 2014; Tal et al. 
2019; Rappa et  al. 2012; Luo et  al. 2016; Duelli et  al. 2007; Ding et  al. 2012; 
Dornen et al. 2020b; Aguirre et al. 2020; Wang et al. 2020; Kerbel et al. 1983). In 
addition, the hypothesis that cancer-cell fusions take place in human cancers, ini-
tially doubted, is gaining more and more scientific consensus. Cancer hybrid cells 
were detected by the expression of cancer-specific as well as non-cancer-specific 
epitopes in solid tumors and in the circulation of cancer patients as circulating 
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hybrid cells (CHCs) and were further characterized (Gast et al. 2018; Clawson et al. 
2012, 2015 2017; Manjunath et al. 2020b; Dietz et al. 2021; Walker et al. 2021; 
Sutton et al. 2022; Deng et al. 2022; Pereira-Veiga et al. 2022; Sulaiman et al. 2022; 
Lopresti et  al. 2022; Menyailo et  al. 2022; Ruano et  al. 2022; Hu et  al. 2022; 
Parappilly et al. 2022). Most of those hybrid cells were aneuploid and gathered new 
malignant properties, such as a higher metastatic potential or resistance to chemo-
therapy (Dittmar et al. 2021; Manjunath et al. 2020a, b; Hass et al. 2021a, b; Gast 
et al. 2018; Clawson et al. 2012, 2015, 2017; Wang et al. 2021; Dietz et al. 2021; 
Walker et al. 2021; Sutton et al. 2022; Deng et al. 2022; Pereira-Veiga et al. 2022; 
Sulaiman et al. 2022; Lopresti et al. 2022; Menyailo et al. 2022; Ruano et al. 2022; 
Hu et al. 2022; Parappilly et al. 2022). Since the detection of cancer hybrid cells is 
challenging, due to their genomic instability and potential loss of markers, there 
needs to be more research done into reliable markers for cancer hybrid cells. 
Furthermore, especially CHCs were found to be prognostic markers for progression- 
free and overall survival (Gast et al. 2018; Manjunath et al. 2020b; Walker et al. 
2021; Lopresti et al. 2022; Parappilly et al. 2022) of cancer patients what may be 
explained with a higher probability for metastases. It is discussed whether it would 
be possible to stop the adhesion of CHCs and therefore prevent the invasion and 
metastasizing of distant organs (Xie et al. 2022), which would be a benefit for can-
cer patients. In sum, the fusion of cancer cells with normal cells is proven to result 
in cancer hybrid cells, which can worsen the prognosis of cancer patients. Future 
studies should focus on how to stop the cancer-cell fusion or least the seeding of 
distant metastasis by cancer hybrid cells.
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Chapter 21
The Hallmarks of Circulating Hybrid Cells

Ranish K. Patel, Michael Parappilly, Shahrose Rahman, Issac R. Schwantes, 
Marisa Sewell, Nicole R. Giske, Riley M. Whalen, Naside Gozde Durmus, 
and Melissa H. Wong

Abstract While tumor metastases represent the primary driver of cancer-related 
mortality, our understanding of the mechanisms that underlie metastatic initiation 
and progression remains incomplete. Recent work identified a novel tumor- 
macrophage hybrid cell population, generated through the fusion between neoplas-
tic and immune cells. These hybrid cells are detected in primary tumor tissue, 
peripheral blood, and in metastatic sites. In-depth analyses of hybrid cell biology 
indicate that they can exploit phenotypic properties of both parental tumor and 
immune cells, in order to intravasate into circulation, evade the immune response, 
and seed tumors at distant sites. Thus, it has become increasingly evident that the 
development and dissemination of tumor-immune hybrid cells play an intricate and 
fundamental role in the metastatic cascade and can provide invaluable information 
regarding tumor characteristics and patient prognostication. In this chapter, we 
review the current understanding of this novel hybrid cell population, the specific 
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hallmarks of cancer that these cells exploit to promote cancer progression and 
metastasis, and discuss exciting new frontiers that remain to be explored.
Abbreviations
CHCs Circulating hybrid cells
CTCs Circulating tumor cells
EMT Epithelial to mesenchymal transition
EpCAM Epithelial cellular adhesion molecule
FISH Fluorescence in situ hybridization
GFP Green fluorescent protein
GVHD Graft versus host disease
MET Mesenchymal to epithelial transition
MMP Matrix metalloproteinase
PBMCs Peripheral blood mononuclear cells
RFP Red fluorescent protein
TAMs Tumor-associated macrophages
VEGF Vascular endothelial growth factor

21.1  Introduction

Cellular fusion is a phenomenon by which cells from identical (homotypic) or dis-
tinct (heterotypic) lineages combine to form a single cell. Through fusion, the cel-
lular cytoplasmic and nuclear contents of two or more cells merge, all within a 
single plasma membrane. The parent nuclei themselves may either fuse into a single 
nucleus, or remain distinct from one another resulting in either a mononuclear (syn-
karyotic) or a multinuclear (heterokaryotic) daughter cell. Synkaryotic syncytia are 
less common compared to heterokaryotic syncytia, as best evidenced by the vast 
abundance of heterokaryotic syncytia in normal human skeletal, cardiac, and smooth 
muscle, as well as osteoclasts and placental tissue.

Fusion is essential to a variety of physiologic processes, such as fertilization, 
organ development, immunity, and tissue regeneration and repair (Hass et al. 2021). 
It is a fundamental biologic mechanism by which cellular phenotypic and genotypic 
diversity are rapidly enhanced, rendering the newly generated hybrid cell distinct 
from the parents from which they are derived, and thus increases overall heteroge-
neity and tissue plasticity. In cancer, this normal biologic process is hijacked to 
contribute to tumor heterogeneity, tumorigenesis, metastasis, and therapeutic drug 
resistance (Jiang et al. 2019), thus highlighting the need to better understand how 
hybrid cells contribute to overall homeostasis or disease processes.

In 1911, German pathologist Otto Aichel first theorized that fusion between 
immune and cancer cells may play a central role in malignancy and metastasis 
(Aichel 1911). This theory was rooted in the pioneering work of Theodore and 
Marcella Boveri detailing the relationship between aberrant chromosome numbers 
and abnormal mitosis in sea urchin eggs experimentally fertilized with two sets of 
spermatozoa (Boveri 2008; Larsson 2010; Vande Woude and Klein 2009). Aichel 
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postulated, that through leukocyte fusion, tumor cells could develop malignant phe-
notypes by exploiting quantitative and qualitative chromosomal differences in order 
to acquire motile properties inherent to immune cells. As a result, such fusion would 
result in an “entirely new cell having characteristics of both mother cells” (Aichel 
1911; LaBerge et al. 2019). Almost a century later, the leukocyte fusion hypothesis 
re-emerged, and considerable work has since been conducted to identify immune- 
neoplastic hybrid cells and demonstrate their aneuploidy and greater malignant 
potential in both in vitro and in vivo models (Avilès et al. 1977; Chakraborty et al. 
2000; Fortuna et al. 1989, 1990; Goldenberg 1968; Goldenberg et al. 1971, 1974; 
Mekler 1971; Pawelek 2005, 2007; Pawelek and Chakraborty 2008a, b; Kerbel 
et al. 1983).

While cellular mechanisms such as cytoplasmic bridges and exosome transfer 
can explain how tumor and immune cells transiently share limited genotypic and 
phenotypic information, a cellular fusion mechanism conveys larger scale and heri-
table genotypic and phenotypic alterations in the newly formed neoplastic-immune 
hybrid cell population. Of note, these hybrid cells are mononuclear, or synkaryotic, 
as a result of the both cytoplasmic and nuclear fusion of their two parent lineages. 
In vitro studies involving co-cultured murine colorectal cancer cells expressing 
nuclear red fluorescent protein (RFP) and macrophages expressing cytoplasmic 
green fluorescent protein (GFP) demonstrated real-time spontaneous cellular and 
nuclear fusion, generating RFP+/GFP+ daughter hybrid cells that persisted through 
multiple generations (Gast et  al. 2018). Perhaps the strongest in  vivo evidence 
comes from the identification of hybrid cells in female patients with prior sex- 
mismatched bone marrow transplants, who subsequently developed pancreatic duc-
tal adenocarcinoma. These tumors were found to have intra-tumoral hybrid cells 
that expressed both Y-chromosome and specific epithelial tumor protein expression 
(Gast et al. 2018). Further, the Pawelek group reported similarly identified tumors, 
likely seeded by hybrid cells in patients who received bone marrow or allogeneic 
stem cell donations, where these tumors contained DNA from both the patient and 
donor (Chakraborty et  al. 2004; LaBerge et  al. 2017, 2021; Lazova et  al. 2013; 
Yilmaz et  al. 2005). Recently, heterotypic immune-neoplastic hybrid cells were 
described and identified in a variety of human malignancies (Clawson et al. 2012; 
Davies et al. 2009; Powell et al. 2011; Rizvi et al. 2006; Silk et al. 2013; Walker 
et al. 2021; Lazova et al. 2013; Duelli and Lazebnik 2003; LaBerge et al. 2017; 
Pawelek 2005; Pawelek and Chakraborty 2008b), and their role in cancer progres-
sion is increasingly intriguing.

Subsequent to their formation within the primary tumor tissue, hybrid cells gain 
the ability to intravasate into circulation, and thus they become circulating hybrid 
cells (CHCs) (Dietz et al. 2021; Gast et al. 2018). CHCs co-expressing the pan- 
leukocyte antigen CD45 and specific canonical tumor protein expression have been 
identified in peripheral blood specimens of patients across a myriad of solid tumor 
malignancies (Dietz et al. 2021; Allan et al. 2005; de Wit et al. 2018; Li et al. 2018; 
Liu et  al. 2016; Manjunath et  al. 2020; Nel et  al. 2014; Parappilly et  al. 2022; 
Toyoshima et al. 2015; Walker et al. 2021; Zhang et al. 2015). CHCs demonstrate 
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great potential to be utilized as an important biomarker to predict survival, prognos-
tication, relapse, and response to treatment.

The dissemination of neoplastic cells into circulation remains an important step 
within the larger metastatic cascade. Historically, CD45-negative, unfused circulat-
ing tumor cells (CTCs) have dominated study in the field of circulating neoplastic 
cells; however, these cells are difficult to identify owing to their relative rarity in 
peripheral blood (Dietz et al. 2021; Gast et al. 2018; Lin et al. 2021; Sutton et al. 
2022). In contrast, CHCs have relative enrichment in circulation at an order of mag-
nitude greater than CTCs and have been found to carry their own malignant poten-
tial. They promote tumor growth when isolated and injected intra-dermally, as well 
as seed distant tissue when injected into circulation (Gast et  al. 2018; Clawson 
et al. 2012).

Hanahan and Weinberg first proposed “the Hallmarks of Cancer” (Hanahan and 
Weinberg 2000), which initially included six essential alterations in cell physiology 
that are fundamental to the development of malignancy, and have since expanded 
this list to include fourteen different characteristics (Hanahan 2022; Hanahan and 
Weinberg 2011). As we further establish the role that CHCs play in malignancy and 
metastasis, it has become increasingly apparent that these neoplastic-immune cells 
share many of the fundamental hallmarks of cancer, namely: tumor-promoting 
inflammation, genomic instability and mutation, unlocking phenotypical plasticity, 
invasion and dissemination into vasculature, and avoiding immune destruction 
(Fig. 21.1). Herein, we provide insight into how CHCs possess and exploit each of 
these fundamental properties, to promote tumor progression and metastasis.

21.2  Tumor-Promoting Inflammation

It is well-established that virtually every neoplastic lesion contains notable popula-
tions of immune cells, both from the innate and adaptive arms of the immune sys-
tem (Hanahan and Weinberg 2011), and that these tumor-associated inflammatory 
conditions are key mediators of tumorigenesis and enhance malignant progression. 
The tumor microenvironment has a significant impact on the proliferative and meta-
static capabilities of cancer cells (Hanahan and Weinberg 2011). Initially reported 
as far back as 1863 by Rudolf Virchow, chronic inflammation was identified as a 
predisposing event in the development of cancer, but no specific biological path-
ways were implicated in this finding for over a century (Virchow 1863). In 1986, 
neoplasms were shown to demonstrate the ability to induce similar effects in micro-
environment as immune responses, initially identified as changes in endothelial per-
meability via the secretion of vascular endothelial growth factor (VEGF) (Senger 
et al. 1986). It is now understood that local inflammation provides an influx of bio-
active molecules, including cytokines inducing proliferative signaling, enzymes 
which modify surrounding stroma to enhance angiogenesis, suppress the antitumor 
response and metastatic potential of disease, as well as other factors, which can 
induce de-differentiation of neoplastic cells (DeNardo et  al. 2010; Parker et  al. 
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Fig. 21.1 (a) The hallmarks of circulating hybrid cells currently embody five of the characteristics 
from Hanahan and Weinberg’s hallmarks of cancer (Hanahan and Weinberg 2011). Genomic insta-
bility and acquisition of mutations and invasion and dissemination into vasculature are considered 
core characteristics as they contribute to the functional capabilities necessary for tumor growth and 
progression. Tumor-promoting inflammation and unlocking phenotypic plasticity are considered 
enabling characteristics as they facilitate acquisition of the core characteristics. Lastly, avoiding 
immune destruction is an emerging characteristic, as it is not yet generalizable and fully validated 
in the hallmarks of cancer. (b) Illustration of the hallmark advantages conferred by circulating 
hybrid cells in the metastatic cascade. Figure created with BioRender.com
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2015; Qian and Pollard 2010). Of significance, inflammation is evident at earliest 
stages of neoplasia and has been demonstrated to play a role in the ultimate develop-
ment into fully invasive cancers (de Visser and Coussens 2006; Qian and Pollard 
2010). The immune system, specifically the innate immune system, has significant 
impacts in the pathogenesis of cancer.

A key mechanism by which inflammation plays an integral role in malignancy is 
through the generation of neoplastic-immune hybrid cells. By their very nature, 
these hybrid cell populations rely on inflammation and immune infiltration to facili-
tate myeloid fusion with epithelial tumor cells, in order to produce hybrid progeny. 
Inflammatory conditions themselves promote tissue hybrid cell generation through 
fusion of bone marrow and intestinal cells (Davies et  al. 2009; Pawelek and 
Chakraborty 2008b). The effects of tumor-related inflammation extend beyond the 
tumor microenvironment, as Davies et al. demonstrated that inflammatory condi-
tions increased in vivo-derived hybrid cell formation in mouse models of colonic 
inflammation. Interestingly, anti-inflammatory drugs counteracted this effect and 
inhibited robust hybrid cell formation, further supporting inflammation as a key 
driving force in hybrid cell development (Davies et al. 2009). Chronic inflammation 
has additionally been shown to be a driving factor in CHC development in brain, 
muscle, liver, and heart muscles as well (Johansson et al. 2008; Nygren et al. 2008).

While it is clear that tumor-promoting inflammation is an enabling characteristic 
of hybrid cells, the mechanisms by which inflammation within the context of the 
tumor microenvironment facilitates the generation and dissemination of hybrids 
into circulation remain to be investigated. It is unclear what environmental cues 
promote neoplastic-immune hybridization, and further, what signaling pathways 
respond to these inflammatory conditions to promote cellular intravasation into cir-
culation. Given that CHCs play a key role in the metastatic cascade, clarifying the 
role and mechanism by which tumor-related inflammation accelerates the creation 
and dissemination of this malignant cell population is of paramount importance in 
discovering new therapeutic targets for the management of aggressive neoplasms.

21.3  Genomic Instability and Acquisition of Mutations

Genomic instability and acquisition of mutations play a key role in cancer initiation 
and progression. Cancer is thought to be initiated by the sequential acquisition of a 
series of oncogenic mutations that allow bypass of cell cycle and growth check 
points to gain uncontrolled proliferative phenotypes (Hanahan and Weinberg 2011). 
While the majority of mutations are deleterious to a cell, the right combination of 
mutations in select genes has tumorigenic consequences. Established cancer cells 
often have increased rates of mutational acquisition and higher genomic instability 
(Hanahan and Weinberg 2011). This concept is known as genetic heterogeneity and 
is one way disease can evolve or become treatment resistant (Ben-David and 
Amon 2020).
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Aneuploidy is an important source of genomic instability and mutations in can-
cer cells (Ben-David and Amon 2020). The addition and deletion of chromosomes 
in a cell changes gene copy number on a massive scale across many genes, which 
can amplify the effects of oncogenic gene mutations or reduce the effect of tumor 
suppressor genes. Overall, this causes aberrant gene expression and increased 
genetic heterogeneity, which can drive tumor initiation, evolution, and the potential 
for cancer cells to adapt to new conditions and become treatment resistant 
(Goldenberg et al. 2014; Wang et al. 2021). This is best evidenced by the fact that 
90% of solid tumors are aneuploid and in many cancer types more complex aneu-
ploidy, or increased karyotype diversity, is linked to worse patient outcomes and 
more aggressive disease. There is also evidence that increased chromosome mis- 
segregation, which is one cause of aneuploidy, is associated with higher rates of 
metastatic disease (Ben-David and Amon 2020).

There is a preponderance of evidence to suggest that neoplastic-immune hybrid 
cells are aneuploid. Silk et  al. demonstrated that epithelial-hematopoietic fusion 
cells in the human gut were aneuploid through fluorescence in situ hybridization 
(FISH) analysis of intestinal samples of female patients with graft versus host dis-
ease (GVHD) that had received sex mis-matched peripheral stem cell or bone mar-
row transplants, where hybrid cells were identified by their XXY phenotype (Silk 
et al. 2013). Gast et al. cultured in vitro-derived murine tumor-macrophage hybrids 
in which the macrophages were derived from an XY mouse and fused with a XO 
murine cancer cell line. Downstream karyotype analysis on the resulting hybrid 
cells revealed that they were XXY. In addition, they also observed variable chromo-
some number outside the sex chromosomes, and that subsequent cell passaging 
resulted in chromosome loss (Gast et al. 2018). As expected, CHCs derived from 
intra-tumoral hybrids similarly demonstrate aneuploidy; Clawson et  al. cultured 
CHCs isolated from peripheral blood of melanoma patients and identified variable 
ploidy using 3D rendered confocal imaging to measure DNA ploidy in hybrids 
(Clawson et al. 2015). When considering that these cell populations independently 
display aggressive malignant phenotypes, it stands to reason that a component of 
their acquired tumorigenicity could be derived from the resultant genomic instability.

Like most malignant cell types, CHCs demonstrate aneuploidy and thus have 
increased genetic heterogeneity and genomic instability. These characteristics are 
generally linked to poor patient outcomes and more aggressive disease and may 
contribute to the metastatic cascade, as higher numbers of CHCs in patient periph-
eral blood correlate with late-stage cancers or poor patient outcomes (Ben-David 
and Amon 2020; Gast et  al. 2018; Parappilly et  al. 2022; Walker et  al. 2021; 
Manjunath et al. 2020). Further investigation is needed to better establish the spe-
cific novel phenotypic changes attributed by CHC aneuploidy, as this may shed light 
on how aneuploidy contributes to the ability of hybrid cells to disseminate into the 
peripheral blood and seed metastatic disease elsewhere in the body.
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21.4  Unlocking Phenotypic Plasticity

Neoplastic-immune hybrid cells uniquely possess phenotypic plasticity, as they can 
alter their phenotypic expression in response to local stressors present within the 
tumor microenvironment that regulate either/or neoplastic and immune behavior. 
Due to the inherent plasticity conveyed by combining the genetic material of two 
distinct cell lineages, the act of fusion may confer adaptive advantages to the newly 
formed hybrid that allow its survival in heterogeneous and evolving microenviron-
ments. It is possible that cell fusion may underlie a cell changing morphologic iden-
tity from an epithelial to a mesenchymal cell, such as the case in the developmental 
process of epithelial to mesenchymal transition (EMT) or mesenchymal to epithe-
lial transition (MET). This transition may facilitate a tumor cell to lose its adhesive 
properties in order to escape the primary tumor, or migrate through peripheral blood 
untargeted by the immune system. Studies indicate that fusion between cancer cells 
and mesenchymal stroma/stem-like cells increases phenotypic plasticity in the 
resulting hybrid cell (Melzer et al. 2020, 2021). These studies provide strong evi-
dence that tumor-macrophage cell fusion synergistically generates a relatively 
undifferentiated daughter hybrid cell with altered phenotypes that play an integral 
part in the metastatic cascade (Dietz et al. 2021; Gast et al. 2018).

One of the fundamental fusion partners is the macrophage, which is already 
well-documented to harbor the ability to change phenotypes dependent on microen-
vironmental cues. Macrophages are known to play a role in both tumor resolution, 
propagation and demonstrate plasticity in response to the tumor microenvironment 
(Leopold Wager and Wormley 2014; Malyshev and Malyshev 2015). Local chemo-
tactic factors in the tumor microenvironment alter both the phenotypic expression of 
the macrophage and their function. For example, the classical pathway of macro-
phage activation results in the M1 macrophage which causes the release of proin-
flammatory cytokines including tissue necrosis factor-alpha, interleukin-6, and 
interferon gamma, to directly kill tumor cells. In contrast, the alternative pathway of 
macrophage activation results in the M2 macrophage, which breaks down the base-
ment membrane, promotes angiogenesis, and allows for tumor invasion (Leopold 
Wager and Wormley 2014; Sutton et al. 2022). Plasticity inherently present in mac-
rophages can subsequently be passed to hybrid cells derived from macrophages. 
This is best evidenced by the gained ability of otherwise polar, fixed epithelial tumor 
cells to express the mesenchymal motile, stem-like, invasive properties (i.e., EMT). 
A study by Ding et  al. demonstrates that stem cell-like properties are present in 
macrophage-breast cancer hybrids. In this in vitro study, tumor-associated macro-
phages were fused to breast cancer cell lines. A subset of the resulting hybrids dem-
onstrated increased expression of EMT-associated genes such as snail1 and snail 2, 
and exhibited enhanced migrative and invasive abilities (Ding et al. 2012). On the 
contrary, after hybrids enter circulation, they seed at distant sites and are able to 
return to a more epithelial phenotype and grow as distant epithelial metastases (i.e., 
MET), thus altering their phenotype to promote their spread and survival (Dietz 
et al. 2021; Gast et al. 2018; Powell et al. 2011).
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Beyond macrophage plasticity, hybrid cells harbor phenotypes of less differenti-
ated cells types, indicating that hybrid cell plasticity could also be a post-fusion 
event. For example, a cell with combined genomic contribution may be responsive 
to various environmental cues, including those that impact stem cell or differentia-
tion states. Furthermore, CHCs have been demonstrated to harbor less differenti-
ated, stem cell phenotypes. Dietz et al. examined hybrids from the peripheral blood 
of patients with triple negative breast cancer and determined that CHC populations 
predominantly harbored stem cell signatures (CD44+/CD24lo) when compared to 
CTCs from the same patient. These findings supported the undifferentiated status of 
hybrid cells, and thus, independent tumor-initiating potential (Dietz et al. 2021; Li 
et  al. 2017). In addition, when primary tumor hybrid cells were isolated from a 
murine breast cancer model and injected into secondary recipient mice, the hybrid 
cells rapidly recapitulated tumor growth. Notably, 100-fold more unfused tumor 
cells were required to support tumor initiation (Dietz et al. 2021). Similarly, breast 
cancer hybrids from Ding et  al. showed enhanced tumorigenicity and metastatic 
ability when injected into NOD/SCID mice (Ding et al. 2012). Through fusion, it is 
possible that CHCs independently gain undifferentiated stem-like plasticity that is 
fundamental to their oncogenic capacity.

Although evidence indicates that CHCs harbor phenotypic plasticity, much 
remains to be understood regarding the mechanisms by which the CHCs gain plas-
ticity. For example, differentially expressed cellular mechanisms that drive mesen-
chymal characteristics of CHCs have yet to be revealed. Additionally, we do not yet 
understand how CHCs phenotypically behave like stem-like progenitor cells to sup-
port metastatic tumor growth. It is also possible that tumor fusion partners are 
already undifferentiated cells, however it is equally possible that hybrid cells may 
dedifferentiate as a consequence of fusion. Nevertheless, the phenotypic plasticity 
exhibited by circulating hybrids is paramount to their fundamental role within the 
tumor-metastasis axis.

21.5  Invasion and Dissemination into Vasculature

It is believed that greater than 90% of cancer patients who succumb to their disease 
die of complications from metastatic spread of cancer (Cancer Statistics Center 
2020; Gupta and Massagué 2006). Metastatic tumors derive from primary tumor 
cells that can successfully navigate a number of hurdles, including invasion into 
surrounding tissue, and dissemination into the peripheral blood (Friedl and Wolf 
2003), which are two critical hallmarks of cancer progression (Hanahan and 
Weinberg 2011). In order for tumor cells to invade, they lose cell–cell adhesive 
properties, breakdown then cross the basement membrane, and upregulate migra-
tory phenotypes (Friedl and Wolf 2003). Pawelek et al. documented several instances 
where a hybrid cell likely seeded metastatic tumors in patients who had received a 
bone marrow transplant. This was evidenced by the metastatic tumor containing a 
large proportion of donor DNA when compared to the primary tumor (LaBerge 
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et al. 2021; LaBerge et al. 2017). The case for hybrid cells seeding these tumors is 
strengthened by the notion that mechanisms underlying invasion and dissemination 
are varied, thus it is plausible that cell fusion imparts properties to neoplastic cells 
enabling them to metastasize.

Tumor cell invasion leads to disease expansion across tissue as a result of the 
cell’s acquisition of migratory traits (Friedl and Wolf 2003) that are common attri-
butes of immune cells. Emerging data clearly support this hypothesis. Hybrid cells 
demonstrate loss of adhesion from down regulation of cell adhesion molecules (e.g., 
E-cadherin, epithelial cellular adhesion molecule (EpCAM)), which allows them to 
move through tissue (Hanahan and Weinberg 2011; Skokos et al. 2011). Additionally, 
neoplastic cells at the leading-edge of the tumor and discrete immune cell popula-
tions such as macrophages harbor expression of proteases, including matrix metal-
loproteinases (MMPs), which can mediate breakdown of the extracellular matrix. 
Recruitment of bone marrow-derived cells through increased intra-tumoral oxys-
terol levels (Park et al. 2022) can provide neoplastic cells with macrophage partners 
that have MMP expression (Skokos et al. 2011), as tumor-immune hybrid cells har-
bor high expression of MMPs at macrophage levels (Mohr et al. 2015).

An additional way that hybrid cells may contribute to invasion is by gaining 
inherent migratory traits of macrophages, which are known to respond to sensory 
cues (Stramer and Mayor 2017). Consistent with this, Gast et al. identified acquired 
functional gene expression patterns that convey response to specific microenviron-
mental cues in neoplastic-macrophage hybrid cells (Gast et al. 2018). Specifically, 
macrophages express receptors that permit their migration toward paired ligands 
(e.g., colony-stimulating factor 1 receptor or stromal cell-derived factor-1). Gast 
et al. further demonstrated that gain of macrophage-associated receptors imparted 
ligand-mediated migration to the hybrid cells, which could be blocked by antibodies 
to these macrophage receptors (Gast et  al. 2018). Furthermore, a study on 
glioblastoma- tumor associated macrophage hybrids found that hybrids were 
enriched from glioma invasion-associated genes in a subset of hybrids that also 
displayed increased invasiveness (Cao et al. 2019). Taken collectively, these data 
nicely demonstrate that aspects of cell invasion and migration could be attributed to 
the hybrid cells within the primary tumor. Hybrid cells have the potential to escape 
the primary site through the tumor vasculature and disseminate to develop 
metastases.

Dissemination is a critical process for metastatic spread of disease. A cancer cell 
must leave the primary tumor, enter peripheral circulation, and survive in this new 
environment as it travels to colonize new locations (Hanahan and Weinberg 2011). 
In order for neoplastic cells to disseminate into peripheral blood, they downregulate 
their epithelial adhesive properties (Peinado et al. 2004), and it is demonstrated that 
they take on mesenchymal features (Taube et  al. 2010). Disseminated cancer- 
leukocyte hybrid cells have been shown to express mesenchymal features by Gast 
and colleagues (Gast et al. 2018). Additionally, Lu et al. demonstrated an acquisi-
tion of mesenchymal phenotypes in hybrid cells from lung cancer (Lu and Kang 
2009). This point was also demonstrated by Clawson et  al when they cultured 
macrophage- tumor hybrid cells isolated from peripheral blood samples of a 
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melanoma patients. The cells they isolated co-expressed melanoma tumor markers 
and several immune markers and when these cells were transplanted subcutane-
ously into nude mice they produced metastatic tumors (Clawson et al. 2015). To this 
point, tumor-associated macrophages are known to promote tumor cell invasion and 
intravasation (Noy and Pollard 2014), and hybrid cells gain these mechanistic abili-
ties by combining genetic information.

Disseminated CHCs have demonstrated their potential prognostic utility, as they 
carry information about the primary tumor from which they originated (Dietz et al. 
2021; Sutton et al. 2019, 2022; Manjunath et al. 2020; Parappilly et al. 2022; Walker 
et al. 2021). It has been shown that CHCs are enriched in peripheral blood of cancer 
patients, outnumbering the population of CTCs, making them an ideal population 
for downstream analysis of tumor protein expression (Gast et al. 2018). This anec-
dotally may imply an enhanced ability of hybrid cells for survival in the blood, as 
the hybrid cell’s immune identity permits cloaking from the immune system 
(Casanova-Acebes et  al. 2021; Mohr et  al. 2015). Ultimately, it is clear that 
neoplastic- immune hybrid cells have a remarkable ability to enter and survive in 
circulation. Given that these cells have been clearly shown to have tumorigenic 
properties, invasion and dissemination into vasculature is an enabling and founda-
tional characteristic that is at the core of this cell population’s role in the metastatic 
cascade.

21.6  Avoiding Immune Destruction

The avoidance of peripheral immune destruction of circulating tumor cells, and the 
identification of associated immunogenic targets for therapy, is a complex and 
important frontier in cancer biology (Mohme et al. 2017). Circulating hybrid cells 
in particular are an interesting component of this phenomenon. These cells are 
formed within the tumor microenvironment in an abundance of immune system 
components and demonstrate expression of markers specific to leukocytes, such as 
CD45. It is reasonable then to conclude that their ability to survive in the peripheral 
blood, similar to circulating tumor cells, likely depends on an immune privilege that 
allows them to avoid destruction.

A 2017 review by Mohme et al. postulates several mechanisms (and potential 
drug targets) for peripheral CTC survival. For example, there is some evidence to 
suggest that peripheral survival of circulating breast carcinoma cells may specifi-
cally depend on PD-L1 mediated Treg activation (Mohme et  al. 2017). Similar 
investigations into CHCs are ongoing, though much of the current evidence sup-
ports development of a tumorigenic, immunologically active CHC phenotype in the 
primary tumor itself. One of the strongest links between peripheral CHC survival 
and tumorigenesis lies in its phenotypic similarities to the tumor-associated 
macrophage.

Tumor-associated macrophages, or TAMs, are found in the tumor microenviron-
ment and play a key role in orchestrating tumor-associated inflammation (Mantovani 
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et al. 2017). Similar to tissue-derived macrophages, they are stimulated by CSF-1, a 
macrophage-associated gene colony-stimulating factor involved in recruitment, dif-
ferentiation, and cellular survival, and are extremely abundant in the tumor. The 
presence of CSF-1 is associated with several tumorigenic and immunosuppressive 
actions in the primary tumor itself. Strong evidence supporting the contribution of 
CSF-1 to peripheral CHC survival could lie in the expression of CSF-1R by CHC’s 
(Gast et  al. 2018). Though in vivo murine studies demonstrate that activation of 
TAMs by CSF-1 initially supports antitumor activity, eventually that response is 
abrogated by chemokines from the tumor and tumor stroma itself, diversifying the 
macrophage phenotype (Mantovani et al. 2017). TAMs progress to express an indi-
rectly immunosuppressive phenotype, which aid in tumor growth, angiogenesis, 
and metastasis (Lin and Pollard 2004). Tumor metastasis in particular is directly 
related to CSF-1 production by primary tumor cells (Wyckoff et al. 2004). It is pos-
sible then that this expression also contributes to tumor escape and immune evasion 
of CHCs.

Transcriptomic analysis as well as in vitro studies has shown that CSF-1 produc-
tion is induced after exposure to tumor-related CD8+ T cells, reflecting a conserved 
resistance mechanism by TAMs in the presence of adaptive immune cell activation 
(Neubert et al. 2018). This implies that a cell such as a CHC which is stimulated by 
CSF-1 may thrive in an environment where CSF-1 is abundant. Meaning, though 
TAMs themselves could be responsible for much of the tumorigenic properties of 
the tumor microenvironment, it could be that macrophage stimulating factors such 
as CSF-1 may be stimulating other members of the tumor microenvironment, such 
as CHCs, to produce the same overall result.

The expression of CSF-1R likely contributes to the CHC’s enhanced migration 
and proliferation as compared to a non-hybrid neoplastic cell (Gast et al. 2018). It 
could be postulated then that the tumor microenvironment may simply select for 
cancer cells and CHCs responsive to CSF-1 (Mantovani et al. 2017). This opens an 
avenue for further understanding not only of CHC survival in the periphery, but of 
direct immunologic contributions by CHCs in the periphery and in distant tissues.

21.7  Impact of Cell Fusion in Cancer

From conception to organ development, and immunity, cellular fusion is an essen-
tial process for life. Through fusion, neoplastic-immune hybrid cells hijack the 
same mechanism that initiates life, in order to promote malignant progression fueled 
by dissemination into circulation. “The Hallmarks of Cancer” describe a set of fun-
damental alterations in cell physiology that are essential for the development of 
malignancy. As we learn more about the tumor hybrid cell population, it is increas-
ingly apparent that these cells share and propagate of many of the fundamental 
hallmarks of cancer. As we learn more of the role cellular senescence plays in stimu-
lating invasion and metastasis, senescent cells could play an important paracrine 
role in influencing cellular selection for hybridization, or it could be possible that 

R. K. Patel et al.



479

tumor hybrid cells that transiently senesce confer therapeutic resistance. Given that 
CHCs independently harbor tumor-initiating properties (Clawson et al. 2015; Dietz 
et  al. 2021; Gast et  al. 2018), fusion itself could allow neoplastic cells to gain 
improved replicative immortality over their unfused CTC counterparts.

While CHCs represent an important avenue by which tumors may metastasize, 
when isolated from peripheral blood, they provide valuable clinical information in 
regard to prognostication and oncologic surveillance. For example, it has been 
observed that CHC levels decreased with therapy response and increased prior to 
clinical evidence of disease progression in rectal adenocarcinoma (Walker et  al. 
2021) Additionally, CHC levels also correlate with disease stage and survival in 
patients with pancreatic ductal adenocarcinoma, lung cancer, and uveal melanoma 
(Gast et al. 2018; Manjunath et al. 2020; Parappilly et al. 2022). Given that CHC 
levels track with disease burden, it is plausible that they could be developed as a 
biomarker to measure disease response to systemic therapies, to optimize and tailor 
therapy to improve survival outcomes. Additionally, CHCs isolated from peripheral 
blood have been demonstrated to harbor phenotypic and genotypic signatures of the 
tumors from which they are derived (Dietz et al. 2021; Parappilly et al. 2022; Walker 
et al. 2021), thus opening the door for this cell population to potentially be utilized 
as a “liquid biopsy” to reliably characterize the molecular character of neoplasms 
without facing the challenges of obtaining direct tissue samples through biopsy.

To facilitate this line of inquiry, novel and efficient approaches for CHC isolation 
must be developed. Further, since the biologic consequences of cell fusion are not 
fully appreciated as it pertains to gene and protein expression, devices that isolate 
cells in a label-free fashion (i.e., not dependent on knowing cell surface antigen 
expression) would yield the greatest impact on the field. One such area is magnetic 
levitation and sorting of neoplastic cell hybrids (Liang et al. 2022). This approach 
relies on the biophysical properties of the cell and leverages the principles of mag-
netic levitation to separate unique cell populations, like CHCs, from peripheral 
blood mononuclear cells (PBMCs) (Durmus et al. 2015), based on density differ-
ences. Due to the low intrinsic magnetic susceptibility of cells, the levitation pro-
cess does not perturb cells nor affect their long-term viability or function, thus it is 
compatible with downstream assays (Durmus et  al. 2015; Puluca et  al. 2020; 
Tocchio et al. 2018). The potential of unique systems, such as magnetic levitation, 
promise to isolate all sub-types of CHCs (independent of their size and surface 
marker expression) with high purity and to break open our biologic knowledgebase 
of hybrid cell biology.

21.8  Prospectus

• Heterotypic cell fusion provides a mechanism for acquisition of phenotypes in a 
cell population that can differentially respond to its tissue microenvironment.

• Cell fusion may underlie alteration in a cell’s identity, akin to gain in cellular 
plasticity.
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• Cell–cell fusion remains an under-explored frontier in cancer biology.

References

Aichel O (1911) Über Zellverschmelzung mit qualitativ abnormer Chromosomenverteilung als 
Ursache der Geschwulstbildung, vol 13. W. Engelmann, Leipzig

Allan AL, Vantyghem SA, Tuck AB, Chambers AF, Chin-Yee IH, Keeney M (2005) Detection and 
quantification of circulating tumor cells in mouse models of human breast cancer using immu-
nomagnetic enrichment and multiparameter flow cytometry. Cytometry A 65(1):4–14. https://
doi.org/10.1002/cyto.a.20132

Avilès D, Jami J, Rousset JP, Ritz E (1977) Tumor x host cell hybrids in the mouse: chromo-
somes from the normal cell parent maintained in malignant hybrid tumors. J Natl Cancer Inst 
58(5):1391–1399. https://doi.org/10.1093/jnci/58.5.1391

Ben-David U, Amon A (2020) Context is everything: aneuploidy in cancer. Nat Rev Genet 
21(1):44–62. https://doi.org/10.1038/s41576- 019- 0171- x

Boveri T (2008) Concerning the origin of malignant tumours by Theodor Boveri. Translated and 
annotated by Henry Harris. J Cell Sci 121 Suppl 1:1–84. https://doi.org/10.1242/jcs.025742

Cancer Statistics Center (2020) American Cancer Society. http://cancerstatisticscenter.cancer.org. 
Accessed 1 Dec 2022

Cao MF, Chen L, Dang WQ, Zhang XC, Zhang X, Shi Y, Yao XH, Li Q, Zhu J, Lin Y, Liu S, Chen 
Q, Cui YH, Zhang X, Bian XW (2019) Hybrids by tumor-associated macrophages × glioblas-
toma cells entail nuclear reprogramming and glioblastoma invasion. Cancer Lett 442:445–452. 
https://doi.org/10.1016/j.canlet.2018.11.016

Casanova-Acebes M, Dalla E, Leader AM, LeBerichel J, Nikolic J, Morales BM, Brown M, Chang 
C, Troncoso L, Chen ST, Sastre-Perona A, Park MD, Tabachnikova A, Dhainaut M, Hamon P, 
Maier B, Sawai CM, Agulló-Pascual E, Schober M, Brown BD, Reizis B, Marron T, Kenigsberg 
E, Moussion C, Benaroch P, Aguirre-Ghiso JA, Merad M (2021) Tissue-resident macrophages 
provide a pro-tumorigenic niche to early NSCLC cells. Nature 595(7868):578–584. https://doi.
org/10.1038/s41586- 021- 03651- 8

Chakraborty AK, Sodi S, Rachkovsky M, Kolesnikova N, Platt JT, Bolognia JL, Pawelek JM 
(2000) A spontaneous murine melanoma lung metastasis comprised of host x tumor hybrids. 
Cancer Res 60(9):2512–2519

Chakraborty A, Lazova R, Davies S, Bäckvall H, Ponten F, Brash D, Pawelek J (2004) Donor DNA 
in a renal cell carcinoma metastasis from a bone marrow transplant recipient. Bone Marrow 
Transplant 34(2):183–186. https://doi.org/10.1038/sj.bmt.1704547

Clawson GA, Kimchi E, Patrick SD, Xin P, Harouaka R, Zheng S, Berg A, Schell T, Staveley- 
O’Carroll KF, Neves RI, Mosca PJ, Thiboutot D (2012) Circulating tumor cells in melanoma 
patients. PLoS One 7(7):e41052. https://doi.org/10.1371/journal.pone.0041052

Clawson GA, Matters GL, Xin P, Imamura-Kawasawa Y, Du Z, Thiboutot DM, Helm KF, Neves 
RI, Abraham T (2015) Macrophage-tumor cell fusions from peripheral blood of melanoma 
patients. PLoS One 10(8):e0134320. https://doi.org/10.1371/journal.pone.0134320

Davies PS, Powell AE, Swain JR, Wong MH (2009) Inflammation and proliferation act together 
to mediate intestinal cell fusion. PLoS One 4(8):e6530. https://doi.org/10.1371/journal.
pone.0006530

DeNardo DG, Andreu P, Coussens LM (2010) Interactions between lymphocytes and myeloid 
cells regulate pro- versus anti-tumor immunity. Cancer Metastasis Rev 29(2):309–316. https://
doi.org/10.1007/s10555- 010- 9223- 6

de Visser KE, Coussens LM (2006) The inflammatory tumor microenvironment and its impact on 
cancer development. Contrib Microbiol 13:118–137. https://doi.org/10.1159/000092969

R. K. Patel et al.

https://doi.org/10.1002/cyto.a.20132
https://doi.org/10.1002/cyto.a.20132
https://doi.org/10.1093/jnci/58.5.1391
https://doi.org/10.1038/s41576-019-0171-x
https://doi.org/10.1242/jcs.025742
http://cancerstatisticscenter.cancer.org
https://doi.org/10.1016/j.canlet.2018.11.016
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1038/sj.bmt.1704547
https://doi.org/10.1371/journal.pone.0041052
https://doi.org/10.1371/journal.pone.0134320
https://doi.org/10.1371/journal.pone.0006530
https://doi.org/10.1371/journal.pone.0006530
https://doi.org/10.1007/s10555-010-9223-6
https://doi.org/10.1007/s10555-010-9223-6
https://doi.org/10.1159/000092969


481

de Wit S, Zeune LL, Hiltermann TJN, Groen HJM, Dalum GV, Terstappen L (2018) Classification 
of cells in CTC-enriched samples by advanced image analysis. Cancers (Basel) 10(10). https://
doi.org/10.3390/cancers10100377

Dietz MS, Sutton TL, Walker BS, Gast CE, Zarour L, Sengupta SK, Swain JR, Eng J, Parappilly 
M, Limbach K, Sattler A, Burlingame E, Chin Y, Gower A, Mira JLM, Sapre A, Chiu YJ, 
Clayburgh DR, Pommier SJ, Cetnar JP, Fischer JM, Jaboin JJ, Pommier RF, Sheppard BC, 
Tsikitis VL, Skalet AH, Mayo SC, Lopez CD, Gray JW, Mills GB, Mitri Z, Chang YH, Chin K, 
Wong MH (2021) Relevance of circulating hybrid cells as a non-invasive biomarker for myriad 
solid tumors. Sci Rep 11(1):13630. https://doi.org/10.1038/s41598- 021- 93053- 7

Ding J, Jin W, Chen C, Shao Z, Wu J (2012) Tumor associated macrophage × cancer cell hybrids 
may acquire cancer stem cell properties in breast cancer. PLoS One 7(7):e41942. https://doi.
org/10.1371/journal.pone.0041942

Duelli D, Lazebnik Y (2003) Cell fusion: a hidden enemy? Cancer Cell 3(5):445–448. https://doi.
org/10.1016/s1535- 6108(03)00114- 4

Durmus NG, Tekin HC, Guven S, Sridhar K, Arslan Yildiz A, Calibasi G, Ghiran I, Davis RW, 
Steinmetz LM, Demirci U (2015) Magnetic levitation of single cells. Proc Natl Acad Sci U S 
A 112(28):E3661–E3668. https://doi.org/10.1073/pnas.1509250112

Fortuna MB, Dewey MJ, Furmanski P (1989) Cell fusion in tumor development and progression: 
occurrence of cell fusion in primary methylcholanthrene-induced tumorigenesis. Int J Cancer 
44(4):731–737. https://doi.org/10.1002/ijc.2910440430

Fortuna MB, Dewey MJ, Furmanski P (1990) Enhanced lung colonization and tumorigenicity 
of fused cells isolated from primary MCA tumors. Cancer Lett 55(2):109–114. https://doi.
org/10.1016/0304- 3835(90)90019- t

Friedl P, Wolf K (2003) Tumour-cell invasion and migration: diversity and escape mechanisms. 
Nat Rev Cancer 3(5):362–374. https://doi.org/10.1038/nrc1075

Gast CE, Silk AD, Zarour L, Riegler L, Burkhart JG, Gustafson KT, Parappilly MS, Roh-Johnson 
M, Goodman JR, Olson B, Schmidt M, Swain JR, Davies PS, Shasthri V, Iizuka S, Flynn 
P, Watson S, Korkola J, Courtneidge SA, Fischer JM, Jaboin J, Billingsley KG, Lopez CD, 
Burchard J, Gray J, Coussens LM, Sheppard BC, Wong MH (2018) Cell fusion potentiates 
tumor heterogeneity and reveals circulating hybrid cells that correlate with stage and survival. 
Sci Adv 4(9):eaat7828. https://doi.org/10.1126/sciadv.aat7828

Goldenberg DM (1968) [On the progression of malignity: a hypothesis]. Klin Wochenschr 
46(16):898–899. https://doi.org/10.1007/bf01746251

Goldenberg DM, Bhan RD, Pavia RA (1971) In vivo human-hamster somatic cell fusion indi-
cated by glucose 6-phosphate dehydrogenase and lactate dehydrogenase profiles. Cancer Res 
31(8):1148–1152

Goldenberg DM, Pavia RA, Tsao MC (1974) In vivo hybridisation of human tumour and normal 
hamster cells. Nature 250(5468):649–651. https://doi.org/10.1038/250649a0

Goldenberg DM, Rooney RJ, Loo M, Liu D, Chang CH (2014) In-vivo fusion of human cancer 
and hamster stromal cells permanently transduces and transcribes human DNA.  PLoS One 
9(9):e107927. https://doi.org/10.1371/journal.pone.0107927

Gupta GP, Massagué J (2006) Cancer metastasis: building a framework. Cell 127(4):679–695. 
https://doi.org/10.1016/j.cell.2006.11.001

Hanahan D (2022) Hallmarks of cancer: new dimensions. Cancer Discov 12(1):31–46. https://doi.
org/10.1158/2159- 8290.Cd- 21- 1059

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100(1):57–70. https://doi.
org/10.1016/s0092- 8674(00)81683- 9

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):646–674. 
https://doi.org/10.1016/j.cell.2011.02.013

Hass R, von der Ohe J, Dittmar T (2021) Hybrid formation and fusion of cancer cells in vitro and 
in vivo. Cancers (Basel) 13(17). https://doi.org/10.3390/cancers13174496

Jiang E, Yan T, Xu Z, Shang Z (2019) Tumor microenvironment and cell fusion. Biomed Res Int 
2019:5013592. https://doi.org/10.1155/2019/5013592

21 The Hallmarks of Circulating Hybrid Cells

https://doi.org/10.3390/cancers10100377
https://doi.org/10.3390/cancers10100377
https://doi.org/10.1038/s41598-021-93053-7
https://doi.org/10.1371/journal.pone.0041942
https://doi.org/10.1371/journal.pone.0041942
https://doi.org/10.1016/s1535-6108(03)00114-4
https://doi.org/10.1016/s1535-6108(03)00114-4
https://doi.org/10.1073/pnas.1509250112
https://doi.org/10.1002/ijc.2910440430
https://doi.org/10.1016/0304-3835(90)90019-t
https://doi.org/10.1016/0304-3835(90)90019-t
https://doi.org/10.1038/nrc1075
https://doi.org/10.1126/sciadv.aat7828
https://doi.org/10.1007/bf01746251
https://doi.org/10.1038/250649a0
https://doi.org/10.1371/journal.pone.0107927
https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1158/2159-8290.Cd-21-1059
https://doi.org/10.1158/2159-8290.Cd-21-1059
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3390/cancers13174496
https://doi.org/10.1155/2019/5013592


482

Johansson CB, Youssef S, Koleckar K, Holbrook C, Doyonnas R, Corbel SY, Steinman L, Rossi FM, 
Blau HM (2008) Extensive fusion of haematopoietic cells with Purkinje neurons in response to 
chronic inflammation. Nat Cell Biol 10(5):575–583. https://doi.org/10.1038/ncb1720

Kerbel RS, Lagarde AE, Dennis JW, Donaghue TP (1983) Spontaneous fusion in vivo between 
normal host and tumor cells: possible contribution to tumor progression and metastasis stud-
ied with a lectin-resistant mutant tumor. Mol Cell Biol 3(4):523–538. https://doi.org/10.1128/
mcb.3.4.523- 538.1983

LaBerge GS, Duvall E, Grasmick Z, Haedicke K, Pawelek J (2017) A melanoma lymph node 
metastasis with a donor-patient hybrid genome following bone marrow transplantation: a sec-
ond case of leucocyte-tumor cell hybridization in cancer metastasis. PLoS One 12(2):e0168581. 
https://doi.org/10.1371/journal.pone.0168581

LaBerge GS, Duvall E, Haedicke K, Pawelek J (2019) Leukocyte- cancer cell fusion-genesis of a 
deadly journey. Cells 8(2). https://doi.org/10.3390/cells8020170

LaBerge G, Duvall E, Grasmick Z, Haedicke K, Galan A, Pawelek J (2021) A melanoma patient 
with macrophage-cancer cell hybrids in the primary tumor, a lymph node metastasis and a brain 
metastasis. Cancer Genet 256-257:162–164. https://doi.org/10.1016/j.cancergen.2021.05.009

Larsson LI (2010) Cell fusions: regulation and control. Springer, Dordrecht
Lazova R, LaBerge GS, Duvall E, Spoelstra N, Klump V, Sznol M, Cooper D, Spritz RA, Chang 

JT, Pawelek JM (2013) A melanoma brain metastasis with a donor-patient hybrid genome fol-
lowing bone marrow transplantation: first evidence for fusion in human cancer. PLoS One 
8(6):e66731. https://doi.org/10.1371/journal.pone.0066731

Leopold Wager CM, Wormley FL Jr (2014) Classical versus alternative macrophage activation: 
the Ying and the Yang in host defense against pulmonary fungal infections. Mucosal Immunol 
7(5):1023–1035. https://doi.org/10.1038/mi.2014.65

Li W, Ma H, Zhang J, Zhu L, Wang C, Yang Y (2017) Unraveling the roles of CD44/CD24 and 
ALDH1 as cancer stem cell markers in tumorigenesis and metastasis. Sci Rep 7(1):13856. 
https://doi.org/10.1038/s41598- 017- 14364- 2

Li H, Meng QH, Noh H, Somaiah N, Torres KE, Xia X, Batth IS, Joseph CP, Liu M, Wang R, Li 
S (2018) Cell-surface vimentin-positive macrophage-like circulating tumor cells as a novel 
biomarker of metastatic gastrointestinal stromal tumors. Oncoimmunology 7(5):e1420450. 
https://doi.org/10.1080/2162402x.2017.1420450

Liang K, Yaman S, Patel RK, Parappilly MS, Walker BS, Wong MH, Durmus NG (2022) 
Magnetic levitation and sorting of neoplastic circulating cell hybrids. bioRxiv. https://doi.
org/10.1101/2022.11.03.515127

Lin EY, Pollard JW (2004) Macrophages: modulators of breast cancer progression. Novartis Found 
Symp 256:158–168. Discussion 168–172, 259–169

Lin D, Shen L, Luo M, Zhang K, Li J, Yang Q, Zhu F, Zhou D, Zheng S, Chen Y, Zhou J (2021) 
Circulating tumor cells: biology and clinical significance. Signal Transduct Target Ther 6(1). 
https://doi.org/10.1038/s41392- 021- 00817- 8

Liu Q, Liao Q, Zhao Y (2016) Myeloid-derived suppressor cells (MDSC) facilitate distant metasta-
sis of malignancies by shielding circulating tumor cells (CTC) from immune surveillance. Med 
Hypotheses 87:34–39. https://doi.org/10.1016/j.mehy.2015.12.007

Lu X, Kang Y (2009) Efficient acquisition of dual metastasis organotropism to bone and lung 
through stable spontaneous fusion between MDA-MB-231 variants. Proc Natl Acad Sci U S A 
106(23):9385–9390. https://doi.org/10.1073/pnas.0900108106

Malyshev I, Malyshev Y (2015) Current concept and update of the macrophage plasticity concept: 
intracellular mechanisms of reprogramming and M3 macrophage “switch” phenotype. Biomed 
Res Int 2015:341308. https://doi.org/10.1155/2015/341308

Manjunath Y, Mitchem JB, Suvilesh KN, Avella DM, Kimchi ET, Staveley-O’Carroll KF, Deroche 
CB, Pantel K, Li G, Kaifi JT (2020) Circulating giant tumor-macrophage fusion cells are inde-
pendent prognosticators in patients with NSCLC. J Thorac Oncol 15(9):1460–1471. https://
doi.org/10.1016/j.jtho.2020.04.034

R. K. Patel et al.

https://doi.org/10.1038/ncb1720
https://doi.org/10.1128/mcb.3.4.523-538.1983
https://doi.org/10.1128/mcb.3.4.523-538.1983
https://doi.org/10.1371/journal.pone.0168581
https://doi.org/10.3390/cells8020170
https://doi.org/10.1016/j.cancergen.2021.05.009
https://doi.org/10.1371/journal.pone.0066731
https://doi.org/10.1038/mi.2014.65
https://doi.org/10.1038/s41598-017-14364-2
https://doi.org/10.1080/2162402x.2017.1420450
https://doi.org/10.1101/2022.11.03.515127
https://doi.org/10.1101/2022.11.03.515127
https://doi.org/10.1038/s41392-021-00817-8
https://doi.org/10.1016/j.mehy.2015.12.007
https://doi.org/10.1073/pnas.0900108106
https://doi.org/10.1155/2015/341308
https://doi.org/10.1016/j.jtho.2020.04.034
https://doi.org/10.1016/j.jtho.2020.04.034


483

Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P (2017) Tumour-associated macrophages 
as treatment targets in oncology. Nat Rev Clin Oncol 14(7):399–416. https://doi.org/10.1038/
nrclinonc.2016.217

Mekler LB (1971) [Hybridization of transformed cells with lymphocytes as 1 of the probable 
causes of the progression leading to the development of metastatic malignant cells]. Vestn 
Akad Med Nauk SSSR 26(8):80–89

Melzer C, Ohe JV, Hass R (2020) Altered tumor plasticity after different cancer cell fusions with 
MSC. Int J Mol Sci 21(21). https://doi.org/10.3390/ijms21218347

Melzer C, Ohe JV, Luo T, Hass R (2021) Spontaneous fusion of MSC with breast cancer cells can 
generate tumor dormancy. Int J Mol Sci 22(11). https://doi.org/10.3390/ijms22115930

Mohme M, Riethdorf S, Pantel K (2017) Circulating and disseminated tumour cells—mecha-
nisms of immune surveillance and escape. Nat Rev Clin Oncol 14(3):155–167. https://doi.
org/10.1038/nrclinonc.2016.144

Mohr M, Tosun S, Arnold WH, Edenhofer F, Zänker KS, Dittmar T (2015) Quantification of cell 
fusion events human breast cancer cells and breast epithelial cells using a Cre-LoxP-based dou-
ble fluorescence reporter system. Cell Mol Life Sci 72(19):3769–3782. https://doi.org/10.1007/
s00018- 015- 1910- 6

Nel I, Jehn U, Gauler T, Hoffmann AC (2014) Individual profiling of circulating tumor cell com-
position in patients with non-small cell lung cancer receiving platinum based treatment. Transl 
Lung Cancer Res 3(2):100–106. https://doi.org/10.3978/j.issn.2218- 6751.2014.03.05

Neubert NJ, Schmittnaegel M, Bordry N, Nassiri S, Wald N, Martignier C, Tillé L, Homicsko K, 
Damsky W, Maby-El Hajjami H, Klaman I, Danenberg E, Ioannidou K, Kandalaft L, Coukos 
G, Hoves S, Ries CH, Fuertes Marraco SA, Foukas PG, De Palma M, Speiser DE (2018) T 
cell-induced CSF1 promotes melanoma resistance to PD1 blockade. Sci Transl Med 10(436). 
https://doi.org/10.1126/scitranslmed.aan3311

Noy R, Pollard JW (2014) Tumor-associated macrophages: from mechanisms to therapy. Immunity 
41(1):49–61. https://doi.org/10.1016/j.immuni.2014.06.010

Nygren JM, Liuba K, Breitbach M, Stott S, Thorén L, Roell W, Geisen C, Sasse P, Kirik D, 
Björklund A, Nerlov C, Fleischmann BK, Jovinge S, Jacobsen SE (2008) Myeloid and lym-
phoid contribution to non-haematopoietic lineages through irradiation-induced heterotypic cell 
fusion. Nat Cell Biol 10(5):584–592. https://doi.org/10.1038/ncb1721

Parappilly MS, Chin Y, Whalen RM, Anderson AN, Robinson TS, Strgar L, Sutton TL, Conley P, 
Klocke C, Gibbs SL, Chang YH, Wu G, Wong MH, Skalet AH (2022) Circulating neoplastic- 
immune hybrid cells predict metastatic progression in uveal melanoma. Cancers (Basel) 
14(19). https://doi.org/10.3390/cancers14194617

Park MD, Silvin A, Ginhoux F, Merad M (2022) Macrophages in health and disease. Cell 
185(23):4259–4279. https://doi.org/10.1016/j.cell.2022.10.007

Parker KH, Beury DW, Ostrand-Rosenberg S (2015) Myeloid-derived suppressor cells: critical 
cells driving immune suppression in the tumor microenvironment. Adv Cancer Res 128:95–139. 
https://doi.org/10.1016/bs.acr.2015.04.002

Pawelek JM (2005) Tumour-cell fusion as a source of myeloid traits in cancer. Lancet Oncol 
6(12):988–993. https://doi.org/10.1016/s1470- 2045(05)70466- 6

Pawelek JM (2007) Viewing malignant melanoma cells as macrophage-tumor hybrids. Cell Adh 
Migr 1(1):2–6

Pawelek JM, Chakraborty AK (2008a) The cancer cell—leukocyte fusion theory of metastasis. 
Adv Cancer Res 101:397–444. https://doi.org/10.1016/s0065- 230x(08)00410- 7

Pawelek JM, Chakraborty AK (2008b) Fusion of tumour cells with bone marrow-derived 
cells: a unifying explanation for metastasis. Nat Rev Cancer 8(5):377–386. https://doi.
org/10.1038/nrc2371

Peinado H, Marin F, Cubillo E, Stark HJ, Fusenig N, Nieto MA, Cano A (2004) Snail and E47 
repressors of E-cadherin induce distinct invasive and angiogenic properties in vivo. J Cell Sci 
117(Pt 13):2827–2839. https://doi.org/10.1242/jcs.01145

21 The Hallmarks of Circulating Hybrid Cells

https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.3390/ijms21218347
https://doi.org/10.3390/ijms22115930
https://doi.org/10.1038/nrclinonc.2016.144
https://doi.org/10.1038/nrclinonc.2016.144
https://doi.org/10.1007/s00018-015-1910-6
https://doi.org/10.1007/s00018-015-1910-6
https://doi.org/10.3978/j.issn.2218-6751.2014.03.05
https://doi.org/10.1126/scitranslmed.aan3311
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/ncb1721
https://doi.org/10.3390/cancers14194617
https://doi.org/10.1016/j.cell.2022.10.007
https://doi.org/10.1016/bs.acr.2015.04.002
https://doi.org/10.1016/s1470-2045(05)70466-6
https://doi.org/10.1016/s0065-230x(08)00410-7
https://doi.org/10.1038/nrc2371
https://doi.org/10.1038/nrc2371
https://doi.org/10.1242/jcs.01145


484

Powell AE, Anderson EC, Davies PS, Silk AD, Pelz C, Impey S, Wong MH (2011) Fusion between 
Intestinal epithelial cells and macrophages in a cancer context results in nuclear reprogram-
ming. Cancer Res 71(4):1497–1505. https://doi.org/10.1158/0008- 5472.Can- 10- 3223

Puluca N, Durmus NG, Lee S, Belbachir N, Galdos FX, Ogut MG, Gupta R, Hirano KI, Krane 
M, Lange R, Wu JC, Wu SM, Demirci U (2020) Levitating cells to sort the fit and the fat. Adv 
Biosyst 4(6):e1900300. https://doi.org/10.1002/adbi.201900300

Qian BZ, Pollard JW (2010) Macrophage diversity enhances tumor progression and metastasis. 
Cell 141(1):39–51. https://doi.org/10.1016/j.cell.2010.03.014

Rizvi AZ, Swain JR, Davies PS, Bailey AS, Decker AD, Willenbring H, Grompe M, Fleming WH, 
Wong MH (2006) Bone marrow-derived cells fuse with normal and transformed intestinal stem 
cells. Proc Natl Acad Sci U S A 103(16):6321–6325. https://doi.org/10.1073/pnas.0508593103

Senger DR, Perruzzi CA, Feder J, Dvorak HF (1986) A highly conserved vascular permeability fac-
tor secreted by a variety of human and rodent tumor cell lines. Cancer Res 46(11):5629–5632

Silk AD, Gast CE, Davies PS, Fakhari FD, Vanderbeek GE, Mori M, Wong MH (2013) Fusion 
between hematopoietic and epithelial cells in adult human intestine. PLoS One 8(1):e55572. 
https://doi.org/10.1371/journal.pone.0055572

Skokos EA, Charokopos A, Khan K, Wanjala J, Kyriakides TR (2011) Lack of TNF-α-induced 
MMP-9 production and abnormal E-cadherin redistribution associated with compromised 
fusion in MCP-1-null macrophages. Am J Pathol 178(5):2311–2321. https://doi.org/10.1016/j.
ajpath.2011.01.045

Stramer B, Mayor R (2017) Mechanisms and in vivo functions of contact inhibition of locomotion. 
Nat Rev Mol Cell Biol 18(1):43–55. https://doi.org/10.1038/nrm.2016.118

Sutton TL, Walker BS, Wong MH (2019) Circulating hybrid cells join the fray of circulating cel-
lular biomarkers. Cell Mol Gastroenterol Hepatol 8(4):595–607. https://doi.org/10.1016/j.
jcmgh.2019.07.002

Sutton TL, Patel RK, Anderson AN, Bowden SG, Whalen R, Giske NR, Wong MH (2022) 
Circulating cells with macrophage-like characteristics in cancer: the importance of circulat-
ing neoplastic-immune hybrid cells in cancer. Cancers (Basel) 14(16). https://doi.org/10.3390/
cancers14163871

Taube JH, Herschkowitz JI, Komurov K, Zhou AY, Gupta S, Yang J, Hartwell K, Onder TT, Gupta 
PB, Evans KW, Hollier BG, Ram PT, Lander ES, Rosen JM, Weinberg RA, Mani SA (2010) 
Core epithelial-to-mesenchymal transition interactome gene-expression signature is asso-
ciated with claudin-low and metaplastic breast cancer subtypes. Proc Natl Acad Sci U S A 
107(35):15449–15454. https://doi.org/10.1073/pnas.1004900107

Tocchio A, Durmus NG, Sridhar K, Mani V, Coskun B, El Assal R, Demirci U (2018) Magnetically 
guided self-assembly and coding of 3D living architectures. Adv Mater 30(4). https://doi.
org/10.1002/adma.201705034

Toyoshima K, Hayashi A, Kashiwagi M, Hayashi N, Iwatsuki M, Ishimoto T, Baba Y, Baba H, 
Ohta Y (2015) Analysis of circulating tumor cells derived from advanced gastric cancer. Int J 
Cancer 137(4):991–998. https://doi.org/10.1002/ijc.29455

Vande Woude GF, Klein G (2009) Advances in cancer research. Elsevier, San Diego
Virchow R (1863) Cellular pathology as based upon physiological and pathological histology. 

Dover, New York
Walker BS, Sutton TL, Zarour L, Hunter JG, Wood SG, Tsikitis VL, Herzig DO, Lopez CD, Chen 

EY, Mayo SC, Wong MH (2021) Circulating hybrid cells: a novel liquid biomarker of treat-
ment response in gastrointestinal cancers. Ann Surg Oncol 28(13):8567–8578. https://doi.
org/10.1245/s10434- 021- 10379- 2

Wang HF, Xiang W, Xue BZ, Wang YH, Yi DY, Jiang XB, Zhao HY, Fu P (2021) Cell fusion in 
cancer hallmarks: Current research status and future indications. Oncol Lett 22(1):530. https://
doi.org/10.3892/ol.2021.12791

Wyckoff J, Wang W, Lin EY, Wang Y, Pixley F, Stanley ER, Graf T, Pollard JW, Segall J, Condeelis 
J (2004) A paracrine loop between tumor cells and macrophages is required for tumor cell 

R. K. Patel et al.

https://doi.org/10.1158/0008-5472.Can-10-3223
https://doi.org/10.1002/adbi.201900300
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1073/pnas.0508593103
https://doi.org/10.1371/journal.pone.0055572
https://doi.org/10.1016/j.ajpath.2011.01.045
https://doi.org/10.1016/j.ajpath.2011.01.045
https://doi.org/10.1038/nrm.2016.118
https://doi.org/10.1016/j.jcmgh.2019.07.002
https://doi.org/10.1016/j.jcmgh.2019.07.002
https://doi.org/10.3390/cancers14163871
https://doi.org/10.3390/cancers14163871
https://doi.org/10.1073/pnas.1004900107
https://doi.org/10.1002/adma.201705034
https://doi.org/10.1002/adma.201705034
https://doi.org/10.1002/ijc.29455
https://doi.org/10.1245/s10434-021-10379-2
https://doi.org/10.1245/s10434-021-10379-2
https://doi.org/10.3892/ol.2021.12791
https://doi.org/10.3892/ol.2021.12791


485

migration in mammary tumors. Cancer Res 64(19):7022–7029. https://doi.org/10.1158/0008-
 5472.Can- 04- 1449

Yilmaz Y, Lazova R, Qumsiyeh M, Cooper D, Pawelek J (2005) Donor Y chromosome in renal 
carcinoma cells of a female BMT recipient: visualization of putative BMT-tumor hybrids by 
FISH. Bone Marrow Transplant 35(10):1021–1024. https://doi.org/10.1038/sj.bmt.1704939

Zhang Y, Wang F, Ning N, Chen Q, Yang Z, Guo Y, Xu D, Zhang D, Zhan T, Cui W (2015) Patterns 
of circulating tumor cells identified by CEP8, CK and CD45 in pancreatic cancer. Int J Cancer 
136(5):1228–1233. https://doi.org/10.1002/ijc.29070

21 The Hallmarks of Circulating Hybrid Cells

https://doi.org/10.1158/0008-5472.Can-04-1449
https://doi.org/10.1158/0008-5472.Can-04-1449
https://doi.org/10.1038/sj.bmt.1704939
https://doi.org/10.1002/ijc.29070

	Preface
	Book Abstract
	Contents
	Part I: Germline Syncytia, Evolution, Function, and Structure
	Chapter 1: The Ancient Origin and Function of Germline Cysts
	1.1 Animals Evolved Special Germline Cells to Propagate a Complex Multicellular System
	1.2 Animals Expanded the Protist Meiotic Program by Adding Germline Cysts
	1.3 Cysts Are Ancient and Are Built by a Conserved Process
	1.4 Early Metazoan Animals Also Use Cellular Cysts Downstream from Stem Cells
	1.5 Multipotent Stem Cells Use CGGs to Control Transposable Elements
	1.6 Hydra ISCs Give Rise to Somatic Cnidoblast Cells Using a Pathway Like the Germline Cyst
	1.7 Germline Cysts in Hydra and Planaria Downstream from Male GSCs Also Parallel Their Function in Advanced Animal Testes
	1.8 Female GSCs Develop into Clusters That Generate Oocytes and Either Differentiate or Acquire Nurse Cells
	1.9 Cysts May Be Needed to Synchronize Downstream Cells and Modify Their Cell Cycles
	1.10 Drosophila Female GSC Daughters Become Epigenetically Modified Within Cysts Like Pre-blastoderm Nuclei in the Syncytial Embryo
	1.11 Cysts and Syncytia May Have Evolved to Limit Germline Parasites
	1.12 Concluding Thoughts
	References

	Chapter 2: Female Germline Cysts in Animals: Evolution and Function
	2.1 Introduction
	2.2 Oogenic Cysts in Drosophila melanogaster: The Standard Model
	2.3 Of Mice and Flies: Apparent Conservation of Female Cysts
	2.4 Cyst Evolution in Hexapods: A Case Study
	2.4.1 Ovariole Diversity in Hexapods
	2.4.2 Phylogenetic Context: Female Cysts Are Not Ancestral Features of Insect Oogenesis
	2.4.3 Diversity of Cyst Types in Eumetabolan Insects

	2.5 Diversity of Female Germline Cysts in Other Animal Lineages
	2.5.1 Overview
	2.5.2 Non-bilaterian Phyla: Sponges and Cnidarians
	2.5.3 Annelids
	2.5.4 Vertebrates
	2.5.5 Major Taxa in Which Female Cysts Have Not Been Described

	2.6 Concluding Thoughts: The Function(s) of Female Germline Cysts
	References

	Chapter 3: Germline and Somatic Cell Syncytia in Insects
	3.1 Types and Origin of Syncytia and Giant Cells
	3.2 Insect Germline Syncytia
	3.2.1 Syncytia in Spermatogenesis
	3.2.2 Syncytia in Oogenesis

	3.3 Insect Somatic Cell Syncytia
	3.3.1 Epithelial Syncytia
	3.3.2 Multinucleated Giant Cells in Insect Immune Response
	3.3.3 Muscle Cell Syncytia

	References


	Part II: Syncytia in Embryogenesis and Development
	Chapter 4: Reshaping the Syncytial Drosophila Embryo with Cortical Actin Networks: Four Main Steps of Early Development
	4.1 Introduction
	4.2 Axial Expansion: Spreading Nuclei Along the Anterior–posterior Axis of the Embryo
	4.2.1 General Context
	4.2.2 The Role and Regulation of an Embryo-Wide Actomyosin Network

	4.3 Pole Cell Budding: Separating Mono-nucleated Germline Cells from the Syncytial Soma
	4.3.1 General Context
	4.3.2 The Roles and Regulation of Local Actomyosin Networks

	4.4 The Syncytial Blastoderm: Repeated Cortical Compartmentalization for Dividing Somatic Nuclei
	4.4.1 General Context
	4.4.2 Induction and Growth of an Actin Cap
	4.4.3 Coupling Cap Growth with the Mitotic Spindle
	4.4.4 Coupling Cap Growth with the Surrounding Actomyosin Network

	4.5 Cellularization: Making the First Embryonic Epithelium
	4.5.1 General Context
	4.5.2 Coupling Membrane Trafficking and Actin Networks

	4.6 Concluding Remarks
	References

	Chapter 5: Cell-Mediated Branch Fusion in the Drosophila Trachea
	5.1 Overview of Tracheal Development and Branch Fusion
	5.2 Fusion Cell Specification
	5.3 Branch Fusion Process
	5.3.1 Cell–Cell Contact Between Two Fusion Cells
	5.3.2 Formation of the Cytoskeleton Track and Vesicular Trafficking
	5.3.3 Lumen Fusion

	5.4 Summary
	References

	Chapter 6: Trophoblast Syncytialization: A Metabolic Crossroads
	6.1 Overview of Syncytialization in Villous Trophoblasts
	6.1.1 The Role of Adhesive and Junctional Proteins in Trophoblast Fusion
	6.1.2 Consequences of Improper Syncytialization: The Role of Apoptosis in the Formation of Syncytial Knots
	6.1.3 Hypoxic Signaling Regulates Trophoblast Differentiation

	6.2 Mitochondrial Dynamics and Signaling in Syncytialization
	6.2.1 Mitochondrial Dynamics: A Balance Between Fission and Fusion

	6.3 Characteristic Energetic Profiles Associated with Mitochondrial Morphologies
	6.4 Metabolic Nuances in Stem Cell Fate Decisions
	6.5 Mitochondria in Trophoblast Syncytialization
	6.6 Clinical Implications of Mitochondrial Morphology and Bioenergetics in Syncytialization
	References

	Chapter 7: Early Syncytialization of the Ovine Placenta Revisited
	7.1 Introduction
	7.2 Immunofluorescence Microscopy Analyses Identify the Possible Destiny of Specific Cells Engaged in Syncytialization
	7.3 Are BNCs the Only Cells That Migrate into the Uterine Luminal Epithelium?
	7.4 What Is the Fate of Uterine LE During Syncytialization?
	7.5 Based on This Scenario, Several Factors Remain to Be Clarified
	7.6 Conclusions
	References

	Chapter 8: Syncytia in Utricularia: Origin and Structure
	8.1 Introduction
	8.2 Utricularia (Bladderworts)
	8.2.1 Syncytium Occurrence
	8.2.2 Placental Nutritive Tissues and “Naked” Embryo Sacs
	8.2.3 Syncytium Development
	8.2.3.1 Syncytium as “Super” Transfer Cell
	8.2.3.2 Syncytium Ultrastructure and Organization


	8.3 Conclusions
	References


	Part III: Fungal and Somatic Cell Syncytia and Genomic View of Extremophiles as the Ancestral Precursors of Eukaryotic Syncytia
	Chapter 9: Syncytial Assembly Lines: Consequences of Multinucleate Cellular Compartments for Fungal Protein Synthesis
	9.1 Introduction
	9.2 Heterogeneous Responses, Nuclear Autonomy, and Collective Behavior
	9.3 Partitioning of the Cytoplasm
	9.4 Coordinating Across the Mycelium
	9.5 Implications of Syncytial Cell Structure for Protein Synthesis
	9.6 Circadian Rhythm Through the Lens of Nuclear Coordination
	9.7 Perspectives
	References

	Chapter 10: Ancestors in the Extreme: A Genomics View of Microbial Diversity in Hypersaline Aquatic Environments
	10.1 Introduction
	10.2 Materials and Methods
	10.2.1 The Study Site
	10.2.2 Sample Collection and Processing
	10.2.3 Physico-chemical Analysis and Water Isotope Measurement
	10.2.4 DNA Extraction and Metagenome Sequence Processing
	10.2.5 Taxonomy Profiling and Statistical Analysis
	10.2.5.1 Mapping of Direct Assembly-Free Sequence Reads
	10.2.5.2 Taxonomy Binning of Metagenome-Assembled Reads
	10.2.5.3 Functional Binning of Metagenome-Assembled Genomes (MAGs) and Prediction of Chaperone Proteins


	10.3 Results
	10.3.1 Geochemical and Physico-chemical Properties
	10.3.2 Microbial Richness in the Shorelines of Lake As’ale and MUP
	10.3.3 Diversity of Extremophilic Prokaryotes
	10.3.4 Prediction of Proteins Involved in Stress Response in Lake As’ale and MUP

	10.4 Discussion
	10.5 Conclusion
	References

	Chapter 11: Somatic Cell Fusion in Host Defense and Adaptation
	11.1 Introduction
	11.2 Identification of Somatic Cell Fusion
	11.3 Adaptive Evolution of Hybrid Cells and Viruses
	11.4 Hurdles to Detecting and Investigating Somatic Cell Fusion
	11.5 Consideration of Cell Fusion in Host Defense and Adaptation to Environmental Challenge
	11.5.1 Immunity
	11.5.2 Regeneration

	11.6 Concluding Remarks
	References

	Chapter 12: Osteoclasts at Bone Remodeling: Order from Order
	12.1 Hierarchical Regulation of Osteoclastogenesis: Interaction Among Homeostatic Systems
	12.2 Bone, Bone Marrow, and Vascular Network
	12.3 Bone Remodeling
	12.4 Precursor Migration
	12.5 Cell Proliferation
	12.6 Osteoclast Niche
	12.7 Regulation of RANKL Binding with RANK
	12.8 Lifespan of Osteoclasts
	12.9 Fusion and Fission of Osteoclasts
	12.9.1 Actin-Based Linking Structures During Fusion
	12.9.2 Actin Wave at the Nonequilibrium State
	12.9.3 Fission of Osteoclasts
	12.9.4 Fission at Nonequilibrium

	12.10 Cortical Actin
	12.11 Role of Fusion in Osteoclastogenesis
	12.12 Perspectives
	References

	Chapter 13: Muscle Progenitor Cell Fusion in the Maintenance of Skeletal Muscle
	13.1 Introduction
	13.2 Skeletal Muscle Requires Rapid Repair/Regeneration Mechanisms for Lifelong Maintenance
	13.2.1 Plasma Membrane Lesions Undergo Patching via Ca2+ Regulated Exocytic Repair
	13.2.1.1 General Membrane Patch Repair Mechanism

	13.2.2 Skeletal Muscle Employs a Multipotent Stem Cell Population in Fiber Repair/Regeneration

	13.3 Satellite Cell-Dependent Muscle Repair: A Trip Back to Development?
	13.3.1 Myogenic Progression of Progenitor Cells in Skeletal Muscle
	13.3.2 Satellite Cells Become Activated and Migrate to Tissue Damage upon Muscle Injury
	13.3.3 Proliferation of Myogenic Daughter Cells for Contribution to the Musculature

	13.4 Satellite Cell Differentiation
	13.5 Muscle Fusion in Fiber Repair and Regeneration
	13.5.1 Adhesion Proteins in Muscle Fusion
	13.5.2 Membrane Signaling in Muscle Recognition/Fusion
	13.5.3 The Skeletal Muscle Bipartite Fusion Machine
	13.5.4 Other Players in Muscle Cell Fusion

	13.6 Conclusion
	References


	Part IV: Virus- and Parasite-Induced Syncytia
	Chapter 14: Virus-Induced Cell Fusion and Syncytia Formation
	14.1 Introduction
	14.2 Human Endogenous Retroviruses
	14.3 Human Immunodeficiency Viruses
	14.4 Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
	14.5 Herpesviridae
	14.5.1 The Core Fusion Machinery for Herpesvirus
	14.5.2 Herpes Simplex Virus
	14.5.3 Human Cytomegalovirus
	14.5.4 Human Herpesvirus 6

	14.6 Reoviridae
	14.7 Conclusions
	References

	Chapter 15: HIV-1 Induced Cell-to-Cell Fusion or Syncytium Formation
	15.1 Introduction
	15.2 HIV-1 Entry, Cellular Targets, and Tropism
	15.3 Cell-Cell HIV-1 Transmission in Macrophages
	15.4 Phagocytosis and HIV-1 Entry
	15.5 Cell-Cell Fusion in HIV-1 Entry
	15.6 Tunnelling Nanotubes and HIV-1
	15.7 Limitations: Biological Knowledge Gaps
	15.8 Conclusion
	References

	Chapter 16: Relevance of the Entry by Fusion at the Cytoplasmic Membrane vs. Fusion After Endocytosis in the HIV and SARS-Cov-2 Infections
	16.1 Introduction
	16.2 Fusion at the Cytoplasmic Membrane vs. Endocytosis in the SARS-Cov-2 Infection
	16.3 Fusion at the Cytoplasmic Membrane vs. Endocytosis in HIV Entry
	16.4 Expression of the Viral Fusion Protein at the Cell Membrane Is Required for Membrane Fusion and Syncytia Formation
	16.5 Membrane Cofactors Involved in Virus-Dependent Membrane Fusion
	16.6 Conclusions
	References

	Chapter 17: Mathematical Modeling of Virus-Mediated Syncytia Formation: Past Successes and Future Directions
	17.1 Introduction
	17.2 Mathematical Models of Virus-Mediated Cell Fusion
	17.2.1 General Role in Viral Infection
	17.2.2 Cell-Cell Fusion Assay
	17.2.3 Oncolytic Viruses

	17.3 Future Directions
	17.3.1 Experiments
	17.3.2 Models

	17.4 Conclusions
	References

	Chapter 18: Syncytium Induced by Plant-Parasitic Nematodes
	18.1 Introduction
	18.2 Plant-Parasitic Nematodes
	18.3 Structure of Syncytia in Susceptible Plants
	18.4 Molecular Basis of Nematode–Plant Interaction and Susceptibility Genes
	18.5 Resistance Response
	18.6 Hypersensitive Response Activated by Plant-Parasitic Nematodes
	18.7 Concluding Remarks
	References


	Part V: Cell Fusion and Syncytia in Cancer
	Chapter 19: Mechanisms of Cell Fusion in Cancer
	19.1 Introduction
	19.2 Mechanisms of Cancer Cell Fusion
	19.2.1 Intrinsic Factors
	19.2.1.1 Syncytins, the Human Endogenous Retrovirus Envelope Genes (HERV env) and Cancer Cell Fusion
	19.2.1.2 Phosphatidylserine
	19.2.1.3 Annexins and Glucose-Regulated Protein 78 (GRP78)

	19.2.2 Extracellular Factors
	19.2.2.1 Inflammation, Inflammatory Cytokines, and Signaling Pathways
	19.2.2.2 Virus
	19.2.2.3 Mediators of Cell Stress and Other Factors (Hypoxia, Radiotherapy, Chemotherapy, pH, Exosomes, Cellocytosis, Entosis)


	19.3 Conclusion
	References

	Chapter 20: Cell Fusion and Syncytia Formation in Cancer
	20.1 Introduction
	20.2 How Does Cell–Cell Fusion Work and Which Proteins/Mediators Are Involved?
	20.3 Does Cell–Cell Fusion Naturally Occur in Cancer?
	20.3.1 Syncytin-1 Contributes to Cancer-Cell Fusion and Progression
	20.3.2 Phosphatidylserine as Possible Cell Fusion Mediator in Cancer

	20.4 How Do Tumor Hybrid Cells Survive and How Does Fusion Alter Them?
	20.4.1 The Post-hybrid Selection Process (PHSP)
	20.4.2 Stable Cancer Hybrid Cells Show Altered Properties Within the Tumor

	20.5 How Can Tumor Hybrid Cells Be Detected In Vitro and In Vivo?
	20.5.1 Detection of Cancer Hybrid Cells In Vitro and In Vivo in an Experimental Setup
	20.5.2 Detection of Cancer Hybrid Cells In Vivo in Human Cancers
	20.5.3 Detection of Circulating Hybrid Cells (CHCs) in the Blood of Human Cancer Patients

	20.6 Conclusions
	References

	Chapter 21: The Hallmarks of Circulating Hybrid Cells
	21.1 Introduction
	21.2 Tumor-Promoting Inflammation
	21.3 Genomic Instability and Acquisition of Mutations
	21.4 Unlocking Phenotypic Plasticity
	21.5 Invasion and Dissemination into Vasculature
	21.6 Avoiding Immune Destruction
	21.7 Impact of Cell Fusion in Cancer
	21.8 Prospectus
	References



