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ABSTRACT Telomerase-free cancer cells employ a recombination-based alternative length-
ening of telomeres (ALT) pathway that depends on ALT-associated promyelocytic leukemia
nuclear bodies (APBs), whose function is unclear. We find that APBs behave as liquid conden-
sates in response to telomere DNA damage, suggesting two potential functions: condensa-
tion to enrich DNA repair factors and coalescence to cluster telomeres. To test these models,
we developed a chemically induced dimerization approach to induce de novo APB condensa-
tion in live cells without DNA damage. We show that telomere-binding protein sumoylation
nucleates APB condensation via interactions between small ubiquitin-like modifier (SUMO)
and SUMO interaction motif (SIM), and that APB coalescence drives telomere clustering. The
induced APBs lack DNA repair factors, indicating that APB functions in promoting telomere
clustering can be uncoupled from enriching DNA repair factors. Indeed, telomere clustering
relies only on liquid properties of the condensate, as an alternative condensation chemistry
also induces clustering independent of sumoylation. Our findings introduce a chemical dimer-
ization approach to manipulate phase separation and demonstrate how the material proper-
ties and chemical composition of APBs independently contribute to ALT, suggesting a general
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framework for how chromatin condensates promote cellular functions.

INTRODUCTION

Telomeres are repetitive sequences at chromosome ends that
shorten with each cell cycle in cells that lack a telomere maintenance
mechanism. Critical telomere shortening induces replicative senes-
cence or apoptosis (Harley et al., 1990), whereas cancer cells main-
tain replicative potential by actively elongating their telomeres. The
majority of human cancer cells reactivate the enzyme telomerase,
but a significant fraction (10-15%) employ an alternative lengthen-
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ing of telomeres (ALT) pathway that involves DNA recombination
and repair to maintain telomere length (Dilley and Greenberg, 2015;
Lazzerini-Denchi and Sfeir, 2016; Sobinoff and Pickett, 2017). The
molecular mechanisms underlying ALT are unclear, but one unique
characteristic is the presence of ALT telomere-associated promyelo-
cytic leukemia nuclear bodies (APBs), a class of ALT telomere-
associated promyelocytic leukemia (PML) nuclear bodies used for
ALT diagnosis (Yeager et al., 1999). PML nuclear bodies are dynamic
structures in the nucleus that transiently sequester up to 100 differ-
ent proteins that are implicated in many cellular functions including
tumor suppression, DNA replication, gene transcription, DNA repair,
viral pathogenicity, cellular senescence, and apoptosis (Lallemand-
Breitenbach and de The, 2010). Inhibiting APB formation by knock-
ing down PML protein, an essential component of PML nuclear bod-
ies, leads to telomere shortening (Draskovic et al., 2009; Osterwald
etal., 2015; Loe et al., 2020), indicating that APBs contribute to ALT
telomere maintenance. In addition to typical PML nuclear body
components, APBs contain proteins involved in homologous recom-
bination such as replication protein A (RPA), Rad51, and breast can-
cer susceptibility protein 1 (BRCA1) (Nabetani and Ishikawa, 2011),
which suggests that APBs promote telomere synthesis. Indeed, new
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telomere DNA synthesis has been detected in APBs (Chung et al.,
2011; Cho et al., 2014; O'Sullivan et al., 2014; Sahin et al., 2014;
Zhang et al., 2019). While APBs are proposed to be sites of telomere
recombination during ALT, the precise functions of these specialized
PML nuclear bodies are poorly understood, and whether their for-
mation requires a DNA damage response is unclear.

Telomeres cluster within APBs presumably to provide repair
templates for telomere DNA synthesis. Many functionally distinct
proteins can initiate APB assembly, leading to the proposal of a
multiple-pathway model (Chung et al., 2011). This model is sup-
ported by an RNA interference screen that identified close to 30
proteins that affect APB formation, including proteins involved in
telomere and chromatin organization, protein sumoylation, and
DNA repair (Osterwald et al., 2015). Given such complexity, the
mechanisms governing APB assembly and function remain unclear,
and limitations include lack of a conceptual model for how they form
and tools to manipulate the process for cell biological analyses. We
previously showed that introducing DNA damage at telomeres
leads to APB formation, telomere clustering within the induced
APBs, and telomere elongation (Cho et al., 2014). While DNA dam-
age from either replication stress or telomere DNA double strand
breaks can trigger APB formation and telomere clustering (O’Sullivan
et al.,, 2014; Cho et al., 2014), the physical mechanisms underlying
telomere clustering within APBs are unknown.

Many nuclear bodies and membrane-free organelles—such as P
granules, nucleoli, signaling complexes, and stress granules
(Brangwynne et al., 2009, 2011; Altmeyer et al., 2015; Patel et al.,
2015; Su et al., 2016)—assemble by liquid-liquid phase separation,
in which proteins and/or nucleic acids separate from the surround-
ing milieu and form a condensed liquid phase (Banani et al., 2017).
Components of these condensates are highly concentrated but can
dynamically exchange with the diluted phase. Liquid phase separa-
tion provides a mechanism for organizing matter in cells, particularly
protein interaction networks that do not form stable complexes with
fixed stoichiometry. Notably, such stable complexes are relatively
rare, and protein—protein interactions are dominated by weak inter-
actions (Hein et al., 2015). In vitro reconstitution has provided valu-
able insights on how those weak interactions drive the condensation
process, but little is known about how liquid phase separation pro-
motes cellular functions.

Tools that can control liquid phase separation in live cells will al-
low new experiments probing cellular functions. Optogenetic ap-
proaches have been developed to control disordered proteins with
light to map the phase diagrams and reveal how they restructure the
genome (Shin et al., 2017, 2018). However, such tools rely on con-
stant light illumination, limiting their utility for processes on longer
time scales and application to biochemical assays that require a
population of cells to be treated. Here we develop a chemically in-
duced protein dimerization approach to control APB formation and
demonstrate a decoupling of APB functions that rely on liquid mate-
rial properties and chemical composition.

RESULTS

SUMO-SIM interactions drive APB liquid condensation to
cluster telomeres

Previously, we introduced DNA damage on telomeres in ALT cells
by fusing the Fokl nuclease to the telomere-binding protein TRF1,
which induced APB formation, telomere clustering within APBs, and
telomere elongation (Cho et al., 2014). With this assay, we observed
that APBs exhibit liquid behavior, including coalescence after collid-
ing (Figure 1, A .and B) and dynamic exchange of components within
APBs and with the surrounding nucleoplasm, as shown by fluores-

Volume 31 August 15, 2020

cence recovery after photobleaching (Figure 1C). These phenom-
ena are characteristics of liquid condensates formed by liquid-liquid
phase separation, leading us to hypothesize that APBs are liquid
droplets condensed on telomeres after DNA damage as a mecha-
nism for telomere clustering and elongation. The liquid nature of
APBs would promote telomere clustering via coalescence, and the
condensates may serve as platforms to concentrate DNA repair
factors to aid telomere synthesis. The switch-like self-assembly and
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APBs exhibit liquid behavior and concentrate SUMO. APB
formation was induced by creating DNA damage on telomeres with
TRF1-Fokl. (A, B) Cells were imaged live starting 1 h after triggering
mCherry-TRF1-Fokl import into the nucleus. Images show clustering
of TRF1 foci (A) and fusion (B, insets), quantified by change in aspect
ratio (defined as length/width) over time (exponential fit: 15 min half
time). Time 0 is defined as the time point when two foci touch.

(C) Fluorescence recovery after photobleaching (FRAP) of TRF1-Fokl-
mCherry, representing DNA damage-induced APBs. Insets shows a
single TRF1 foci, intensity normalized to the first time point,
exponential fit: 44 £ 17 s recovery half time from 14 events. Error bars
STD. (D-F) SUMOT1 IF for cells expressing TRF1-Fokl or a nuclease-
dead mutant. The overlay of Fokl (purple) and SUMO1 (green)
appears white (D, insets two times enlarged). Graphs show the
percentage of telomeres with SUMO1 foci and the integrated
intensity of SUMO1 foci on telomeres. Each data point represents one
cell from two biological replicates, black lines mean, gray bars 95%
confidence interval. Scale bars, 5 um (A, D) or 1 um (B, C). See also
Figure 1-Supplemental Figure S1.
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disassembly of liquid droplets would allow APBs to rapidly nucleate
as telomeres shorten and subsequently dissolve by reversing the
nucleation signal.

We considered the possibility that sumoylation of telomere-
binding proteins (e.g., shelterin complex) triggers APB condensa-
tion, driven by multivalent SUMO-SIM interactions. Many APB
components are SUMOylated, contain SIM domains, or both (Sup-
plemental Table S1) (Shen et al., 2006; Potts and Yu, 2007; Chung
et al., 2011; Shima et al., 2013), and sumoylation of telomere pro-
teins is required for APB formation (Potts and Yu, 2007). Further-
more, synthetic SUMO and SIM peptides can drive liquid droplet
formation in vitro (Banani et al., 2016). These findings are consistent
with a model in which SUMO-SIM interactions on telomere-binding
proteins cooperate during phase separation to drive telomere
coalescence into APBs. DNA damage responses triggered by telo-
mere shortening would be a stimulus to induce SUMOylation. Con-
versely, desumoylation after telomere elongation would lead to APB
dissolution. Supporting this idea, we observed enrichment of both
SUMO1 and SUMO2/3 after DNA damage induced with Fokl, but
not with a Fokl mutant that lacks nuclease activity (Figure 1, D-F;
Figure 1-Supplemental Figure S1).

To test the hypothesis that telomere sumoylation drives APB
condensation via SUMO-SIM interactions, we developed a protein
dimerization approach to induce de novo APB formation on telo-
meres without DNA damage. To mimic sumoylation on telomeres
and avoid overexpressing SUMO, we recruited SIM to telomeres
with a chemical inducer of dimerization. We predicted that SIM re-
cruited to telomeres can bring endogenous SUMO to telomeres to
induce APB condensation. The chemical dimerizer consists of two
linked ligands: trimethoprim (TMP) and Haloligand, and can dimer-
ize proteins fused to the cognate receptors: Escherichia coli
dihydrofolate reductase (eDHFR) and a bacterial alkyldehalogenase
enzyme (Haloenzyme), respectively (Figure 2A). An advantage of
this system is that it is reversible by adding excess TMP to compete
for eDHFR, unlike other chemically induced dimerization systems
such as rapamycin (DeRose et al., 2013; Ballister et al., 2014). We
fused Haloenzyme to the telomere-binding protein TRF1 to anchor
it to telomeres and to GFP for visualization. SIM was fused to eDHFR
and to mCherry. After adding the dimerizer to cells expressing Halo-
GFP-TRF1 and SIM-mCherry-eDHFR, SIM was recruited to telo-
meres, which resulted in enrichment of both SUMO1 and SUMOZ2/3
on telomeres (Figure 2, B-D; Figure 2-Supplemental Figure S1). To
confirm that enrichment of SUMO is indeed based on SUMO-SIM
interaction, we used a SIM mutant that cannot interact with SUMO
(Banani et al., 2016). As predicted, the SIM mutant was recruited to
telomeres without SUMO enrichment. To confirm that the sites of
SIM recruitment are telomeres, we used fluorescence in situ hybrid-
ization (FISH) to visualize telomere DNA directly and observed colo-
calization of SIM with telomere signal (Figure 2E).

To directly test whether SIM recruitment leads to liquid conden-
sation on telomeres, we used live imaging to monitor TRF1 and SIM
signals over time (Supplemental Movie S1). We observed that after
SIM recruitment, both SIM and TRF1 foci became brighter and big-
ger (Figure 3, A and B), as predicted for liquid droplet nucleation
and growth. In addition, both SIM and TRF1 foci rounded up, indi-
cating formation of liquid condensates. Such liquid behavior is also
shown by fusion events and the dynamic exchange of components,
similar to DNA damage-induced foci (Figure 3, D and E). Addition-
ally, dimerization-induced condensates can be disrupted by
1,6-hexanediol and NaCl, similar to other membrane-free organ-
elles (Figure 3-Supplemental Figure S1). Droplet fusion also drove
telomere clustering, leading to reduced telomere number over time
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Recruiting SUMO to telomeres through SIM with a
chemical dimerizer. (A) Dimerization schematic: SIM is fused to
mCherry and eDHFR, and TRF1 is fused to Halo and GFP. The
dimerizer is TNH: TMP-NVOC (6-nitroveratryl oxycarbonyl)-Halo
(Zhang et al., 2017). (B-D) Cells expressing SIM-mCherry-DHFR (WT) or
a SIM mutant that cannot interact with SUMO, together with Halo-
GFP-TRF1, were incubated with TNH before fixing and staining for
SUMO2/3. The overlay of SIM (purple) and SUMO2/3 (cyan) appears
white (B, insets two times enlarged). Graphs show the number of
telomeres with SUMO2/3 foci and the integrated intensity of
SUMO2/3 foci on telomeres. Note that the integrated intensity of
SUMO2/3 foci on telomeres in the SIM mutant is small compared with
WT but not zero because of endogenous telomere sumoylation in
U20S cells. Each data represents one cell from two biological
replicates, black lines mean, gray bars 95% confidence interval.

(E) Telomere FISH images after recruiting SIM or SIM mutant to
telomeres. The overlay of SIM (purple) and telomere DNA FISH (green)
appears white. The dim SIM mutant foci on telomeres, relatively to the
signal in the nucleoplasm, are due to the inability of the SIM mutant to
enrich on telomeres through phase separation, combined with reduced
protein fluorescent intensity in the FISH experiment. Scale bars, 5 um.
See also Figure 2-Supplemental Figure S1.

(Figure 3C). Although in previous studies we demonstrated that
clustered telomeres were chromosomally attached (Cho et al.,
2014), we cannot rule out a contribution from extrachromosomal
telomere (ECTR) DNA that exists in ALT cells. In contrast, a SIM mu-
tant that cannot interact with SUMO was recruited to telomeres after
dimerization, but did not induce condensation or telomere clustering

Molecular Biology of the Cell
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FIGURE 3: SUMO-SIM interactions drive liquid condensation and
telomere clustering. (A-D) TNH was added to U20S cells expressing
SIM-mCherry-DHFR and Halo-GFP-TRF1 after the first time point to
induce dimerization. Graphs show mean integrated intensity per TRF1
and SIM foci (B) and number of TRF1 and SIM foci (C) over time; 36
cells from four duplicates; error bars STD. P value between first and last
time point for TRF1 foci intensity <0.001, SIM foci intensity <0.001,
TRF1 foci number <0.03, SIM foci number <0.001. Insets (D) show an
example of a fusion event, with the change in aspect ratio quantified
(exponential fit, decay time 13 min). The time when two foci touch is
defined as time 0. (E) FRAP of dimerization-induced condensates by
bleaching TRF1. Intensity is normalized to the first time point,
exponential fit: 35 + 12 s recovery half time for 12 events. (F-H) After
dimerization induced by TNH in U20S cells expressing SIM-mCherry-
DHFR and Halo-GFP-TRF1, TMP was added to release SIM from
telomeres; 12 cells from two duplicates, error bars STD. P value
between first and last time point for TRF1 foci intensity n.s., SIM foci
intensity <0.001, TRF1 foci number <0.02, SIM foci number <0.001.
Scale bars, 5 pm. See also Figure 3-Supplemental Figures S1 and S2.
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(Supplemental Movie S2; Figure 3-Supplemental Figure S2). Col-
lectively, these findings support our hypothesis that condensation is
driven by SUMO-SIM interactions.

Our phase transition model predicts that reversal of the nucle-
ation signal will result in the dissolution of condensates. To test this
prediction, we first formed condensates on telomeres by SIM re-
cruitment and then added free TMP to compete with the dimerizer
for eDHFR binding to reverse dimerization (Ballister et al., 2014).
Condensation and telomere clustering were reversed as the intensity
decreased in the foci while increasing in the nucleoplasm (Supple-
mental Movie S3; Figure 3, F and G) and telomere number increased
(Figure 3H), consistent with our model.

Decoupling of APB functions

APB condensates could promote homology-directed telomere
DNA synthesis in ALT by either or both of two mechanisms: 1) con-
centrating DNA repair factors on telomeres through APB condensa-
tion; 2) clustering telomeres for repair templates through APB
coalescence. The first mechanism relies on compositional control of
phase-separated condensates, while the second mechanism takes
advantage of the liquid properties of biomolecular condensates.

To determine how APBs function, we first examined whether di-
merization-induced condensates are APBs by observing PML pro-
tein, whose localization on telomeres defines APBs. Recruiting SIM to
telomeres increased colocalization of PML with telomeres, compared
with control cells where SIM was not recruited (Figure 4, A-C). To-
gether with our previous findings that the dimerization-induced con-
densates contain other known components of APBs—SUMO (Figure
2, B-D; Figure 2-Supplemental Figure S1), telomere DNA (Figure
2E), and TRF1 (Figure 3)—this result indicates that the induced con-
densates are indeed APBs. Such an increase in PML localization to
telomeres was not seen when the SIM mutant was recruited, agree-
ing with the hypothesis that SUMO-SIM interactions drive APB con-
densation. We then looked at proteins involved in the DNA damage
response and repair pathways: 53BP1, PCNA, and POLD3, which lo-
calize to APBs induced by DNA damage (Cho et al., 2014; Dilley
et al., 2016; Verma et al., 2018, 2019). None of these factors were
recruited after dimerization-induced condensation (Figure 4, D-F;
Figure 4-Supplemental Figure S1), indicating that they are recruited
to the APB condensates via additional signals emanating from dam-
aged DNA. These are predicted to include recessed three prime
ends that arise at recombination intermediates as well as modified
chromatin adjacent to the break site. Damage-induced sumoylation
of DNA repair factors is also likely to contribute. Indeed, PCNA is
enriched in SIM dimerization-induced condensates after fusing it to
SUMO1 to mimic sumoylation (Figure 4-Supplemental Figure S2).
The lack of DNA repair factors in dimerization-induced condensates
suggests that telomere clustering in these condensates is not suffi-
cient to assemble the protein complexes that are responsible for
telomere DNA synthesis. Indeed, unlike Fokl-induced DNA damage,
nascent telomere DNA synthesis in telomere clusters was not ob-
served after SIM dimerization (Figure 4-Supplemental Figure S3).

Our model predicts that the ability to cluster telomeres relies on
the liquid material properties of APBs and not the specific chemical
composition. To test this prediction, we aimed to induce non-APB
liquid droplets with a different chemistry on telomeres and deter-
mine whether they can cluster telomeres. Besides multivalent inter-
actions between modular interaction pairs such as SUMO and SIM,
another way of driving condensation is through interactions be-
tween disordered or low complexity protein domains that behave
like flexible polymers (Elbaum-Garfinkle et al., 2015; Lin et al.,
2015; Nott et al., 2015; Patel et al., 2015; Zhang et al., 2015). We
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Condensates contain APB scaffold components but not
DNA repair factors. (A-C) FISH of telomere DNA and IF of PML for
cells with or without SIM recruited to telomeres or with SIM mutant
recruited to telomeres. The overlay of PML (purple) and telomere
DNA (green) appears white (A, insets two times enlarged), indicating
APBs with PML nuclear bodies localized to telomeres. Graphs
show APB number and integrated APB intensity per cell.
(D=F) Immunofluorescence of PCNA for cells with Fokl-induced
damage or with SIM or SIM mutant recruited. In representative
images (D, insets two times enlarged), X indicates Fokl, SIM, or SIM
mutant, and colocalization with PCNA appears white in overlay
images (right panels). Graphs show the number of PCNA foci
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selected the arginine/glycine-rich (RGG) domain from the P granule
component LAF-1, which forms liquid condensates in vitro and in
vivo (Elbaum-Garfinkle et al., 2015; Schuster et al., 2018). Recruiting
RGG to telomeres resulted in condensation as shown by the in-
crease in telomere foci intensity (Supplemental Movie S4; Figure 5,
A and B). The induced condensates exhibited liquid behavior such
as the ability to fuse, which led to telomere clustering as shown by
the decrease in telomere foci over time (Figure 5, C and D). We also
confirmed that the RGG condensates were indeed on telomeres
and did not increase PML protein on telomeres compared with cells
without RGG recruited (Figure 5, E-G), indicating the induced con-
densates are not APBs. These results support the model that liquid
condensation drives telomere clustering independent of specific
protein components of the condensates.

DISCUSSION

We established a chemical inducer system to control liquid-liquid
phase separation in live cells. With this assay we induced de novo
APB formation and provide direct evidence in live cells that APBs,
like many membrane-less organelles, are molecular condensates
formed following liquid-liquid phase separation. A previous study
proposed a multi-pathway model for APB formation because APBs
can be induced by tethering many proteins to telomeres (Chung
et al, 2011). We propose a unified model for APB formation: a
liquid-liquid phase separation triggered by telomere sumoylation
via SUMO-SIM interactions as part of a DNA damage response at
telomeres (Figure 5H). Tethering different proteins to induce APB
formation represents multiple ways to cross the phase boundary,
through contributing to sumoylation or directly enriching SUMO
and SIM on telomeres. We also find that releasing SIM from telo-
meres reverses APB condensation. These findings indicate that APB
condensates are nucleated on telomeres via sumoylation and can
be dissolved via desumoylation. Other posttranslational modifica-
tions known to regulate phase separation, such as phosphorylation
(Snead and Gladfelter, 2019), may also play a role in APB condensa-
tion or dissolution, either by directly controlling de/sumoylation or
by modulating SUMO-SIM interaction strength (Chang et al., 2011,
Hendriks et al., 2017).

Sumoylation has long been observed as part of the DNA dam-
age response (Hendriks and Vertegaal, 2015). Our observation that
sumoylation nucleates APB condensates as a mechanism for ALT
telomere clustering may lead to future insights on the roles of su-
moylation in DNA repair in other contexts (Xu et al., 2003; Sarangi
and Zhao, 2015). Indeed, sumoylation is proposed to generate a
glue that holds DNA repair factors together (Psakhye and Jentsch,
2012), which may form through SUMO-SIM driven phase separation
as observed here. In addition, PARylation and transcription can drive
phase separation of DNA repair factors at damage sites (Altmeyer
et al., 2015; Kilic et al., 2019; Pessina et al., 2019; Singatulina et al.,
2019). It remains to be determined how sumoylation coordinates
with PARylation, transcription, and other DNA damage signaling to
facilitate DNA repair through phase separation. As PARylation is one
of the earliest events during DNA damage recognition, it is possible
that a temporal order of signals beginning with PARP activity and
culminating in SUMO-SIM interactions is responsible for phase sep-
aration of DNA damage foci. Furthermore, PML bodies associate

colocalized with Fokl, SIM, or SIM mutant and integrated intensity.
Each data point (B, C, E, F) represents one cell from two biological
replicates, black line mean, gray bar 95% confidence interval. Scale
bars, 5 pm. See also Figure 4-Supplemental Figures S1-S3.
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with genomic loci other than telomeres in non-ALT cells to regulate
multiple functions including DNA repair, transcription, viral genome
replication, and heterochromatin domain formation (Dellaire and
Bazett-Jones, 2004; Eskiw et al., 2004; Ching et al., 2005; Luciani
et al., 2006; Shastrula et al., 2019). Our work demonstrates local
sumoylation as a mechanism for generating telomere association of
PML bodies by either directly nucleating PML bodies or enabling
sumoylated telomeres to fuse with existing PML bodies to form
APBs. Similarly, protein sumoylation at other genomic loci may trig-
ger PML association. Supporting this notion, a recent study finds
that viral protein sumoylation is required for association of PML bod-
ies with viral replication centers (Stubbe et al., 2020).

Our findings that disruption of SUMO-SIM interactions pro-
duced a disassembly of telomere condensates suggests approaches
to target pathological processes that arise from this type of phase
transition. Since sumoylation is involved in many cellular functions,
globally targeting sumoylation to prevent APB condensation would
have many side effects. Instead, approaches to disrupt APB liquid
properties or recruitment of important factors to APBs would be
more attractive. For example, pushing APB condensates into gel or
solid phase (Shin et al., 2017) by increasing molecule density or in-
teraction strength within APBs would prevent reversible telomere
clustering, inhibit dynamic retention of DNA repair factors within
APBs and thus prevent telomere elongation.

An advantage of our chemical dimerization system is that it al-
lows for sustained recruitment after dimerizer addition. This makes
it suitable for single cell live imaging for a prolonged time as well as
treatment of a population of cells for fixed cell or biochemical analy-
ses, both difficult to achieve with the currently available optogenetic
systems that require constant illumination for phase separation (Shin
et al., 2017, 2018). We find that the induced condensates contain
the APB signature component PML but not DNA repair factors such
as 53BP1, PCNA, and POLD3 (Figure 4; Figure 4-Supplemental
Figure S1), indicating that the repair factors are recruited to the APB
condensates by DNA damage response signaling other than the
telomere sumoylation that nucleates APBs (Figure 5H). Many DNA
repair factors such as 53BP1 and PCNA undergo posttranslational
modifications including ubiquitylation, phosphorylation, and su-
moylation (Dantuma and van Attikum, 2016; Garvin and Morris,
2017). Posttranslational modifications of those DNA repair factors,
not captured in our dimerization approach, may be the endogenous
stimuli that promote their recruitment to APBs. Supporting this
notion, PCNA fused with SUMO1 is enriched in RGG dimerization-
induced APB condensates (Figure 4-Supplemental Figure S2). In
addition, it has been shown that client recruitment in phase-sepa-
rated condensate scaffolds is affected by scaffold stoichiometries
(Banani et al., 2016). Therefore, the chemistry of APB scaffolds could
also be important for repair factor enrichment. It is reported that
BLM helicase was recruited to synthetic condensates formed by
polySUMO and polySIM only when the condensate was SUMO rich

one with an APB and one without, indicating the basal level of APBs
in these cells. Graphs show APB number per cell and integrated APB
intensity per cell. Each data point (F, G) represents one cell from two
biological replicates, black line mean, gray bar 95% confidence
interval. (H) Model for APB condensation and function. Telomere
shortening (or replication stress) triggers a DNA damage response,
where telomere sumoylation nucleates APB condensation and drives
telomere clustering while another aspect of the damage response
pathway recruits DNA repair factors to APB condensates. Together
the clustered telomeres and enriched DNA repair factors within APBs
lead to homology-directed telomere synthesis in ALT. Scale bars,
5pm.
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(Min et al., 2019). A recent study showed that the presence of PML
protein is required for the recruitment of BTR complex to telomeres
for ALT telomere maintenance (Loe et al., 2020). It is possible that
the chemistry of APB condensates is actively regulated during the
course of telomere elongation to selectively recruit different factors
based on direct SUMO-SIM interactions or indirect interactions with
existing APB components.

Coalescence of APB liquid droplets that drives telomere cluster-
ing (Figure 3, A-E) may provide repair templates for homology-
directed telomere DNA synthesis in ALT. ALT cells contain ECTR
DNAs that may be either linear or circular, but their functional con-
tribution to ALT is unknown (Cesare and Giriffith, 2004). They share
sequence identity with telomeres and cannot be differentiated with
our TRF1 probe or other labeling techniques targeting telomere
DNA sequence. Therefore, the clustering we observe may involve
APBs nucleated on both telomeres and ECTRs. Since ECTRs are
more mobile, they may be more efficient in clustering with telo-
meres to provide homology directed-repair templates. Damaged
telomeres generate more ECTRs than SIM dimerization, strongly
arguing that a majority of events we observe are due to chromo-
somally attached telomere coalescence in response to SUMO-SIM
interactions. We previously showed that DNA damage increases
telomere mobility of chromosomally attached telomeres (Cho et al.,
2014), indicating that DNA damage not only nucleates APB conden-
sates to enable telomere clustering through droplet coalescence
but also actively modulates clustering efficiency by increasing the
chance of APB collision. Nuclear actin polymerization increases
the mobility of DNA damage sites to cluster DNA damage foci for
homology-directed DNA repair (Schrank et al., 2018). It remains to
be determined whether actin polymerization increases telomere
mobility in response to DNA damage in ALT cells and whether and
how it depends on telomere protein sumoylation or APB condensa-
tion. In addition, due to the attachment of telomeres to the rest of
the chromatin fiber, other mechanisms such as a block copolymer
microphase separation (Leibler et al., 1983) may contribute to telo-
mere clustering after initiation by APB phase separation. Further
studies dissecting the physical mechanisms underlying telomere
clustering and the role of ECTRs will increase our understanding of
templating in ALT. We also demonstrated that the ability to cluster
telomeres depends only on the liquid properties of APB conden-
sates, not their chemical composition (Figure 5). This finding pro-
vides an opportunity to target the physical-chemical properties of
APBs for cancer therapy in ALT without affecting the function of their
DNA repair components that also contribute to genome integrity in
normal cells.

Liquid-liquid phase separation can contribute to cellular func-
tions by multiple mechanisms. For example, the high sensitivity of
the phase separation process to environmental factors makes it
ideal for sensing stress (Munder et al., 2016; Riback et al., 2017), and
concentrating and confining molecules into one compartment can
increase the kinetics of biochemistry (Case et al., 2019). The hall-
mark of such phase separation is the liquid properties of the result-
ing condensates, which have been carefully characterized in recon-
stituted systems. The functional significance of these in vitro findings
in cells has been widely implied but not yet demonstrated (Shin and
Brangwynne, 2017). With an optogenetic system to induce synthetic
condensates with disordered proteins, it was shown that conden-
sates can pull targeted chromatin loci together through coalescence
(Shin et al., 2018). With chemical dimerization-induced condensa-
tion, we show that this general mechanism is applicable to a biologi-
cally relevant condensate, namely APBs, to cluster telomeres for
homology-directed telomere synthesis in ALT cancer cells, indepen-
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dent of condensate chemistry. In addition, DNA repair factors re-
quired for telomere DNA synthesis may be selectively retained in
APBs by regulating chemical properties of APB condensate scaffold
and client molecules. Our findings may represent a general strategy
for reversible genome organization, such as clustering of gene loci
for transcription and DNA repair, and suggest a dual function model
for chromatin condensates: concentrating factors for biochemistry
through composition control while clustering distinct chromatin do-
mains via coalescence. This chemical approach can be used to study
how material properties and chemical composition of other conden-
sates contribute to cellular functions.

MATERIALS AND METHODS

Plasmids

The plasmids for inducing DNA damage at telomeres (mCherry-ER-
DD-TRF1-Fokl or Fok1 mutant) were previously published (Cho
et al., 2014). For recruiting SIM to telomeres, TRF1 was substituted
for SPC25 in the published 3xHalo-GFP-SPC25 plasmid (Zhang
et al., 2017). SIM (or SIM mutant) for SIM-mCherry-eDHFR is from
plasmids gifted by Michael Rosen (Banani et al., 2016). The RGG
insert for RGG-mCherry-RGG-eDHFR is from a plasmid gifted by
Benjamin Schuster (Schuster et al., 2018). The vector containing
mCherry-eDHFR is from our published plasmid Mad1-mCherry-
eDHFR (Zhang et al., 2017). All other plasmids in this study are de-
rived from a plasmid that contains a CAG promoter for constitutive
expression, obtained from E. V. Makeyev (Khandelia et al., 2011).

Cell culture

All experiments were performed with U20S acceptor cells, origi-
nally obtained from E.V. Makayev (Nanyang Technological Univer-
sity, Singapore; Khandelia et al., 2011). Cells were cultured in growth
medium (DMEM with 10% fetal bovine serum [FBS] and 1% penicil-
lin/streptomycin) at 37°C in a humidified atmosphere with 5% CO,.
The TRF1 constructs (3xHalo-GFP-TRF1, 3xHalo-TRF1, or mCherry-
ER-DD-TRF1-Fokl) and the eDHFR constructs (SIM, SIM mutant, or
RGG) were transiently expressed by transfection with Lipofectamine
2000 (Invitrogen) 24 h prior to imaging, following the manufacturer’s
protocol.

Dimerization and damage on telomeres

To recruit proteins to telomeres, cells transfected with 3xHalo-GFP-
TRF1 or 3xHalo-TRF1 and one of the mCherry-eDHFR plasmids
(SIM, SIM mutant, or RGG) were treated with the dimerizer TNH:
TMP-NVOC (6-nitroveratryl oxycarbonyl)-Halo (Zhang et al., 2017).
For live imaging, 100 nM TNH was added directly to cells on the
microscope stage. For immunofluorescence (IF) or FISH, 100 nM
TNH was added to cells and incubated for 2 h before fixing. To in-
duce damage on telomere in cells transfected with mCherry-ER-DD-
TRF1-Fokl, Shield-1 (Cheminpharma LLC), and 4-hydroxytamoxifen
(4-OHT) (Sigma-Aldrich) at 1 uM were added for 1 h to allow TRF1 to
enter the nucleus prior to live imaging or 2 h prior to fixing, as previ-
ously described (Cho et al., 2014).

IF, FISH, and EdU labeling

Cells were fixed in 4% formaldehyde for 10 min at room tempera-
ture, followed by permeabilization in 0.5% Triton X-100 for 10 min.
Cells were incubated with primary antibody at 4°C in a humidified
chamber overnight and then with secondary antibody for 1 h at
room temperature before washing and mounting. Primary antibod-
ies were anti-SUMO1 (Ab32058, Abcam,1:200 dilution), anti-
SUMO2/3 (Asm23, Cytoskleton, 1:200 dilution), anti-PCNA (P10,
Cell Signaling, 1:1000 dilution), anti-53BP1(NB100-904, Novus
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Biologicals, 1:1000 dilution), anti-PML (sc966, Santa Cruz, 1:50 dilu-
tion), and anti-POLD3 (H00010714-M01, Abnova, 1:100 dilution).
For IF-FISH, coverslips were first stained with primary and secondary
antibody, then fixed again in 4% formaldehyde for 10 min at room
temperature. Coverslips were then dehydrated in an ethanol series
(70%, 80%, 90%, 2 min each) and incubated with 488-telG PNA
probe (Panagene) at 75°C for 5 min and then overnight in a humidi-
fied chamber at room temperature. Coverslips were then washed
and mounted for imaging. For EJU assay, cells were first incubated
with 10 uM EdU and TNH for SIM or SIM mutant transfected cells or
EdU and Shield1 and 4-OHT for Fokl transfected cells, fixed, then
labeled with Click-iT EdU Alexa Fluor 647 Imaging Kit (Thermal
Fisher).

Image acquisition

For live imaging, cells were seeded on 22 x 22-mm glass cover-
slips (no. 1.5; Fisher Scientific) coated with poly-p-lysine (Sigma-
Aldrich) in single wells of a é-well plate. When ready for imaging,
coverslips were mounted in magnetic chambers (Chamlide CM-
§22-1, LCI) with cells maintained in L-15 medium without phenol
red (Invitrogen) supplemented with 10% FBS and 1% penicillin/
streptomycin at 37°C on a heated stage in an environmental cham-
ber (Incubator BL; PeCon GmbH). Images were acquired with a
spinning disk confocal microscope (DM4000; Leica) with a 100 x
1.4 NA objective, an XY Piezo-Z stage (Applied Scientific Instru-
mentation), a spinning disk (Yokogawa), an electron multiplier
charge-coupled device camera (ImageEM; Hamamatsu Photon-
ics), and a laser merge module equipped with 488 and 593 nm
lasers (LMMS5; Spectral Applied Research) controlled by Meta-
Morph software (Molecular Devices). Images were taken with
0.5 um spacing for a total of 6 pm and a 5-min time interval for
2-4 h for both GFP and mCherry channels. Fixed cells were im-
aged using a 100 x 1.4 NA objective on an inverted fluorescence
microscope (DM6000, Leica Micro- systems) equipped with an au-
tomated XYZ stage (Ludl Electronic Products), a charge-coupled
device camera (QuantEM 512SC, Photometrics), an X-LIGHT Con-
focal Imager (Crisel Electrooptical Systems), and an IDI high per-
formance fluorescence illuminator equipped with 405, 445, 470,
520, 528, 555, and 640 nm lasers (89 North and Cairn Research),
controlled by Metamorph Software (MDS Analytical Technologies).
Images were taken with 0.3 pm spacing for a total of 8 pm.

Image processing

All images shown are maximum-intensity projections from all slices
in z-stacks generated in ImageJ (Schneider et al., 2012). Quantifica-
tions of images and plotting of figures were done in MATLAB (Math-
Works). For live imaging, TRF1 foci in the GFP channel were identi-
fied with a 3D bandpass filter with custom MATLAB code modified
based on gift code from Stephanie Weber (Berry et al., 2015). The
number of segmented TRF1 foci and integrated fluorescence inten-
sity per foci were calculated at each time point. The integrated fluo-
rescence intensity per foci was calculated by first summing up the
total intensity over all Z slices in the foci and then calculating the
average value over all foci in the cell. For colocalization analysis of
fixed images, both channels were segmented with a 3D bandpass
filter. The number of colocalized foci and the total fluorescence in-
tensity summed over all Z slices and over all colocalized foci in one
cell were plotted.

Statistical analyses
All p values were generated with two-sample t test in MATLAB with
function ttest2.
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