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ARTICLE INFO ABSTRACT

During mouse spinal cord development, ventricular zone progenitor cells transition from producing neurons to
producing glia at approximately embryonic day 11.5, a process known as the gliogenic switch. The transcription
NFIX factors Nuclear Factor I (NFI) A and B initiate this developmental transition, but the contribution of a third NFI
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NFIA member, NFIX, remains unknown. Here, we reveal that ventricular zone progenitor cells within the spinal cord
Is\IFiiil cord express NFIX after the onset of NFIA and NFIB expression, and after the gliogenic switch has occurred. Mice
Gli)iogenesis lacking NFIX exhibit normal neurogenesis within the spinal cord, and, while early astrocytic differentiation

GFAP proceeds normally, aspects of terminal astrocytic differentiation are impaired. Finally, we report that, in the
absence of Nfia or Nfib, there is a marked reduction in the spinal cord expression of NFIX, and that NFIB can
transcriptionally activate Nfix expression in vitro. These data demonstrate that NFIX is part of the downstream
transcriptional program through which NFIA and NFIB coordinate gliogenesis within the spinal cord. This
hierarchical organisation of NFI protein expression and function during spinal cord gliogenesis reveals a
previously unrecognised auto-regulatory mechanism within this gene family.

Astrocyte

1. Introduction

The generation of cellular identity and diversity within the devel-
oping central nervous system is dependent on networks of gene
expression controlled by transcription factors (Stolt and Wegner,
2010). For instance, within the developing spinal cord the asymmetric
division of neural progenitor cells within the ventricular zone (VZ) first
generates neurons. This occurs from approximately embryonic day (E)
9 in mice (Butler and Bronner, 2015). Diverse neuronal populations
are produced along the dorso-ventral axis of the spinal cord as a result
of the spatially restricted expression of homeodomain-containing
transcription factors including PAX6 and NKX2.2 (Briscoe et al.,
2000, 1999; Ericson et al., 1997). This patterning arises as a result of
the diffusion of morphogens such as sonic hedgehog, which is
expressed in the notochord and floorplate (Ericson et al., 1997). At
approximately E11.5 in mice, a process dubbed the ‘gliogenic switch’
occurs (Kang et al, 2012), such that the production of neurons
following the division of neural progenitor cells declines, and instead
glia (astrocytes and oligodendrocytes) begin to be produced. Again, this

process is reliant on tightly regulated transcriptional networks coordi-
nated by factors such as SOX8 and SOX9, as mice lacking these genes
exhibit deficits in glial fate specification within the spinal cord (Stolt
and Wegner, 2010).

Transcription factors from the nuclear factor I (NFI) family have
also been implicated in coordinating gliogenesis within the spinal cord
(Deneen et al., 2006; Kang et al., 2012). This family, comprising NFIA,
NFIB, NFIC and NFIX, is broadly expressed within the developing
nervous system and elsewhere within the embryo (Barry et al., 2008;
Chaudhry et al., 1997; Mason et al., 2009). Within the spinal cord,
expression of NFIA and NFIB is initiated between E11.5 and E12.5
within neural progenitor cells, coinciding with the gliogenic switch
(Deneen et al., 2006). Moreover, both loss-of-function and gain-of-
function studies have revealed that NFIA and NFIB play an instructive
role in the gliogenic switch, by both inhibiting neurogenesis, and
initiating a program of gliogenesis within spinal cord neural progenitor
cells (Deneen et al., 2006). More recently, NFIA has been shown to act
in concert with SOX9 to promote astrocyte development within the
embryonic spinal cord, in part through the transcriptional regulation of
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genes such as Apcddl and Mmd2 (Kang et al., 2012).

NFIX has also been shown to be vital for the differentiation of
neural progenitor cells within the embryonic, postnatal and adult brain
(Harris et al., 2013, 2015). For example, NFIX expression within radial
glial progenitors in the dorsal telencephalon has been shown to play a
role in repressing stem cell self-renewal genes such as Sox9, while
activating inscuteable gene expression to promote the production of
intermediate neuronal progenitors (Harris et al., 2016; Heng et al.,
2014). In vitro, NFIX has been shown to activate the transcription of
astrocytic genes (Singh et al., 2011b), work that is supported by the
delay in gliogenesis exhibited by Nfix”~ mice within the forebrain
(Heng et al., 2014) and cerebellum (Piper et al., 2011). However,
whether or not NFIX plays a role in the gliogenic switch during spinal
cord development has yet to be addressed. Moreover, the transcrip-
tional regulation of the Nfix gene itself is poorly characterised. Here, we
reveal that NFIX expression is initiated in neural progenitor cells
within the developing mouse spinal cord at E13.5, subsequent to NFIA
and NFIB and after the gliogenic switch. NFIX expression is down-
regulated in both Nfia”~ and Nfib”~ mice, but only NFIB can activate
Nfix-promoter driven transcription in vitro via the promoter regions
we analysed, suggesting that NFIX is a direct downstream target of
NFIB during spinal cord development. In support of this, embryonic
terminal glial differentiation is impaired in the absence of Nfix, while
neuronal differentiation and aspects of early glial differentiation occur
normally. Collectively, these data highlight the importance of the Nfi
family in promoting timely gliogenesis within the spinal cord.

2. Methods
2.1. Animals and genotyping

Nﬁx'/' (Campbell et al., 2008), Nﬁa'/' (das Neves et al., 1999) and
Nfib”" mice (Steele-Perkins et al., 2005) were used in this study, along
with wild-type littermates. All strains were maintained on a C57Bl/6J
background. Timed-pregnant females were obtained by placing hetero-
zygous male and female mice together overnight. The presence of a
vaginal plug the following day was designated as embryonic day (E)0.5.
The genotype of each mouse was confirmed by polymerase chain
reaction (PCR). Primer sequences are available upon request. Wild-
type C57Bl/6J animals were also used to perform chromatin immu-
noprecitipation. All animal procedures were performed with the
approval of the University of Queensland animal ethics committee
(QBI/353/13/NHMRC; QBI/383/16) and experiments were carried
out in accordance with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes.

2.2. Tissue preparation, immunohistochemistry and
immunofluorescence

Embryos were drop-fixed until E14.5 in 4% paraformaldehyde
(PFA) or perfused transcardially at older ages with phosphate-buffered
saline (PBS), followed by 4% PFA, then post-fixed for 48—72 h before
long-term storage in PBS at 4 °C. Spinal cords were embedded in 3%
noble agar and sectioned transversely using a vibratome at a thickness
of 50 um. Sections were mounted on Superfrost slides before immer-
sion in 10 mM sodium-citrate solution and heat-mediated antigen
retrieval at 95 °C for 15 min. Chromogenic immunohistochemistry
(IHC) using 3,3’-diaminobenzidine (DAB), or fluorescence immuno-
histochemistry (IF) were then performed as previously described
(Harris et al., 2013, 2017; Piper et al., 2009). The antibodies used
and their details are listed in Table 1.

2.3. Image acquisition and analysis

Brightfield images of sections labelled with DAB were captured
using an Axio Imager Z2 upright microscope (Zeiss) fitted with an
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Axio-Cam HRc camera. Image acquisition was performed using
AxioVision software (Zeiss). Sections labelled with fluorescent anti-
bodies were captured using a Diskovery inverted spinning-disk con-
focal system (Spectral Applied Research) consisting of a Ti-E micro-
scope (Nikon) equipped with a Diskovery disk head (Spectral Applied
Research), two Flash4.0 sCMOS cameras (Hamamatsu Photonics), and
a 20x 0.75 NA CFI PlanApo objective. Five 2 pm thick optical sections
were taken consecutively to generate 10 um z-stacks. Fluorescence
images of GFAP were captured using the Axio Imager Z2 upright
microscope. Image acquisition was performed using NIS software
(Nikon). All imaging work was performed in the Queensland Brain
Institute's Advanced Microscopy Facility.

For GFAP IF analyses, 5 biological replicates were used with
sections sampled from matching positions along the rostro-caudal axis
and quantified blind to the genotype. Data was pooled from all
locations along the rostro-caudal axis for statistical analysis. For
NFIX IF analyses in Nfia”~ or Nfib”~ sections, and NFIB IF analyses
in Nfia”" sections, a minimum of 3 biological replicates were used,
sampling from the spinal cord as above. Relative fluorescence inten-
sities of protein stain were measured using integrated density; where
integrated density = mean grey value of the area selected within the
cell. To quantify NFIX or NFIB fluorescence intensity, the cells positive
for these antibodies in each section and region of interest were outlined
using the Otsu threshold method in Fiji Image J (open source) and the
integrated density measurements were recorded. Areas of interest
included the central canal and surrounding proximal region, as well
as the migrating cell population observed towards the dorsal horn
regions.

In order to limit variability, antibody staining performed for
quantitative purposes were carried out on the same day, using the
same antibody master mix. In addition, image acquisition for these
samples was performed with identical settings on the same microscope,
on the same day. Quantification, image analyses and processing were
all performed using a combination of Adobe Photoshop CS5.1 (Adobe
Systems Inc.) and Fiji Image J (open source) programs.

2.4. Quantitative PCR (qPCR) data and analysis

1 ug of total RNA was isolated from E14.5 spinal cords using an
RNeasy micro isolation kit (QIAGEN) and reverse transcribed to cDNA.
qPCR was performed with using SYBR Green Master Mix 2x (QIAGEN)
and a LightCycler 480 machine (Roche). Primer sequences are listed in
Table 2. To calculate the relative changes in gene expression the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) was used to normalize all samples using the 2784C method
(Yuan et al., 2006). All individual samples were run in triplicate during
each experiment, in addition to a minimum of 4 biological replicates.

2.5. Luciferase reporter assay

Analysis of a published chromatin immunoprecipitation and se-
quencing (ChIP-seq) dataset in which a pan-NFI antibody was used on
embryonic stem cell-derived neural stem cell cultures (Mateo et al.,
2015), revealed two putative ChIP peaks within the Nfix promoter
region, one at the transcriptional start site (TSS; Chromosome 8:
87297728-87298821, mm9) and another 4637 base pairs upstream of
the TSS (Chromosome 8: 87302652—87302905, mm9). As such, two
different luciferase reporter constructs containing these sites were
generated.

The first of these luciferase constructs contained a 1234 base pair
fragment of the mouse Nfix promoter region encompassing the location
of the ChIP peak closest to the TSS (Mateo et al., 2015) and the basal
promoter of the Nfix gene (Chromosome 8: 87297440-87298673,
mm9), which was cloned upstream of the Renilla luciferase gene in a
pLightSwitch_Prom reporter vector (Switchgear Genomics; Nfix
pLUC). The second of these luciferase constructs contained a 1078
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Table 1

Primary and secondary antibodies used for immunohistochemistry (IHC) and immunofluorescence (IF).
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Antibody Host Use Dilution Source
Primary Antibodies
GFAP Rabbit polyclonal IF 1:500 Dako, Z0334
GLAST Rabbit polyclonal IHC 1:10,000 Gift from Dr Neils Danbolt, University of Oslo
IBA1 Goat polyclonal IF 1:250 Abcam, ab5076
Ki67 (FITC clone SolA15) Mouse monoclonal IF 1:400 Ebioscience,11-5698-80
NeuN Mouse monoclonal IHC 1:150 Millipore, MAB377
NeuN Rabbit monoclonal IF 1:400 Abcam, ab177487
NFIA Rabbit polyclonal IHC 1:500 Millipore, HPA008884
NFIB Rabbit polyclonal IHC 1:500 Sigma-Aldrich, HPA003956
NFIX Rabbit polyclonal IHC 1:500 Abcam, AB101341
NFIX (clone 3D2) Mouse monoclonal IF 1:100 Sigma-Aldrich, SAB1401263
OLIG2 Rabbit polyclonal IF 1:300 Millipore, AB9610
SOX2 Rabbit polyclonal IHC 1:250 Cell Signalling Technology, AB2758
SOX2 (Alexa Fluor 488) Mouse monoclonal IF 1:250 eBioscience, 53-9811,
SOX9 Rabbit polyclonal IF 1:200 Merck, AB5535
Secondary antibodies
Alexa Fluor 488 Goat anti-rabbit IF 1:250 Abcam, ab150113
Alexa Fluor 647 Donkey anti-mouse IF 1:250 Abcam, ab150107
488 Donkey anti-goat IF 1:250 Thermo Fisher, A-11055
488 Goat anti-mouse IF 1:250 Thermo Fisher, A-11001
Alexa Fluor 647 Goat anti-rabbit IF 1:250 Thermo Fisher, A-21240
Cy3 FAB Mouse IF 1:250 Jackson Immunoresearch, 015-160-007
IgG Biotinylated donkey anti-mouse IHC 1:1000 Jackson Immunoresearch, 715-065-150
1gG Biotinylated goat anti-rabbit IHC 1:1000 Vector Laboratories, BA-1000
Table 2 astrocytoma cell line, U251, were seeded at 1 x 10* cells per well in

The qPCR primers used for the quantification of transcriptional levels in Nfix”~ and wild-
type mice.

Primer name Sequence 5’ - 3’

Aldhlll For TCACAGAAGTCTAACCTGCC
Aldhl1ll Rev AGTGACGGGTGATAGATGAT
Agp4 For TATCCAGTGGTTTGCCCAGT
Agp4 Rev GCAATTGGACATTTGTTTGC
Blbp (Fabp?) For TGGGAAACGTGACCAAACCA
Bibp (Fabp?7) Rev AGCTTGTCTCCATCCAACCG
CD44 For AGCGGCAGGTTACATTCAAA
CD44 Rev CAAGTTTTGGTGGCACACAG
Fgfr3 For CTCCTGCTGGCTAGGTTCAG
Fgfr3 Rev TCGTGGCTGGAGCTACTTC
Gapdh For GCACAGTCAAGGCCGAGAAT
Gapdh Rev GCCTTCTCCATGGTGGTGAA
GInS (Glul) For TTATGGGAACAGACGGCCAC
GInS (Glul) Rev AAAGTCTTCGCACACCCGAT
Mki67 (Ki67) For TGCAAAGGTAGAGGCTCCAT
Mki67 (Ki67) Rev CAGGTAGGCCAGAGCAAGT
Olig2 For CAGAGCCAGGTTCTCCTCC
Olig2 Rev CCCCAGGGATGATCTAAGC
Rbfox3 (NeuN) For ATGGTGCTGAGATTTATGGAGG
Rbfox3 (NeuN) Rev CCGATGGTGTGATGGTAAGG
S100b For ACATCAATGAGGGCAACCAT
S100b Rev GGACACTGAAGCCAGAGAGG
Slcla2 (Glt-1) For GGAGCTGAGGTGGCTGTC
Slela2 (Glt-1) Rev CAGAAGTTGGAAGCCAGTGC
Slcla3 (Glast) For CACTGCTGTCATTGTGGGTA
Slcla3 (Glast) Rev AGCATCCTCATGAGAAGCTC
Sox2 For CCAATCCCATCCAAATTAACGC
Sox2 Rev CTATACATGGTCCGATTCCCC
Sox9 For TCCACGAAGGGTCTCTTCTC
Sox9 Rev AGGAAGCTGGCAGACCAGTA

base pair fragment encompassing the region of the more distal peak
(Chromosome 8: 87323676—87324754, mm9) and cloned upstream of
the Renilla luciferase gene in the long-range enhancer reporter vector
containing a basal promoter, pLightSwitch_LR (Switchgear Genomics).

Overexpression vectors used in the luciferase assays were Nfia or
Nfib full-length cDNA driven by a CMV early enhancer/chicken B-actin
promoter and splice acceptor rabbit B-globin (Nfia pCAGIG, Nfib
PCAGIG and an empty vector control pCAGIG) (Matsuda and Cepko,
2004). Cells from the neuroblastoma cell line, Neuro2A, or the

a 96-well plate 24 h prior to transfection. DNA was transfected with
one of the above luciferase reporter and overexpression constructs
using Lipofectamine 2000 (Thermo Fisher). Each transfection had
Cypridina (Switchgear Genomics) added as an internal control for
normalization. Luciferase activity was measured at 24 h post-transfec-
tion using a dual-luciferase system (Switchgear Genomics). Each
condition was performed in triplicate, and the experiment was repeated
five times.

2.6. Chromatin immunoprecipitation (ChIP) and gPCR assay

E14.5 C57Bl/6J wild-type mouse spinal cords were dissected and
homogenized, and cross-linked chromatin was sheared via sonication
for use in the ChIP-qPCR assays. ChIP was performed on the sheared
chromatin with anti-NFIA (HPA008884, Sigma-Aldrich) and anti-
NFIB (HPA003956, Sigma-Aldrich) antibodies, as well as the control
antibodies H3K27ac (AB4729, Abcam; positive control) and Rb IgG
(AB171870, Abcam; negative control) coupled to 30 ul of magnetic
Protein G Dynabeads (Thermo Fisher). The qPCR of the samples was
performed with the primer sets listed in Table 3, SYBR Green Master
Mix 2x (QIAGEN) and a LightCycler 480 machine (Roche). All

Table 3
ChIP-qPCR primers used to analyse the binding of NFIA and NFIB to the Nfix promoter
and control regions.

Primer name

Sequence 5’ - 3’

Positive control For CTGTCACCAACCTGACGGT
Positive control Rev CAGAACCAAGTGGACAG
Negative control For GATTGCAGAGTAAGATCCCTT
Negative control Rev GCGTAAGTTCTACATGCTGCT
Proximal Set #1 For ACTTGTCGATTGGGCAAATTGT
Proximal Set #1 Rev AAAGAGGCATCCACTTGCAGC
Proximal Set #2 For CAATCCTAGTGTTCCCACCCC
Proximal Set #2 Rev AACAAGCGAAGTCCAGCAGT
Distal Set #1 For GGAATGTGGGGGATTCCAGC
Distal Set #1 Rev GTACCCCATTTTCCTGTCTCCC
Distal Set #2 For TGCTGGATGTATGCCCACTT
Distal Set #2 Rev GGGAGGGAGGGCCTAAACAT
mlId4 For Primer CTAGGCTGTGTCTGAAGCAC
mlId4 Rev Primer ACTCTCCTACAAGCTGGCAC
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individual samples were run in triplicate during each experiment, in
addition to a minimum of 4 biological replicates.

2.7. Statistical analyses

One-sided unpaired non-parametric Mann-Whitney tests were
performed for statistical analysis when comparing two groups with n
= 3. Two-tailed unpaired t-tests were used for statistical analyses in
groups with n > 3. For experiments in which there were more than two
independent variables, a two-way ANOVA was performed followed by a
Tukey's multiple comparisons test. Significance was determined at a p
value < 0.05 and error bars in figures represent the standard error of
the mean (SEM).

3. Results
3.1. Expression pattern of NFIX during spinal cord development

While it has been established that both NFIA and NFIB are key
factors in driving the gliogenic switch within the developing spinal
cord (Deneen et al., 2006), the spatial and temporal dynamics of
NFIX expression and its functional significance within the same
context has yet to be examined. Consistent with previous reports, we
found that NFIA and NFIB were expressed within neural progenitor
cells located in the spinal cord VZ from approximately E11.5 to

E12.5 NFIX E12.;5 - 75 o
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E12.5 (Deneen et al., 2006) (Fig. 1B, B’, C and C’). The timing of the
expression of these transcription factors coincided with that of
GLAST, a marker for astrocyte precursors and the onset of gliogen-
esis (Shibata et al., 1997) (Fig. 1D and D’). NFIX expression
however, was not observed within the neural progenitor cell popula-
tion of the spinal cord until after the gliogenic switch had occurred,
after E12.5 (Fig. 1A, A’, E and E’). To map the dynamics of NFIX
expression more closely, immunohistochemistry was performed on
spinal cord sections from mice of different embryonic ages, ranging
from E13.5 to E18.5. NFIX expression was first observed at E13.5
within the cell population lining the central canal (Fig. 2A, A’).
Expression of NFIX within these cells became the most apparent
between E14.5 and E15.5, but was also observed in cells both
adjacent to and migrating away from the central canal towards the
dorsal horn regions (Fig. 2B, B’, C and C’). At later embryonic ages
the expression of NFIX became less pronounced but was still evident
in the VZ and by cells scattered throughout the spinal cord (Fig. 2D,
D’, E and E’).

To verify the expression of NFIX by neural progenitor cells
surrounding the central canal, co-immunofluorescence (co-IF) was
performed through the labelling of E14.5 spinal cord sections with
the progenitor marker SOX2 (Ellis et al., 2004). Analysis of sections via
confocal microscopy revealed that SOX2-expressing neural progenitor
cells were immunopositive for NFIX within the VZ (Fig. 3A-D).
Interestingly, NFIX expression was higher in the neural progenitor

D
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Fig. 1. NFIX is expressed after the gliogenic switch in the embryonic spinal cord. Transverse sections of wild-type spinal cords at ages E12.5 (A-D’) and E14.5 (E-H’) were stained for
NFIA, NFIB NFIX, and a marker of early gliogenesis, GLAST. Boxed regions in A-D and E-H are shown in A’-D’ and E’-H’ respectively. (A, A’) At E12.5, NFIX expression was not
observed. (E, E’) However, at E14.5 NFIX expression was observed in and around the ventricular zone of the spinal cord (arrowheads in E’). This expression pattern occurs after NFIA

(arrowheads in B’, F’), NFIB (arrowheads in C’, G’) and GLAST expression (arrowheads in D’, H’). Scale bar (in H’): A-H = 200 um; A’-H’ =
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. »

NFIX |

Fig. 2. NFIX is expressed within the ventricular zone, and later, the dorsal horn region
of the developing spinal cord. NFIX expression in transverse sections of E13.5 to E18.5
wild-type spinal cords. (A) NFIX was first detected at E13.5 in the cells surrounding the
central canal of the spinal cord (arrowhead in A’). At E14.5 (B, B’) and E15.5 (C, C’),
NFIX expression was evident within the ventricular zone (arrowheads in B’, C’) as well as
by cells within the dorsal horn (double arrowheads in B, C). NFIX expression decreased
by E16.5 (D, D’) and E18.5 (E, E’), but was still present at low levels around the
ventricular zone (arrowheads in D, E’) and sparsely scattered cells throughout the rest of
the spinal cord (double arrowheads in D, E). Scale bar (in E’): A-E = 200 pm; A’-E’ =
70 pm.

cells located on the ventral side of the VZ, perhaps reflecting the early
patterning of glial precursors in the ventral neural tube coordinated by
gradients of a variety of morphogens and transcription factors
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Fig. 3. Neural progenitor cells and astrocytes express NFIX within the developing spinal
cord. (A-D) A transverse section of an embryonic spinal cord from an E14.5 wild-type
mouse at both a low (A) and high (B-D) magnification, labelled with the nuclear marker
DAPI (blue), the neural progenitor cell marker SOX2 (green), and NFIX (red). The boxed
region in A indicates the location of the higher power images of the ventricular zone in B-
D. The majority of SOX2-positive cells lining the central canal expressed NFIX (arrow-
heads), with cells lining the ventral side of the ventricular zone exhibiting the highest
expression. NFIX-expressing cells were also observed within the mantle zone of the
spinal cord (double arrowheads in A). (E-K) Transverse section of a spinal cord from an
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E18.5 wild-type mouse at both a low (E) and high (F-K) magnification, labelled with the
nuclear marker DAPI (blue), the mature astrocyte marker GFAP (green), and NFIX (red).
The boxed regions in E indicate the locations of the higher power images in F-H and I-K.
Mature astrocytes lining the periphery of the spinal cord express NFIX (F-H; arrow-
heads), as do astrocytes within the mantle zone (I-K; arrowheads). (L-R) Transverse
section of a spinal cord from an E18.5 wild-type mouse at both a low (L) and high (M-R)
magnification, labelled with DAPI (blue), OLIG2 (green), and NFIX (red). The boxed
regions in L indicate the locations of the higher power images in M-O and P-R. A subset
of OLIG2-expressing cells expressed NFIX near the central canal (arrowheads in M-O)
and at the periphery of the spinal cord (arrowheads in P-R). Scale bar (in R): A = 200 um;
B-D = 50 um; E, L = 250 pm; F-K, M-R = 25 ym.

(Hochstim et al., 2008; Rowitch, 2004). Expression of NFIX by
progenitor cells within the embryonic spinal cord was further sup-
ported by the co-expression of NFIX and SOX9 within ventricular zone
progenitor cells (Supp. Fig. 1A-D). NFIX-expressing cells positioned
outside of the VZ were negative for SOX2 (Fig. 3A), suggesting these
were more differentiated cell types. Indeed, we detected co-expression
of NFIX and SOX9 by cells within the mantle zone and spinal cord
periphery at E18.5 (Supp. Fig. 1E-K), suggesting that NFIX could be
expressed by cells of the astrocytic lineage. Consistent with this, NFIX
expression was detected in glial fibrillary acidic protein (GFAP)-
expressing astrocytes in the late gestation spinal cord (Fig. 3E).
These cells were located at the periphery of the spinal cord (Fig. 3F-
H), as well as in the mantle layer (Fig. 3I-K). Consistent with
expression of NFIX within the adult forebrain (Chen et al., 2017),
NFIX expression was also detected within a small subset of neurons
(Supp. Fig. 2), and by a subpopulation of OLIG2-expressing cells of the
oligodendrocyte lineage (Fig. 3L-R). We did not observe co-expression
of NFIX with the microglial marker IBA1 (data not shown).

3.1.1. Nfix/" mice display no changes in neurogenesis

Given the expression of NFIX by spinal cord neural progenitor cells,
we examined whether the absence of Nfix has a similar effect on this
population of progenitors as seen in other regions of the developing
CNS, such as the hippocampus, in which there is prolonged prolifera-
tion of the progenitor pool (Harris et al., 2016; Heng et al., 2014). We
performed IHC on the spinal cords of Nfix”/~ mice and their wild-type
littermate controls, between E14.5 and E16.5 using antibodies for
SOX2 and Ki67. There was no significant difference in the number of
cells expressing the proliferative marker Ki67 in the VZ of Nfix”~ mice
compared to controls, nor the neural progenitor marker, SOX2 (Supp.
Fig. 3). In support of these observations, qPCR performed on cDNA
derived from the spinal cord of E14.5 Nfix”" mice revealed no changes
in expression for either of these genes at a transcriptional level (Supp.
Fig. 3C, F). Together, these data indicate that NFIX does not play a
major role in the maintenance of spinal cord progenitor cell population,
or its continued proliferation.

In light of these findings, and the fact that NFIX is expressed after the
majority of spinal cord neurons are generated (Caspary and Anderson,
2003), we hypothesised that the deletion of Nfix would also have no effect
on neuronal production. Neurogenesis was assessed via immunohisto-
chemistry for the expression of a neuronal marker, NeuN (RBFOX3), in
Nfix”~ and wild-type mice. Neurogenesis was normal in the spinal cord of
embryonic Nfix”~ mice with regards to cell numbers, cellular appearance
and distribution of NeuN-positive cells in the spinal cord grey matter
(Supp. Fig. 4A-F, H). In addition, there was no difference in the mRNA
levels of Rbfox3 when assessed at E14.5 in Nfix”" spinal cord tissue
compared to wild-type mice (Supp. Fig. 4G). This is in contrast to the role
of NFIX within the developing hippocampus, where the production of
intermediate neuronal progenitors, and subsequent neurogenesis, is
delayed in Nfix”~ mice (Harris et al, 2016; Heng et al, 2014).
Similarly, in the cerebellum, granule neuron progenitors exhibit impaired
migration and axon outgrowth in the absence of Nfi genes, including Nfix
(Piper et al., 2011; Wang et al., 2007). These data highlight the context-
specific roles of NFIX during nervous system development.
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3.1.2. Nfix/~ mice display a transient delay in oligodendrocyte
production

NFI family members have previously been implicated in different
aspects of oligodendrogenesis. NFIB, for instance, has been implicated
in promoting oligodendrocyte production in the adult hippocampus
(Rolando et al., 2016) and NFIA has been implicated in specifying the
oligodendrocytic lineage during early phases of gliogenesis within both
the nascent mouse spinal cord (Deneen, 2006), and the postnatal
forebrain (Wong et al., 2007). In contrast, NFIX has been reported to
suppress oligodendrogenesis both in vitro, and within postnatal
subventricular zone stem cells from the mouse forebrain (Zhou et al.,
2015). Given the strong expression of NFIX by neural progenitor cells
within the spinal cord central canal at E14.5 (Fig. 3A-D), we investi-
gated whether the loss of NFIX could enhance the production of
oligodendrocytes. To address this question, we analysed the expression
of the oligodendrocyte-lineage marker, OLIG2 (Yokoo et al., 2004) in
wild-type and Nfix”~ tissue at ages between E14.5 and E16.5. In
contrast to the forebrain, we saw a delay in oligodendrocyte production
at E14.5, but saw no significant difference in spinal cord oligoden-
drocyte formation in the Nfix”~ mice, both in regards to the number of
OLIG2-immunopositive cells and their distribution at E15.5 and E16.5
(Supp. Fig. 5A-F, H). Moreover, no difference in Olig2 expression was
found at the transcriptional level (Supp. Fig. 5G). These data suggest
that, despite being expressed by a sub-population of OLIG2-positive
cells, the loss of Nfix does not bias neural progenitor cells to generate
oligodendrocytes, further highlighting the fact that the role of NFIX in
forebrain development is not fully recapitulated within the developing
spinal cord.

3.1.3. Nfix”" mice display delayed terminal astrocytic differentiation

One role of NFIs that has been consistently observed, both in vitro,
and in vivo in various regions of the brain, including the cerebellum,
neocortex and hippocampus, is the capacity to promote astrocytic
differentiation (Harris et al., 2016; Heng et al., 2014; Piper et al., 2011;
Singh et al., 2011b; Wilczynska et al., 2009). As such, we analysed
astrocytic development in Nfix”" mice. Unlike mice lacking Nfia or Nfib
(Deneen et al., 2006), we found that the expression of GLAST was not
diminished in the absence of Nfix in the spinal cord, as the expression
and distribution of this marker in the mutant was comparable to the
control between E14.5 to E16.5 at both protein (Fig. 4A-F) and mRNA
levels (Fig. 4G). Again, these findings highlight fundamental differ-
ences in the role of NFIX in the dorsal forebrain (Heng et al., 2014) and
spinal cord during development. These findings do not, however,
preclude a role for NFIX in promoting astrocytic development.
Indeed, previous work performed in vitro has suggested that NFIX
may function later than NFIA and NFIB in promoting glial differentia-
tion (Wilczynska et al., 2009). To determine if NFIX coordinates
terminal glial differentiation, we analysed the expression of the mature
astrocyte marker GFAP. Consistent with the finding that NFIX acts to
drive later stages of glial differentiation in vitro (Wilczynska et al.,
2009), the expression of GFAP was significantly diminished throughout
the spinal cord of E18.5 mutant mice in comparison to wild-type
controls (Fig. 4H-I and J). The expression of GFAP in the spinal cord of
Nfix-deficient mice resembled that observed in mice lacking either Nfia
or Nfib (Supp. Fig. 6A-D). Furthermore, the expression of Gfap mRNA
was significantly reduced in Nfix”~ mice compared to controls
(Fig. 4K). Additionally, we compared the expression of other astro-
cyte-specific markers in E18.5 Nfix”~ mice to wild-type controls using
qPCR (Fig. 4L-N). Decreased mRNA expression was observed for
Aldh1ll (Cahoy et al., 2008), Glul, and Agp4 (p = 0.058) (Cahoy
et al.,, 2008; Fallier-Becker et al., 2014). We saw no significant
difference in the mRNA expression of other markers, including Cd44,
Fabp7, Fgf3 and s100p. In line with a role in promoting later stages of
astrocytic maturation, the expression of Sox9 mRNA was not signifi-
cantly different in mice lacking Nfix. Interestingly, by postnatal day 10,
the expression of GFAP within the spinal cord of Nfix”~ mice was
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Fig. 4. Nfix”" mice display a decrease in the expression of the mature astrocyte marker, GFAP, but not the early astrocyte marker GLAST. Transverse sections of spinal cords from E14.5
to E18.5 were taken from Nfix”~ and wild-type mice and stained for the early glial marker, GLAST. Nfix”~ mice (B, D and F) displayed no changes in the expression of early glial cell
marker GLAST in comparison to control mice (A, C and E). Boxed regions in A and B are shown in A’ and B’ respectively. (G) No change in mRNA levels for Glast was detected at E14.5
or E18.5 in Nfix”~ mice compared to controls. (H-I, J) GFAP fluorescence intensity was reduced in the spinal cords of Nfix”~ mice at E18.5. (K) Gfap mRNA levels were also significantly
reduced in the mutant at this age. (L-O) mRNA levels of additional markers of mature astrocytes such as Aldh1l1, Glul and Aqp4 were also reduced in Nfix”~ mice. No significant
difference in the expression of Sox9 was observed between wild-type and mutant mice at E18.5. Statistical analyses were performed with two-tailed unpaired t-tests (n = 4 for mRNA

analyses, n = 5 for IFs). *p < 0.05. Scale bar in (I): A-F, H-I = 200 um; A’-B’ = 80 um.

comparable to that of the control when analysed via fluorescence
intensity staining (Supp. Fig. 7A-C), indicative of the embryonic
phenotype representing a delay in astrocyte differentiation, rather than
an inability of these cells to mature. Furthermore, we saw no evidence
for increased caspase-mediated cell death in the spinal cords of Nfix
mutant mice at ages between E14.5 and E18.5 (data not shown).
Collectively, the expression of NFIX by neural progenitor cells within
the spinal cord at E13.5-15.5, coupled with the decrease in the
expression of mature astrocyte markers within the late gestation spinal
cord in the absence of Nfix, indicate that this transcription factor
regulates terminal astrocytic differentiation. This finding is in stark
contrast to other NFI family members, which act earlier to initiate
the gliogenic switch, and to promote glial-lineage specification
(Deneen et al., 2006). Critically, however, these findings corroborate

292

a previous in vitro study of astrocyte differentiation in human neural
progenitors that suggested individual NFIs may function in a tempo-
rally restricted manner such that NFIA and B act early in gliogenesis,
whilst NFIX acts at a later phase of gliogenesis (Wilczynska et al.,
2009).

3.1.4. NFIB binds to the Nfix promoter to drive its transcription

To this point, our findings have revealed that NFIX is expressed
after NFIA and NFIB, and that aspects of terminal astrocytic differ-
entiation are impaired in the absence of this transcription factor. One
possibility arising from these findings is that Nfix is a downstream
target of NFIA and/or NFIB during development of the spinal cord.
However, very little is known regarding the control of the Nfi genes
themselves within the developing central nervous system, with the
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Fig. 5. NFIX co-localises with NFIA and NFIB within the developing spinal cord.
Transverse sections of E15.5 wild-type spinal cords revealing to co-expression of NFIX
(red) with NFIA (green; A, B-B”) and NFIB (green; C, D-D”) by ventricular zone
progenitor cells (arrowheads in B-B” and D-D”). Scale bar in (D”): A, C 200 um; B-B”
and D-D” 50 pm.

exception of various microRNAs that have been implicated in the post-
transcriptional regulation of Nfi gene expression in vitro (Fazi et al.,
2005; Glasgow et al., 2013; Tsuyama et al., 2015). To investigate
whether Nfix is a target for NFIA- and/or NFIB-mediated transcrip-
tional activation, we first determined whether these factors are co-
expressed by progenitor cells within the nascent spinal cord. To do this,
we used anti-NFI antibodies whose specificity has previously been
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demonstrated in Nfi knockout tissue (Chen et al., 2017). Expression
analysis at E15.5 revealed that progenitor cells within the spinal cord
co-express NFIA and NFIX, as well as NFIB and NFIX, at this age
(Fig. 5A-D). If NFIA or NFIB directly regulates Nfix expression, then
these proteins will likely bind the promoter region of the Nfix gene. To
identify potential NFI binding sites within the Nfix promoter, we
analysed a recent ChIP-seq dataset that used a pan-NFI antibody to
investigate genome-wide NFI occupancy within cultured neural stem
cells derived from a mouse embryonic stem cell line (Mateo et al.,
2015). This analysis identified two binding peaks within chromatin
proximal to the Nfix transcriptional start site (TSS), indicating that
NFIs may directly bind the Nfix promoter (Fig. 6A). One binding peak
was detected at the TSS (—0TSS) within the promoter region, while the
other peak was detected 4637 base pairs upstream (-4637 TSS),
suggesting that Nfix may be transcriptionally regulated by NFI family
members.

We next sought to determine if NFIA and/or NFIB occupy these
sites within chromatin isolated from E14.5 spinal cord tissue. We
used ChIP-qPCR to determine enrichment for NFIA or NFIB using
primer sets spanning either the ChIP-peak region proximal to the Nfix
TSS (proximal primer sets 1 and 2) or the upstream peak (distal
primer sets 1 and 2; Fig. 6A). This approach revealed enrichment for
NFIB occupancy at the ChIP-peak region within the Nfix proximal site
(Fig. 6B). We did not observe any enrichment for NFIA binding at the
proximal site, nor did we detect any significant enrichment for either
NFIA or NFIB at the distal NFI ChIP-peak region (data not shown).
Analysis of NFI occupancy at a different locus, MER130.31 corre-
sponding to an Id4 enhancer, demonstrated the capacity of this NFIA
antibody to reveal enrichment of NFIA localisation within the genome
(Supp. Fig. 8A), suggesting that the absence of NFIA enrichment at
the Nfix promoter was not due to the inability of this antibody to
recognise endogenous NFIA protein within this paradigm. Luciferase

A
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Fig. 6. NFIB directly regulates the transcription of Nfix. (A) ChIP qPCR primers were designed to overlap the binding-peak regions identified in a recent ChIP-seq dataset (Mateo et al.,
2015). Distal primer sets 1 and 2 were designed to overlap with the distal binding motif, whereas proximal primer sets 1 and 2 were designed to overlap with the binding motif at the
transcriptional start site (TSS). (B) ChIP qPCR of E14.5 mouse spinal cord tissue revealed enrichment of NFIB binding to the Nfix promoter using the primers proximal to the TSS, but
not for NFIA binding. Neither NFIB nor NFIA were enriched in the chromatin region distal to the Nfix TSS (distal primer set 1 and 2, respectively; not shown). (C) A luciferase construct
with an insert containing the ChIP peak region on the Nfix promoter proximal to the TSS (Nfix pLUC) was transfected into Neuro2A cells with either an NFIA (Nfia pCAGIG) or NFIB
(Nfib pCAGIG) overexpression construct. The assay revealed an increase in Nfix-promoter driven luciferase transcription in cells that overexpressed NFIB but not NFIA. Statistical
analyses were performed using two-way ANOVAs followed by a Tukey's multiple comparisons test (n = 4 for luciferase assays, and n = 4 for ChIP-qPCR). * p < 0.05; *** p < 0.001.
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Fig. 7. Nfia”~ and Nfib”~ mice display decreased NFIX expression. (A-D) The spinal cords of E14.5 Nfia”~ and Nfib”~ mice, and their wild-type littermate controls, were transversely
sectioned and labelled for NFIX using immunofluorescence labelling. The expression of NFIX was reduced in and around the ventricular zone of the spinal cords of Nfia”~ (B’; arrows)
and Nﬁb’/ " (D’; arrows) mice, as well as the dorsal horn regions (B” and D” respectively; arrows) when compared to the controls (arrowheads in A’, A”, C’, C”). A decrease in NFIX
expression was also detected using fluorescence intensity measurements in both the ventricular zone (E) and dorsal horn regions (F). Statistical analyses were performed using a one-
sided unpaired non-parametric Mann-Whitney test (n = 3). * p = 0.05. Scale bar in (D”): A-D 200 um; A’-D” 50 pum.

reporter gene assays further demonstrated that NFIB could tran-
scriptionally activate luciferase expression under the control of a
portion of the Nfix promoter containing the proximal NFI binding site
(Fig. 6C, Supp. Fig. 8B). Consistent with our ChIP-qPCR results, NFIA
was not able to drive Nfix-promoter driven transcriptional activity,
although NFIA was able to activate the transcription of the luciferase
gene under the control of a different promoter, namely that of the
inscuteable gene (Supp. Fig. 8C). Moreover, neither NFIA nor NFIB
promoted transcriptional activity driven by a portion of the Nfix
promoter containing the upstream NFI binding site (data not shown).
Collectively, these data suggest that NFIB can directly activate Nfix-
promoter driven transcriptional activity by binding proximally to the
Nfix TSS.

294

3.1.5. NFIX expression is reduced in the spinal cord of Nfib-deficient
mice

If Nfix were a target of NFIB-mediated transcriptional activity, then
we would hypothesise that, as an upstream factor, NFIB expression
would be unchanged within Nfix” mice. Conversely, we would posit
that NFIX expression would be reduced within the spinal cord of Nfib”"
mice. To address these hypotheses, we first assessed protein expression
levels in our different knockout strains. As expected, the expression of
NFIB within Nfix”"mice at E15.5 was comparable to that observed in
the controls, as was that of NFIA (Supp. Fig. 9). Next, NFIX protein
levels were examined within spinal cord sections from Nfib”~ mice.
Critically, in line with our in vitro data, there was a prominent
reduction in the expression of NFIX in Nfib”~ mice compared to the
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control animals in both the VZ and dorsal horn regions at E14.5
(Fig. 7C-F). Expression of NFIX within the spinal cord was also
reduced in E18.5 Nfib”~ mice (Supp. Fig. 10). Although we did not
find evidence for NFIA binding and regulating the Nfix promoter
(Fig. 6B, C), we observed a similar phenotype in Nﬁa'/ “mice at E14.5,
with a reduction in NFIX expression observed in both the VZ and
dorsal horn regions in comparison with the wild-type littermates
(Fig. 7A, B, E, F). These results suggest an indirect role for NFIA in
the regulation of Nfix transcription. For example, NFIA may bind distal
enhancers not detected in the original ChIP-seq dataset (Mateo et al.,
2015) or might regulate Nfix expression indirectly. We also identified a
putative NFI binding site within the Nfib promoter using the same
ChIP-seq dataset, suggestive of a mechanism whereby NFIA regulates
Nfib. However, we saw no change in NFIB protein expression levels
within the spinal cord of Nfia”~ mice, indicating that Nfib is unlikely to
be a direct transcriptional target of NFIA (Supp. Fig. 11A-C). In
conclusion, we demonstrate that Nfix expression is dependent on
NFIB-mediated transcriptional regulation, highlighting the importance
of the NFI family in regulating gliogenesis within the embryonic spinal
cord and revealing that NFIX is part of the downstream transcriptional
program through which NFIA and NFIB promote gliogenesis from VZ
progenitor cells.

4. Discussion

NFIA and NFIB have previously been identified as critical factors
that initiate the gliogenic switch within the embryonic spinal cord
(Deneen et al., 2006). The contribution of a third NFI family member,
NFIX, to this process was unknown. In this study we identify NFIX as
an important component in the development of the embryonic spinal
cord, with abnormalities in terminal glial differentiation providing a
key insight into the regulation of the astrogliogenic pathway.
Additionally, we also identify an interaction between NFI family
members along this cell fate pathway by demonstrating the NFIB-
mediated activation of Nfix expression. This hierarchical organisation
of NFI protein expression and function during spinal cord gliogenesis
exposes a novel auto-regulatory mechanism working within this family
of transcription factors.

Despite the importance of the NFI family for CNS development, the
regulatory factors upstream of the Nfi genes are poorly defined.
Previously, studies have pointed to PAX6 being one factor that could
potentially regulate Nfi gene expression, as its expression within the
dorsal forebrain precedes that of both NFIA and NFIB (Plachez et al.,
2008; Walther and Gruss, 1991). Moreover, differential gene expres-
sion analysis performed on Pax6-deficient mice revealed reduced
expression of both Nfia and Nfib (Holm et al.,, 2007). However, a
recent study demonstrated that Nfia and Nfib are unlikely to be targets
for PAX6-mediated transcriptional control, at least within the embryo-
nic neocortex (Bunt et al., 2015). As such, the transcriptional control of
the Nfi family remains unclear. Our study points to NFIB as being a key
factor in coordinating the timely expression of Nfix within the spinal
cord. The regulation of Nfix by NFIB may also underlie the relatively
subtle deficits in terminal astrocytic differentiation observed here, as
NFIB itself also likely regulates astrocytic gene expression (Wilczynska
et al., 2009). The auto-regulation of transcription factor family gene
expression is a recurring theme within nervous system development,
and is exhibited for example, by the basic-helix-loop-helix proteins
(Akagi et al., 2004), which activate their own transcription during
retinal development. The highly overlapping pattern of NFIA, NFIB
and NFIX expression in other parts of the developing mouse brain,
such as the neocortex (Plachez et al., 2008) and cerebellum (Fraser
et al., 2016; Piper et al., 2011; Wang et al., 2007, 2004) suggest that
this auto-regulatory function may also operate in these regions too.
Interestingly, a recent study that mapped the expression of NFIA, NFIB
and NFIX within the adult mouse forebrain revealed that each NFI
family member had partially overlapping expression patterns, suggest-
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ing that the auto-regulation of NFI expression could also occur within
the mature brain (Chen et al., 2017).

This study also provides new insights into our understanding of
the transcriptional program controlling the terminal aspects of spinal
cord gliogenesis. At this point, the exact targets of NFIX that drive
this late-stage astrocyte-specific differentiation remain unknown.
Given previous reports, it is likely that NFIX regulates Gfap expres-
sion (Brun et al., 2009; Singh et al., 2011b). NFIX has also been
previously shown to regulate the expression of other astrocytic genes
in vitro, including the later expressed secreted protein acidic and rich
in cysteine-like protein 1 (SPARCLI), brain fatty-acid binding protein
(FABP?), al-antichymotrypsin (SERPINA3) and chitinase 3 likel
(CHI3LI or YKL-40) (Brun et al., 2009; Gopalan et al., 2006; Piper
et al.,, 2011; Singh et al., 2011a; Wilczynska et al., 2009). To gain
further insights into how NFIX controls this cell-fate pathway,
methods such as ChIP-seq or RNA-seq could be utilised to determine
putative DNA-binding sites or misregulated genes in Nfix”" tissue,
respectively. These approaches would provide novel indications as to
the downstream targets of NFIX during terminal astrocyte differen-
tiation within the spinal cord.

Interestingly, the ability of NFIs to act as chromatin binding
factors may point to them having a broader role in gene regulation
outside of the direct binding to promoter or enhancer regions of
their direct target genes. An emerging hypothesis has proposed that
NFIs modulate chromatin accessibility as epigenetic modifiers
(Denny et al., 2016; M. Fane et al., 2017; M.E. Fane et al., 2017b;
Pjanic et al., 2013) by binding both the chromatin itself (Pankiewicz
et al., 2005), and chromatin modifying proteins (Dusserre and
Mermod, 1992; Muller and Mermod, 2000). Here, we analysed the
role of NFIX in regulating terminal astrocyte differentiation.
However, the ability of NFI proteins to interact with chromatin, or
to regulate the expression of chromatin-modifying factors, might
help explain the capacity of NFI proteins to govern multiple aspects
of neural stem cell fate in other regions, including neuronal
differentiation in the dorsal telencephalon and cerebellum (Harris
et al.,, 2016; Piper et al., 2011) and the postnatal production of
oligodendrocytes (Zhou et al., 2015).

In conclusion, these findings support previous work indicating
that NFI transcription factors act sequentially during astrocytic
development, with NFIX acting after NFIA and NFIB during this
process (Wilczynska et al., 2009). Crucially our findings reveal
additional complexity to this program of NFI-mediated astrocytic
gene expression, as we demonstrate that NFIB can bind to the Nfix
promoter region, driving transcriptional activity. Collectively, these
findings provide significant insights into how astrogliogenesis within
the embryonic spinal cord is mediated by this family of transcription
factors, which may have broad implications in our understanding of
diseases or injuries characterised by aberrations in astrocyte pro-
duction.
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