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ABSTRACT Long-range chromatin interactions between gene loci in the cell nucleus are
important for many biological processes, including transcriptional regulation. Previously, we
demonstrated that several genes specifically cluster with the astrocyte-specific gene for glial
fibrillary acidic protein (Gfap) during astrocyte differentiation; however, the molecular mech-
anisms for gene clustering remain largely unknown. Here we show that brahma-related gene
1 (BRG1), an ATP-dependent chromatin remodeling factor, and the transcription factor STAT3
are required for Gfap and oncostatin M receptor (Osmr) clustering and enhanced expression
through recruitment to STAT3 recognition sequences and that gene clustering occurs prior to
transcriptional up-regulation. BRG1 knockdown and JAK-STAT signaling inhibition impaired
clustering, leading to transcriptional down-regulation of both genes. BRG1 and STAT3 were
recruited to the same Gfap fragment; JAK-STAT signaling inhibition impaired BRG1 recruit-
ment. Our results suggest that BRG1 and STAT3 coordinately regulate gene clustering and
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up-regulate Gfap and Osmr transcription.

INTRODUCTION

Chromosomes occupy distinct locations in the cell nucleus in the
form of chromosome territories within which the spatial arrange-
ment of genes is nonrandom (Cremer and Cremer, 2010). In higher
eukaryotes, chromosomal regions containing active genes often ex-
tend outside of the chromosomal territories and associate with
other active regions to share transcription factories. Studies utilizing
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chromosome conformation capture (3C) and its derivative tech-
niques (e.g., 4C, 5C, and ChIA-PET) have suggested that gene
clustering plays a role in transcriptional optimization (Fullwood
et al., 2009; Wei et al., 2013; Williamson et al., 2014). However, the
precise mechanisms underlying gene clustering remain largely
unexplored.

Using an enhanced 4C method with minor modifications (modi-
fied e4C), we recently described the occurrence of large-scale
interchromosomal interactions during the differentiation of neural
precursor cells (NPCs) to astrocytes (Ito et al., 2016). In addition, we
identified genes that specifically cluster with an astrocyte-specific
gene, glial fibrillary acidic protein (Gfap), in NPC-derived astrocytes.
These findings support the possibility that clustering of coexpress-
ing genes is involved in astrocyte differentiation. Osmr, included
among the 18 identified clustering genes, encodes the oncostatin
M receptor (OSMR), which is transcriptionally activated by STAT3,
as is Gfap (Tiffen et al., 2008). OSMR is essential for the activation of
downstream JAK-STAT signaling pathways by OSM, a member of
the interleukin (IL)-6 family of cytokines, through the formation of a
heterodimer with the common signal transducer gp130 to in-
duce transcription (Ichihara et al., 1997; Morikawa, 2005). In turn,
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JAK-STAT signaling is important for the induction of astrocyte dif-
ferentiation in the fetal brain (Yanagisawa et al., 1999).

STAT3 recruitment to a subset of IL-6-inducible genes (Giraud
et al., 2004; Ni and Bremner, 2007) is reliant upon a subunit of SWI/
SNF chromatin remodeling protein complexes termed brahma-
regulated gene-1 (BRG1), which utilizes energy from ATP hydrolysis
to disrupt histone-DNA interactions, resulting in transcriptional acti-
vation (Trotter and Archer, 2008). BRG1 is also known as a mediator
of long-range interactions of enhancer regions and transcription
start sites (Kim et al., 2009). Furthermore, BRG1 is needed to repress
neuronal differentiation and promote astrogenesis of mouse neural
stem cells (Matsumoto et al., 2006). These findings illustrate the
importance of STAT3 and BRG1 in astrogenesis. However, how
these molecules participate in establishing nuclear architecture,
including gene positioning, and how this gene positioning affects
the transcriptional activity in developing astrocytes remains to be
elucidated.

Here we present evidence for a mechanism for Gfap and Osmr
gene clustering. We demonstrate that clustering of Gfap and Osmr
occurs prior to transcriptional activation of both genes and that
Gfap expression predominantly occurs from clustered alleles. This
gene clustering is mediated by STAT3 and BRG1, and impairment of
both factors leads to loss of gene clustering and transcriptional
down-regulation of both genes. Collectively, our results show that
BRG1 and STAT3 are required for gene clustering between Gfap
and Osmr and their transcriptional enhancement.

RESULTS

Gene clustering of Gfap and Osmr occurs prior to their
transcriptional activation

To determine whether Osmr clusters with Gfap not only in cultured
NPC-derived astrocytes (leukocyte inhibitory factor [LIF]-stimulated
cells), as described in our previous study (Ito et al., 2016), but also in
vivo, we first performed DNA fluorescence in situ hybridization
(FISH) using mouse brain sections (Figure 1A). To exclude the pos-
sibility that nuclear size affects gene clustering, we first measured
the nuclear diameters in each type of cell (Figure 1B) and normal-
ized the distances between Osmr and Gfap to average the nuclear
diameters in each cell type. We found that the incidence of gene
clustering between Gfap and Osmr was significantly increased in
GFAP-positive cells in the forebrains of embryonic day (E) 17.5
fetuses and postnatal day (P) 1 mice compared with that of Nestin-
positive cells of E14 brains (p = 0.002 and p = 0.030, respectively)
(Figure 1C). The cumulative frequency of interprobe distances
between Gfap and Osmr in GFAP-positive cells in the E17 forebrain
significantly differed from that in Nestin-positive cells in the E14
forebrain throughout the entire range of distances examined,
whereas the frequency in GFAP-positive cells in the P1 forebrain did
not differ from that in the E14 forebrain (Figure 1D). The results
demonstrate that the different incidence of gene clustering among
these cell types cannot be attributed to variation in nuclear size; in
addition, these cell types exhibited very similar nuclear shapes.

To understand the correlation between the transcriptional activa-
tion and gene clustering of Gfap and Osmr, we addressed potential
temporal changes both in transcription and in clustering by assaying
mRNA and pre-mRNA reverse transcription—quantitative PCR (RT-
gPCR) and DNA FISH every 24 h after leukocyte inhibitory factor
stimulation. The mRNAs and pre-mRNAs of both Gfap and Osmr
were robustly increased at 72 h after the stimulation (Figure 2, A and
B). We also found that the clustering was significantly increased
at 48 h after the stimulation (Figure 2C). As there were no differ-
ences in the nuclear diameters of NPCs and LIF-stimulated cells
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FIGURE 1: Confirmation of Gfap and Osmr gene clustering in brain
sections. (A) Projected images of double-labeled DNA FISH for Gfap
(green) and Osmr (red) in embryonic day (E) 14 Nestin-positive NPCs,
E17 and postnatal day (P) 1 GFAP-positive astrocytes. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale
bar =5 pm. Arrowheads indicate clustering loci. (B) Nuclear diameters
of E14 Nestin-positive NPCs and E17 and P1 GFAP-positive
astrocytes. Nuclear diameters represent the largest diameter of each
nucleus stained with DAPI. The Steel test was performed; *p < 0.05 (n
=108). (C) Clustering frequencies determined using DNA FISH for
Gfap and Osmr in E14 Nestin-positive NPCs as well as E17 and P1
GFAP-positive astrocytes. Error bars: means + SEM with three
biological replicates (n = 53-54). *p < 0.05, **p < 0.01 by ANOVA with
Fisher's LSD post hoc test. (D) Cumulative frequencies of interprobe
distances between Gfap and Osmr in E14 Nestin-positive NPCs as
well as GFAP-positive E17 and P1 astrocytes. The Kolmogorov—
Smirnov (K-S) test was performed (n = 320).

(Figure 2D), we concluded that the increased clustering incidence
was not attributable to smaller nuclei in LIF-stimulated cells. In par-
ticular, the frequencies of interprobe distances of less than 1500 nm
were increased upon LIF stimulation, whereas statistical significance
was only observed in the range of 1-500 nm (Figure 2E), suggesting
that the Osmrand Gfap gene loci became closer. These results indi-
cate that the timing of Gfap and Osmr gene clustering is associated
with the transcriptional activation of both genes.

Gene clustering of Gfap and Osmr promotes transcriptional
activation of Gfap

As gene clustering has been suggested to play a role in achieving
high-level transcription (Schoenfelder et al., 2010), we next performed
triple color FISH for Gfap RNA and DNA and Osmr DNA in LIF-stim-
ulated cells (96 h after the stimulation) to assess whether the gene
clustering of Gfap and Osmiris related to gene expression (Figure 3A).
Gfap transcripts were observed in 24.5 + 6.2% of LIF-stimulated cells
(unpublished data). Furthermore, the clustering between Gfap and
Osmr in Gfap-expressing (active) alleles was significantly higher than
that in nonexpressing (inactive) alleles (p = 0.029) (Figure 3B). Next,
we focused on cells with single active alleles of Gfap and identified a
tendency toward higher incidence of association between active
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FIGURE 2: Gfap and Osmr gene cluster in prior to the transcriptional activation of both genes. (A, B) Quantitative
RT-PCR was performed on mRNA (A) and pre-mRNA (B) of Gfap and Osmr. The expression level of each gene was
determined in NPCs alone and stimulated with LIF for the indicated time (LIF-stim). The results were normalized to
Gapdh expression. Each graph represents the mean (+SEM) relative amount (compared with NPCs) of at least three
experiments. (C) Clustering frequencies of Gfap and Osmr determined using DNA FISH in NPCs alone and
stimulated with LIF for the indicated time (LIF-stim). Each graph represents the mean (+SEM) percentage for the
number of cells with clustering alleles of at least three experiments. The Dunnett test was performed. *p < 0.05,
**p < 0.01 (n = 53-54). (D) Nuclear diameters of NPCs alone and stimulated with LIF for 96 h (LIF-stim). Nuclear
diameters represent the largest diameter of each nucleus stained with DAPI. The Steel test was performed
(n=138). (E) Frequencies of interprobe distances between Gfap and Osmr in NPCs; cells were stimulated with

LIF for the indicated time (LIF-stim). The Dunnett test was performed for each interprobe distance. *p < 0.05,

**p < 0.01.
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Gfap and Osmr gene clustering correlates with Gfap
transcription in LIF-stimulated cells. (A) Projected images of triple-
labeled RNA/DNA FISH in LIF-stimulated cells for Gfap DNA (green),
Osmr DNA (red), and Gfap RNA (white). Nuclei were counterstained
with DAPI (blue). Scale bar =5 pm. Arrowhead indicates clustering
alleles. (B) Clustering frequencies of Gfap active (transcribed) and
inactive (not transcribed) alleles determined using RNA/DNA FISH for
LIF-stimulated cells. Data represent the means + SEM of three
biological replicates (n = 72-74 for active alleles and 332-336 for
inactive ones). Student’s t test was performed for statistical analysis.
*p < 0.05. (C) Phenotypic analysis of cells with single active
(transcribed) Gfap. Frequencies of cells with an active or inactive Gfap
allele that clustered with Osmr were determined. Data are presented
as the means = SEM of three biological replicates (n = 54-55).
Student’s t test was performed.

Gfap alleles and Osmr loci than between inactive Gfap alleles and
Osmr loci, although this did not reach statistical significance (p =
0.112) (Figure 3C). Overall, however, these results indicate that gene
clustering may contribute to the transcriptional activation of Gfap.

BRG1 and STAT3 are recruited to STAT3 recognition sites at
Gfap and Osmr loci concurrent with gene clustering
To elucidate the molecular mechanisms of Gfap and Osmr gene
clustering, we focused on BRG1, as it mediates long-range interac-
tions of transcriptional regulatory regions (Kim et al., 2009), as well
as STAT3 recruitment (Ni and Bremner, 2007), and is involved in as-
trogenesis (Matsumoto et al., 2006). We first investigated the ex-
pression of BRG1 in NPCs at different time points. The ratio of
BRG1-expressing cells to total cells was significantly increased from
24 to 72 h after LIF stimulation (NPCs: 12.4 + 2.7%; LIF stimulation,
24 h:72.5+5.7%, p < 0.05; 48 h: 56.4 £ 3.0%, p < 0.05; 72 h: 62.7
+3.4%, p < 0.05; 96 h: 4.5+ 2.2%, p > 0.05) (Figure 4, A and B). In
addition, most GFAP-positive cells also expressed BRG1 at 48 and
72 h after LIF stimulation (NPCs: 0%; LIF stimulation, 24 h: 0%; 48 h:
7.2+0.6%, p<0.05;72 h: 14.9 £ 2.2%, p < 0.05; 96 h: 3.9 £ 0.8%,
p > 0.05) (Figure 4C).

We then performed chromatin immunoprecipitation (ChIP) ex-
periments to test for the binding of STAT3 and BRG1 at different time
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points after LIF stimulation to determine whether BRG1 also binds to
Gfap and Osmr. We found that BRG1 could be detected at STAT3
binding sites (SBS) of both genes as well as at a known BRG1 binding
gene, Pou3f4 (Ninkovic et al., 2013), as a positive control, without
stimulation, and that the level of binding increased for Gfap and
Osmr at later time points after stimulation, whereas binding was not
detected at the negative control locus CD4 (Lessard et al., 2007,
Figure 4D). In comparison, STAT3 binding to the SBS of Gfap and
Osmr was transiently increased 30 min after LIF stimulation and
peaked again at 48 h. The same phenomenon was observed at the
SBS of Socs3, as a positive control (Figure 4E). In particular, STAT3
has been shown to be immediately phosphorylated by LIF stimula-
tion and subsequently translocates to the nucleus to bind to its target
genes (Levy and Darnell, 2002). The initial phosphorylation is tran-
sient, although under some conditions it is biphasic, which leads to a
second wave of gene expression (Croker et al., 2003; Wormald et al.,
2006; Wang et al., 2013). In our system, Western blot analyses
showed that STAT3 phosphorylation in NPCs was induced immedi-
ately and was not biphasic; rather, it decreased, albeit with detect-
able levels even at later time points (from 48 to 96 h) (Supplemental
Figure 1). These results suggest that the biphasic recruitment of
STAT3 is due not to biphasic activation of JAK-STAT pathways, but to
changes in chromatin accessibility. Consistent with this, the secondary
peak of the recruitment was earlier than the peak transcriptional ac-
tivation of Gfap and Osmr (Figure 2A), supporting the conclusion
that the secondary recruitment is likely required for their expression.

Taken together, these results indicate that BRG1 is expressed in
GFAP-expressing cells and that upon LIF stimulation it is recruited to
Gfap and Osmr in a temporal manner similar to that for STAT3 to
induce the transcription of both genes.

BRG1 and JAK-STAT signaling is required for the gene
clustering of Gfap and Osmr

The coexpression of BRG1 and GFAP and the simultaneous binding
of BRG1 and STAT3 to SBS of Gfap may indicate that BRG1 plays a
role in Gfap transcriptional control and gene clustering. To deter-
mine whether BRG1 is required for Gfap expression, we knocked
down BRG1 in NPCs using shRNA-retrovirus vectors (Figure 5A).
The infection efficiency of the retrovirus in NPCs was 38.4 £ 7.96%
for shControl and 24.8 £ 2.20% for shBRG1, respectively. Western
blots indicated that BRG1 expression levels were decreased by
shRNA for BRG1 at the protein level (Supplemental Figure 2, A and
B). Gfap mRNA levels were also significantly decreased by BRG1
knockdown (Figure 5B). Notably, Gfap mRNA levels in BRG1 knock-
down cells increased more rapidly after LIF stimulation than in
cultures without viral infection (Figure 2A), which may be attribut-
able in part to the longer in vitro culture period prior to LIF stimula-
tion (by 1 d) required for the retrovirus infection (Figure 5A). We then
determined the number of BRG1-positive cells in GFP-positive cells
and found that the proportion of BRG1-positive cells in BRG1 knock-
down cells (13.4 £ 1.93%) was significantly decreased compared
with that in the control infection (47.7 £ 6.97%, p = 0.0012; Supple-
mental Figure 2, C and D). The percentage of GFAP-positive cells
(38.1 £ 3.36%) in BRG1 knockdown cells was comparable to that in
control cells (38.5 = 4.34%,; Figure 5), suggesting that BRG1 is
required for transcriptional enhancement rather than initiation.

We next performed DNA FISH to address whether gene cluster-
ing of Gfap and Osmr depends on BRG1. The number of BRG1
knockdown cells with close proximity of Gfap to Osmr was
significantly smaller than that of the control cells (Figure 5, C and D).
Additionally, no significant differences were observed in the fre-
quencies of longer distances between the two genes in BRG1
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BRG1 and STAT3 are recruited to STAT3 binding sites (SBS) at Gfap and Osmr loci concurrent with gene
clustering. (A) Expression of BRG1 in GFAP-positive cells. NPCs alone and stimulated with LIF for different periods of
time (LIF-stim) were stained with an anti-GFAP antibody (green) and an anti-BRG1 antibody (red). Nuclei were
counterstained with DAPI (blue). Scale bar = 20 um. Arrows indicate BRG1/GFAP double-positive cells. (B) The number
of BRG1-positive cells in total cells. (C) The number of GFAP-positive and GFAP/BRG1-double positive cells. (B, C) Data
are presented as the means + SEM from three biological replicates (n = 72-211). The Dunnett test was performed.

**p < 0.01. (D) ChIP-qPCR for BRG1 at the SBS of Gfap and Osmr and at Pou3f4 (a positive control) and CD4 (a negative
control) loci in NPCs alone and stimulated with LIF for different time periods (LIF-stim). Each graph represents the
means (+SEM) of at least three experiments. (E) ChIP-qPCR for STAT3 at the SBS of Gfap and Osmr loci and for Socs3

(a positive control) and Gapdh (a negative control) in NPCs stimulated with LIF for different time periods (LIF-stim). Each
graph represents the means (+SEM) of at least three experiments.
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FIGURE 5: BRG1 knockdown down-regulates Gfap and Osmr transcription and impairs gene
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infected with retroviruses that expressed EGFP alone (shControl) or EGFP together with
shBRG1 and then cultured with LIF (50 ng/ml) for astrocyte differentiation. (B) Quantitative
RT-PCR for Gfap mRNA in shControl- or shBRG1-treated NPCs alone or stimulated with LIF for
different periods of time (LIF-stim). The results were normalized to Gapdh expression and
described as fold induction relative to the levels at 0 h. Each graph represents the mean (+SEM)
for the relative amount of NPCs in at least three experiments. (C) Projected images of double-
labeled DNA FISH in GFP-positive (green) LIF-stimulated cells for Gfap (yellow) and Osmr (red).
Nuclei were counterstained with DAPI (blue). Scale bar =5 pm. Arrowheads indicate clustering
alleles. (D) Clustering frequencies determined for Gfap and Osmr in LIF-stimulated cells
expressing shControl or shBRG1. Data are presented as the means + SEM from three biological

replicates (n=73-127). Student’s t test was performed. **p < 0.01.

knockdown cells (Supplemental Figure 2E). These results indicate
that BRG1 is required for gene clustering of both adjacently located
loci, whereas it does not affect loci separated by longer distances.
As BRG1 is known to be required for STAT3 recruitment and IL-
6-induced expression at a subset of target genes (Ni and Bremner,
2007), we next sought a role of JAK-STAT signaling in gene clustering.
LIF-stimulated cells were infected with a recombinant retrovirus
engineered to express EGFP together with the dominant negative
form of STAT3 (DN-STAT3) (Figure 6A), in which an amino acid
substitution of tyrosine 705 to phenylalanine causes the modified pro-
tein to function as an inhibitory molecule against endogenous STAT3
(Kaptein et al., 1996; Minami et al., 1996). Specifically, the expression
of DN-STAT3 inhibits the phosphorylation of endogenous STAT3 and
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thus its gene transactivation ability. As ex-
pected, the number of GFAP-positive cells
was significantly decreased upon DN-STAT3
expression (Supplemental Figure 3, Aand B),
which is consistent with previous reports
(Nakashima et al., 199%9b; Takizawa et al.,
2001). In addition, the frequency of clustering
of Gfap and Osmrwas significantly decreased
in LIF-stimulated cells that expressed EGFP
together with DN-STAT3 (Figure 6, B and C).
In contrast, the overall distance between
Gfap and Osmr was not affected by DN-
STAT3 expression, which is consistent with
the results following BRG1 knockdown
(Supplemental Figures 2E and 3C).

To further examine the mechanism of
JAK-STAT pathway-mediated regulation of
gene clustering, we examined gp130, a sig-
nal-transducing receptor component for LIF,
which plays a pivotal role in LIF-mediated
activation of the JAK-STAT pathway (Taga
and Kishimoto, 1997). Notably, Gfap-ex-
pressing astrocytes are severely reduced in
the brains of gp130 deficient mice (Yoshida
et al., 1996; Nakashima et al., 1999a). In the
current study, RT-qPCR using LIF-stimulated
cells derived from gp130 knockout (KO) mice
confirmed the decrease in mRNA levels of
Gfap and Osmr (Figure 6D). We further per-
formed DNA FISH with brain sections of
gp 130 KO mice (Figure 7A) using S100B as
an astrocyte marker that initiates expression
at earlier developmental stages than GFAP.
In Nestin-positive cells, gene clustering was
increased at E16 rather than at E14, whereas
it decreased from E16 to P1 in the cells posi-
tive for the neuronal marker B-lll Tubulin
(Tuj1). In both cases, there was no significant
difference between gp130 (+/-) and gp130
(/=) (Figure 7B). In contrast, in S100B-
positive cells, there was a significant increase
in gene clustering at both E16 and P1 in
gp130 (+/-) relative to gp130 (-/-). Further-
more, the distance distribution was signifi-
cantly different between E14 Nestin—positive
and P1 S100B-positive cells (Figure 7C),
although such differences were not observed
in gp130 (-/-) cells at the same stage (Figure
7D). Additionally, as we had normalized the
shortest distance to the nuclear diameter (Supplemental Figure 4A),
we could exclude the possibility that the changes in gene clustering
could be attributed to different nuclear sizes in the cell types exam-
ined. These results demonstrate that the clustering of Gfap and Osmr
is dependent on JAK-STAT pathway activation by gp130.

JAK-STAT signaling is required for BRG1 recruitment to
STAT3 binding sites at Gfap and Osmr loci in concurrence
with gene clustering

Re-ChlP analysis indicated that BRG1 and STAT3 are not only likely
to coordinately mediate the gene clustering of Gfap and Osmr; they
also bind to the same DNA fragments, including the SBS of the
Gfap promoter region, concurrent with gene clustering (Figure 8A).
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FIGURE 6: Inhibition of JAK-STAT signaling impairs the clustering of Gfa
down-regulates their transcription. (A) Scheme of experimental procedur
E14.5 mouse telencephalon were cultured and replated on day 4. The ce
retroviruses that express EGFP alone (pMY) or together with DN-STAT3,
LIF (50 ng/ml) for 4 d to induce astrocyte differentiation. (B) Projected im

DNA FISH for Gfap (yellow) and Osmr (red) in LIF-stimulated cells that were infected with
recombinant retroviruses engineered to express EGFP alone (pMY) or together with DN-STAT3.
Virus-infected cells were stained with an anti-GFP antibody (green). Nuclei were counterstained
with DAPI (blue). Scale bar =5 um. Arrowheads indicate clustering alleles. (C) Clustering

frequencies determined using DNA FISH for Gfap and Osmr in LIF-stimu
infected with retroviruses expressing EGFP alone (pMY) or together with

presented as the means + SEM from three biological replicates (n = 53-54). Student'’s t test was

performed. *p < 0.05. (D) Quantitative RT-PCR of Gfap and Osmr mRNA

gp130 +/+, +/—, and —/— mice, alone and stimulated with LIF for different periods of time

(LIF-stim). The results were normalized to Gapdh expression. Each graph

(+SEM) relative to the amounts in NPCs derived from gp130 +/+ mice from at least three

experiments.

In addition, the binding level of BRG1 to SBS of Gfap and Osmr
decreased in LIF-stimulated cells (48 h) derived from gp130 KO (-/-)
mice relative to cells derived from gp130 heterozygous (+/-) mice
(Figure 8B). This is not due to reduced levels of BRG1 mRNA in
gp130 KO (-/-) mice, because the expression levels were not differ-
ent among gp130 mutants (Supplemental Figure 4B). These results
indicate that JAK-STAT signaling is required for BRG1 recruitment to
SBS and that BRG1 and STAT3 coordinately mediate gene cluster-
ing of Gfap and Osmr.

DISCUSSION
In this report, we have demonstrated the significance and molecular
mechanisms of Gfap and Osmr gene clustering during astrocyte
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triggering BRG1 recruitment (Giraud et al.,
2004), the demonstration by ChIP analyses at
different time points in the current study that
STAT3 binds to both Gfap and Osmr in a bi-
phasic manner (Figure 4E) suggested that
the initial binding of STAT3 to Gfap and
Osmrimmediately after LIF stimulation might
play a role in recruiting BRG1 by acetylating
H3. Furthermore, although STAT3 recruits
BRG1 to its target genes, STAT3 binding it-
self is facilitated by an undefined BRG1-con-
taining complex (Ni and Bremner, 2007; Ho
et al.,, 2011), and BRG1 has been shown to
increase chromatin accessibility at STAT3 tar-
get genes in mouse embryonic stem cells
(Ho et al., 2011). These findings suggest that
BRG1 is central to rendering chromatin at the
SBS of Gfap and Osmr loci accessible to
STAT3. These observations led us to propose a model in which STAT3
and BRG1 recruitment are interdependent (Figure 8C).

In the current study, Osmr was selected from among the genes
that we identified as being clustered with Gfap and expressed in
NPC-derived astrocytes in our previous report (Ito et al., 2016)
because it is expressed at a measurable level in NPC-derived
astrocytes and is known to be important for astrocyte differentiation.
A key remaining question is whether the clustering of Gfap with the
other identified genes is also regulated by the same mechanism
that determines Osmr and Gfap clustering. The requirement of
BRG1 for STAT3 recruitment and IL-6-induced expression at only a
subset of target genes (Ni and Bremner, 2007) raises the possibility
that not all of the previously identified genes are clustered with Gfap
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FIGURE 7: Gene clustering of Gfap and Osmr is impaired in gp130 —/— mice. (A) Projected images of double-labeled
DNA FISH for Gfap (green) and Osmir (red) in E14 Nestin-positive NPCs and in E16 and P1 S100B-positive astrocytes
derived from gp130 +/— and —/— mice. Nuclei were counterstained with DAPI (blue). Scale bar = 5 pm. Arrowheads
indicate clustering alleles. (B) Clustering frequencies determined using DNA FISH for Gfap and Osmr in E14 Nestin
positive NPCs, E16 Nestin-, Tuj1-, and S100B- positive cells and P1 Tuj1- and S100B- positive cells derived from

gp130 +/— and —/— mice. Data are presented as the means + SEM from three biological replicates (n = 53-54). Student’s
t test was performed. *p < 0.05. (C, D) Cumulative frequencies of interprobe distances between Gfap and Osmr in cells
from gp130 +/— (C) and —/— (D) mice. The Kolmogorov-Smirnov (K-S) test was performed.

via the same mechanisms. Consistent with this supposition, we have
already shown that at least the two identified genes were not
clustered with Gfap simultaneously (Ito et al., 2016), suggesting that
the mechanism of clustering proposed in the current study may not
function in a deterministic manner. This interpretation is in line with
the finding based on high-throughput imaging position mapping
(HIPMap) that factors involved in genome organization affect only a
subset of target loci, indicating that their effects are not global
(Shachar et al., 2015). Therefore, it will likely be necessary to estab-
lish the detailed clustering mechanisms of each identified gene to
determine factors important for astrogenesis.

The IL-6/gp130 family of cytokines (e.g., IL-6, IL-11, LIF, and
OSM) play important roles in the development and repair of the

216 | K. ltoetal

CNS (Gadient and Patterson, 1999; Turnley and Bartlett, 2000). In
mice, the OSM signals through the formation of a heterodimeric
complex composed of gp130 and OSMR (Ichihara et al., 1997; Mor-
ikawa, 2005). OSM and its receptor components (OSMR and gp130)
are expressed in NPCs, and OSM is significant for astrocyte differen-
tiation in the developing brain through the activation of STAT3
(Yanagisawa et al., 1999). In the current study, we found that the
expression level of OSMR was increased in undifferentiated NPCs
by LIF stimulation (Figure 2A) as well as in primary astrocytes, al-
though its expression was not affected in microglia by stimulation
with either OSM, HIL-6, or LIF (Hsu et al., 2015). These observations
indicate that astrocytes represent a major target for OSM actions in
the CNS, in accordance with the observation that OSM inhibits the
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(A) ChIP- and reChIP-gPCR for STAT3 and BRG1 at the SBS of Gfap in NPCs and cells stimulated with LIF for different
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BRG1 on the SBS of Gfap, Osmr, and Gapdh (negative control) in cells stimulated with LIF for 48 h (LIF-stim 48 h). Each
graph represents the means (£SEM) of at least three experiments. (C) Model depicting BRG1 as a mediator of gene
clustering of Gfap and Osmr. BRG1 and STAT3 are recruited to the SBS of Gfap and Osmr within 48 h after LIF
stimulation concurrent with BRG1- and STAT3-dependent Gfap and Osmr gene clustering. Transcription of both genes is

enhanced after gene clustering (at 72-96 h after LIF stimulation).

proliferation of adult NPCs and induces IL-6 expression in astrocytes
(Van Wagoner et al., 2000; Beatus et al., 2011). Thus, the gene clus-
tering between Gfap and Osmr and the resulting transcriptional
enhancement of these genes after LIF stimulation as shown in the
present study likely play a central role in the differentiation program
of astrocytes. Our current results provide a novel piece of evidence
for the mechanisms underlying neural cell differentiation and inter-
chromosomal gene clustering and further insights into brain
development.

MATERIALS AND METHODS

Animals and cell culture

NPCs were prepared from the telencephala of pregnant ICR mice,
purchased from Japan SLC, or those of gp130-deficient mice
(ICR.129-1l6st, obtained from the Center for Animal Resources and
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Development Database at Kumamoto University; Yoshida et al.,
1996) at E14.5, and cultured as previously described (Takizawa et al.,
2001). Briefly, timed pregnant ICR mice were killed using cervical
dislocation; the brains were carefully dissected out and the telen-
cephala were obtained. The telencephala were then triturated in
Hanks’ balanced salt solution by gently pipetting with 1-ml pipette
tips. Dissociated cells were cultured in N2-supplemented DMEM
with F12 containing 10 ng/ml basic fibroblast growth factor (bFGF;
R&D Systems) on culture dishes (Corning) that were precoated with
poly-L-ornithine and fibronectin (Sigma-Aldrich). For astrocyte
differentiation, the cells were replated on fibronectin/poly-L-lysine—
coated glass coverslips (MATSUNAMI) or culture dishes that were
precoated with poly-L-ornithine and fibronectin after 4 d of culture
and were stimulated for 4 d in the presence of LIF (50 ng/ml; Milli-
pore). All animal procedures were conducted with the approval of
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the Gunma University Animal Care and Use Committee and were in
full compliance with the Committee’s guidelines.

Immunohistochemistry and immunocytochemistry

For immunohistochemistry, mouse embryos were fixed in a 4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) solution for
24 h and subsequently submerged in PBS containing 20% sucrose
at 4°C for 24 h. The tissue was cut into 10-um-thick sections using a
cryostat (Leica). For immunocytochemistry, cells cultured on coated
glass coverslips were fixed in 4% PFA in PBS and washed with PBS
as described previously (Takizawa et al., 2008). A mouse monoclonal
antibody (mAb) against GFAP (Sigma, #G-6171; 1:400), a rabbit
mAb against BRG1 (Abcam, #ab110641; 1:400), and a chicken
polyclonal antibody against GFP (Aves Lab, #GFP-1020; 1:200) were
used as primary antibodies. Alexa 488-, Alexa 555-, or Alexa
647-conjugated secondary antibodies (Invitrogen; 1:400) were used
for visualization. For simultaneous labeling experiments, immunos-
taining was performed after FISH.

Fluorescence in situ hybridization

Probes for DNA FISH were generated by nick translation of BAC
clones (BACPAC Resources) covering the Gfap (RP24-155G1) or
Osmr (RP23-198P20) genes. FISH was essentially performed as de-
scribed previously (Takizawa et al., 2008). Briefly, cells were fixed
with 4% PFA and stored in PBS at 4°C until use. The cells were per-
meabilized with 0.5% Triton X-100/PBS and treated for 10 min with
0.1 N HCI. Cells were then held for 30 min at room temperature in
50% formamide with 2 x SSC and denatured for 10 min at 85°C.
Hybridization was performed overnight at 37°C with dinitrophenyl
(DNP) or digoxigenin (DIG) or biotin- labeled probes and detected
with Alexa 488-conjugated anti-DNP (Invitrogen), rhodamine-conju-
gated anti-DIG antibody (Roche), or Alexa 647-conjugated strepta-
vidin (Invitrogen). For Gfap RNA FISH, the Gfap exonic sequence
was amplified using a GFAP expression vector (pcDNA3-mGF) as a
template and transcribed in vitro, and then the RNA was further re-
verse-transcribed with biotin-labeled dUTP (Invitrogen). The single-
strand biotin-cDNA probe was used for Gfap mRNA detection. Cells
were fixed with 4% PFA containing 10% acetic acid and stored in
70% EtOH at—30°C until use. The ssDNA probe against Gfap cDNA
was hybridized after cytoplasm digestion with 0.05% pepsin/0.01N
HCl and dehydration through an ethanol gradient. RNA was de-
tected with Alexa598-conjugated tyramide using the TSA kit (Invit-
rogen) and DNA FISH was performed following RNase treatment.

Microscopy and image analysis

A DeltaVision microscope (CORNES Technologies) was used to ana-
lyze the results of DNA FISH. We obtained three-dimensional im-
ages from serial Z-sections of thickness 8.0 pm at 0.1-um intervals.
For clustering analysis, the shortest distances between two FISH
signals were examined by softWoRx Explorer1.3 (Applied Precision).
For in vivo clustering analysis, the shortest distances were normal-
ized by average nuclear diameters. Genes were considered associ-
ated when they were positioned within 500 nm of Gfap.

Quantitative RT-PCR

Total RNAs were extracted using the ToTALLY RNA total RNA isola-
tion kit and then treated with DNasel (Life Technologies). cDNAs
were synthesized from 2 pg total RNA using Superscript Il (Life Tech-
nologies). Quantitative RT-PCR (RT-qPCR) was performed using an
Applied Biosystems 7900HT fast real-time PCR system (Life Tech-
nologies) with the KAPA SYBR fast qPCR kit (Kapa Biosystems). The
PCR protocol consisted of initial activation at 95°C for 3 min fol-
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lowed by 40 cycles at 95°C for 15 s and at 60°C for 34 s. Expression
of the target genes was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). Primer sequences are listed
in Supplemental Table 1.

Chromatin immunoprecipitation (ChIP) and re-ChIP assay
For STAT3 ChlIP and re-ChlP analyses, cells were cross-linked using
1% formaldehyde for 5 min at room temperature. For the BRG1
ChlP assay, cells were cross-linked using 1% formaldehyde for 15
min at room temperature. The ChIP assay was basically performed
as described (Sailaja et al., 2012). Cells were prepared by incubation
and Dounce homogenization in Swelling buffer (25 M HEPES [pH
7.8], 1.5 mM MgCl,, 10 mM KClI, 0.1% NP-40, 1 mM dithiothreitol
[DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], and 100 uM
protease inhibitor cocktail [Nacalai Tesque]) after cross-linking and
were lysed and sonicated in 1% SDS-containing sonication buffer
(50 mM HEPES [pH 8.0], 140 mM NaCl, T mM EDTA, 1% Triton
X-100, 0.1% Na deoxycholate, and 1% SDS) and diluted 10-fold us-
ing SDS (-) sonication buffer prior to immunoprecipitation. Follow-
ing initial overnight immunoprecipitation, the re-ChIP assay was
performed as described by Truax and Greer (2012). The following
antibodies were used: rabbit anti-STAT3 (Santa Cruz #sc-482X; 2
pg), rabbit anti-BRG1 (Abcam, #ab110641; 1 ug), and rabbit normal
IgG (Santa Cruz#sc-2027; 2 ug (for STAT3 ChlIP) or 1 pg (for BRG1
ChlIP). Primer sequences are listed in Supplemental Table 1.

Recombinant retrovirus construction and infection

A dominant negative form of STAT3 (DN-STAT3) carrying a Y705F
substitution was cloned into the expression vector pMY, which
contains an internal ribosome entry site followed by the region up-
stream of the EGFP gene (Morita et al., 2000). ShControl and
shBRG1 (Shi et al., 2013) were prepared with LMN shRNA retroviral
vectors (MSCV-miR30-shRNA-PGKp-NeoR-IRES-GFP). The Plat-E
packaging cell line was transiently transfected with the retrovirus
DNA using the PEl Max transfection regent (Polysciences; Morita
et al., 2000). On the following day, the culture medium used for
transfection was replaced with N2/DMEM/bFGF and the cells were
cultured for an additional 1 d. The resultant medium containing vi-
ruses was collected and centrifuged at 6000 x g for 16 h, and the
supernatant was added to E14.5 NPCs that had been cultured for
1 d. On the following day, cells were cultured in N2/DMEM/bFGF.

Immunoblotting

Cells were lysed using NP40 lysis buffer (1% NP-40, 50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.2% SDS, and 100 pM prote-
ase inhibitor cocktail [Nacalai Tesque]). Lysates were subjected to
SDS-PAGE and subsequent immunoblotting. The following anti-
bodies were used: rabbit anti-STAT3 (Santa Cruz, #sc-482; 1:2000),
rabbit anti-tyrosine-phosphorylated STAT3 (Cell Signaling Technol-
ogy, #9145; 1:2000), rabbit anti-BRG1 (Abcam, #ab110641; 1:2500),
and rabbit anti-B-Actin (MBL, #PM053-7; 1:2000). Band intensities
were quantified by ImageJ software (National Institutes of Health).

Statistical analyses

To calculate p values, the analysis of variance (ANOVA) with Fisher’s
latest significant difference (LSD) post hoc test, Dunnett’s test,
Student's t test for parametric analyses, and the Steel test and
Mann-Whitney U test for nonparametric analyses were used as indi-
cated in the figure legends. Fisher's exact test and the Kolmogorov—
Smirnov (K-S) test were also employed. All of the statistical analyses
were performed using R (Core Team R, 2013) or Excel software
(Microsoft).
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