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BMP-induced REST regulates the establishment
and maintenance of astrocytic identity
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nce they have differentiated, cells retain their

individual character and repress genes that

are specifically expressed in other cell lineages,
but how alternative fate choice is restricted during
and/or after differentiation remains unclear. In the
mammalian central nervous system, neurons, astrocytes,
and oligodendrocytes are generated throughout life
from common tripotent neural progenitor cells (NPCs).
Bone morphogenetic proteins (BMPs) are well-known
astrocyte-inducing cytokines. We show here that the
expression of a transcriptional repressor, RE1 silencer

Introduction

The mammalian cerebral cortex originates from neural pro-
genitor cells (NPCs), which proliferate and give rise to the three
major brain cell types: neurons, astrocytes, and oligodendro-
cytes (Gage, 2000; Temple, 2001). The fate of NPCs in the de-
veloping brain is believed to be determined by internal cellular
programs and external cues that involve various types of cyto-
kines (Gage, 2000; Schuurmans and Guillemot, 2002; Hsieh
and Gage, 2004). Among the three NPC progeny types, mecha-
nisms of differentiation have been most extensively investigated
for astrocytes. The Janus kinase (JAK) signal transducer and
activator of transcription (STAT) pathway (Bonni et al., 1997,
Nakashima et al., 1999a; He et al., 2005) and the signaling path-
way triggered by bone morphogenetic proteins (BMPs) are
deeply involved in astrocytogenesis (Nakashima et al., 1999b;
See et al., 2007). Despite considerable progress in unraveling
how astrocytic traits are acquired, mechanisms that suppress
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of transcription (REST)/neuron-restrictive silencer factor
(NRSF), is up-regulated and sustained by BMP signal
activation in the course of astrocytic differentiation of
NPCs, and restricts neuronal differentiation. We further
show that, in differentiated astrocytes, endogenous REST/
NRSF associates with various neuronal genes and that
disruption of its function resulted in their derepression,
thereby explaining how ectopic neuronal gene expression
is prevented in cells with astrocytic traits. Collectively, our
results suggest that REST/NRSF functions as a molecular
regulator of the nonneuronal phenotype in astrocytes.

differentiation into other cell lineages, such as neurons, during
astrocytic specification remain poorly understood.
Neurogenesis is promoted by proneural basic helix-
loop-helix (bHLH) transcriptional factors including Mashl
(mammalian achaete-scute homologue), Neurogenin, and NeuroD
(mammalian atonal homologue), which form heterodimers with
other ubiquitously expressed bHLH proteins such as the E2A
gene products E12 and E47 (Bertrand et al., 2002). Consistent
with their role in inducing neuronal differentiation, proneural
factors are transiently expressed in neuronal progenitor cells
located in the ventricular zone when neurogenesis is occurring
in the developing central nervous system (CNS; Gradwohl et al.,
1996; Tokunaga et al., 2004). The function of these proneural
bHLH factors is inhibited by negative HLH proteins, such as the
Id (inhibitor of differentiation) and Hes (hairy enhancer of split)
families, at the onset of astroglial differentiation triggered by
BMP2 (Nakashima et al., 2001). These findings partially ex-
plain cell fate decisions that facilitate the differentiation of one
cell lineage and suppress that of the others: once NPCs are
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primed to differentiate into astrocytes, for example, neuronal
differentiation must be inhibited. Although Id and Hes family
members act by inhibiting proneural bHLH factors, thus pre-
venting astrocytic lineage-committed NPCs from acquiring
neuronal properties, their expression in vivo is generally ob-
served in the proliferative zone, where undifferentiated but not
differentiated cells reside (Duncan et al., 1992; Ellmeier and
Weith, 1995; Lyden et al., 1999). Therefore, the ability to sup-
press neuronal properties in differentiated astrocytes should
rely on regulatory pathway(s) downstream of Id and Hes, or on
an as-yet-unidentified program which is subsequently estab-
lished in differentiated astrocytes.

Insights into the mechanism that represses pan-neuronal
gene expression in nonneural tissues have been gained from
a series of studies regarding a zinc finger repressor protein,
repressor elementl-silencing transcription factor (REST)/
neuron-restrictive silencer factor (NRSF) (Chong et al., 1995;
Schoenherr et al., 1996; Chen et al., 1998; Lunyak et al., 2002;
Conaco et al., 2006). The completion of neuronal differentiation
is marked by the expression of proteins involved in electro-
physiological processes, such as synapsin, glutamate receptors,
SCG10, and type II sodium channel. Many other genes associ-
ated with the functional properties of terminally differentiated
neurons have also been identified as direct targets of REST/
NRSF (Bruce et al., 2004; Johnson et al., 2006; Otto et al.,
2007). REST/NRSF suppresses target gene transcription through
the association of its N- and C-terminal repressor domains with
the mSin3/histone deacetylase-1/2(HDAC1/2) complex and
with the CoREST complex, respectively (Huang et al., 1999;
Lunyak et al., 2002). Suppression of neuronal gene expression
by REST/NRSF is consistently observed in various cell types
including PC12 cells (Ballas et al., 2001), myoblasts (Watanabe
et al., 2004), and embryonic stem (ES) cells (Singh et al., 2008;
Westbrook et al., 2008). Although several studies have sug-
gested that REST/NRSF is a binary neuron/nonneuron fate reg-
ulator, its function has been examined mainly in nonneural cells
and tissues. Concerning its role in the nervous system, REST/
NRSF has been implicated in the acquisition of neuronal pheno-
type by NPCs in analyses of neuronal differentiation of ES cells
(Ballas et al., 2005) and activation of REST/NRSF target genes
induced by REST/NRSF-VP16 (in which the repressor domain
is replaced with the activation domain of herpes simplex virus
VP16; Su et al., 2004). In adult hippocampus-derived NPCs,
REST/NRSF has been reported to promote neurogenesis
through activation of its target genes by means of a small RNA-
mediated functional switch that converts it from a suppressor to
an activator of transcription (Kuwabara et al., 2004). Although
these results strongly suggest the involvement of REST/NRSF
in cell fate decisions of NPCs, it remains largely elusive how
REST/NRSF expression is regulated in NPCs and how REST/
NRSF participates in NPC fate specification and maintenance
of the differentiated state of cells in the CNS.

In this study, we demonstrate that REST/NRSF is a criti-
cal suppressor of neuronal differentiation and neuronal gene
expression during and/or after astroglial differentiation. The astro-
gliogenic cytokine BMP2 induced transcriptional activation of
REST/NRSF in NPCs via the BMP-downstream transcription
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factor Smad, which binds to Smad-binding elements (SBEs) in
the regulatory region of the REST/NRSF gene. Gain- and loss-
of-function studies using wild-type REST/NRSF and a domi-
nant-negative form of REST/NRSF (DN-REST/NRSF) in NPCs
revealed a significant role for REST/NRSF in suppression
of neuronal differentiation. Even in differentiated astrocytes,
REST/NRSF continued to be expressed, and it associated with
various neuronal genes containing the REST/NRSF binding site
(RE1/NRSE). Furthermore, eliminating the repressor function
of REST/NRSF led to derepression of neuronal genes in astro-
cytes, indicating that REST/NRSF acts to prevent astrocytes
from displaying neuronal behavior.

Results

BMP2-induced expression of REST/NRSF
in NPCs

As a first step to unraveling the mechanism by which neuronal
gene expression is restricted in astrocytes, we hypothesized that
the repression of neuronal character in astrocytes is programmed
during a fate-determination step toward astrocytes. As shown in
a previous study (Nakashima et al., 2001), BMP2 inhibited neu-
ronal differentiation of NPCs (Fig. 1 A). BMP signal activation
in NPCs was confirmed by detecting phosphorylation of Smads
in response to BMP stimulation (Fig. S1 A). The frequency of
Map2ab-positive neurons generated from NPCs on d 4 in
BMP2-treated and untreated cultures was 3.7 = 2.0% and 11.0 +
3.7%, respectively. We also observed a reduction in the num-
ber of NPC- and oligodendrocyte-marker—positive cells by
BMP2 treatment, suggesting that BMP2 inhibits differentiation
of NPCs toward nonastrocytic lineages (Fig. S1, B and C).
BMP2 induced the expression of negative HLH factor genes in-
cluding Id1, 1d3, and Hes5 (Nakashima et al., 2001), whose
products are known to inhibit neurogenic bHLH factors such
as Neurogenin and Mashl. Although Ids and Hes5 thus seem
to be candidate repressors of neuronal traits in differentiated
astrocytes, their BMP-induced expression was transient, and
they were not highly expressed in differentiated astrocytes
(Nakashima et al., 2001; Fig. S1, D and E). Therefore, we set
out to identify another candidate gene whose expression, in
contrast to the Ids and Hes5, is induced by BMP2 and sustained.
Among various transcriptional repressors, we focused on REST/
NRSF because it is known as a repressor of neuronal gene
expression in nonneural tissues, and found that REST/NRSF
expression is indeed up-regulated by BMP2 treatment of NPCs
(Fig. 1 B). Sustained REST/NRSF expression in BMP2-treated
NPCs was further confirmed by Western blot (Fig. 1 C) and
quantitative RT-PCR analysis (Fig. S1 E). As well as acting as
a transcriptional repressor for neuronal genes, REST/NRSF
is also a latent transcriptional activator in the adult CNS
(Kuwabara et al., 2004). To monitor REST/NRSF function
under our experimental conditions, we exploited a reporter con-
struct carrying RE1/NRSE, a binding motif for REST/NRSF,
fused upstream of an SV40 minimal promoter (Fig. 1 D, top).
When this RE1/NRSE reporter was introduced into NPCs, lu-
ciferase reporter activity decreased in response to BMP2 treat-
ment (Fig. 1 D, bottom left). On the other hand, we found no
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Figure 1. BMP2 induces expression of REST/
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NRSF. (A) NPCs were cultured for 4 d with or
without BMP2 (50 ng/ml) in the presence of
bFGF (10 ng/ml), and then immunostained for
Map2ab (green). Inset (blue), Hoechst nuclear
staining of each field. Percentages of Map2ab-
positive cells were quantified (right; mean =

SD; n = 3). Statistical significance was exam-

ined by Student’s ttest (*, P < 0.05). (B) Total
RNAs were extracted from NPCs treated or un-
treated with BMP2 (50 ng/ml) for 1 h and then
subjected to quantitative RT-PCR using primer

sets for REST/NRSF and G3PDH to evaluate

&  expression of REST/NRSF mRNA. Statistical
9 significance was examined by Student's t test
(;\ (*, P < 0.05). (C) NPCs were treated with
BMP2 (50 ng/ml) for 12 and 24 h. The cells
were lysed for Western blot analysis to detect
expression of REST/NRSF (~220 kD). Cell ly-
sate from primary astrocytes from PO mouse
brain was used as a control. Fold change of
REST/NRSF protein expression was analyzed
by Image) software. (D) Schematic diagram of
the construct to examine REST/NRSF activity.
The RET/NRSE element was fused upstream of
the SV40 minimal promoter (fop). NPCs were
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difference between control reporter activity with or without BMP2
treatment (Fig. 1 D, bottom right). Thus, these data suggest that
REST/NRSF induced by BMP2 appears to function as a tran-
scriptional repressor in embryonic NPCs.

Having observed REST/NRSF up-regulation by BMP2 in
NPCs, we next sought to gain mechanistic insight into BMP2-
induced expression of REST/NRSF. The genomic structure of
REST/NRSF has been extensively examined in previous stud-
ies (Koenigsberger et al., 2000; Kojima et al., 2001), and we
identified two possible BMP-responsive SBEs (GCCGNCGC;
Kusanagi et al., 2000), which are highly conserved between
mouse and human, in the regulatory region of the gene (+1192
to +1199, and +1204 to +1211; Fig. 2 A). Next, we isolated a
genomic fragment that contains the 5" UTR of the mouse
REST/NRSF gene, including the SBEs, to generate REST/NRSF
reporter constructs. The intact reporter was activated by the
expression of constitutively active BMP type I receptor
(ALK3(QD); Imamura et al., 1997; Fig. 2 B), and this trans-
activation was severely compromised by mutating the two

N

N
BMP2 W

pRL-CMV, and then stimulated with BMP2.
After 48 h, luciferase activity was measured.

> @
Ot S

SBE:s (Fig. 2 B). BMP2 activates Smadl, 5, and 8, and the activa-
tion is suppressed by the inhibitory Smad, Smad6 (Imamura et al.,
1997). As shown in Fig. 2 C, transactivation of the REST/NRSF
reporter by BMP signaling was inhibited by the expression of
Smad6, and the same was true when a dominant-negative (DN)
form of Smadl (Yoshiura et al., 2007) was used instead of
Smad6 (Fig. S2 A). These data, thus, suggest that activation of
Smad1/5/8 is required for the induction of REST/NRSF gene
expression. To determine whether Smads indeed bind to the
SBE-containing endogenous REST/NRSF gene regulatory region
after BMP2 stimulation, we performed a chromatin immuno-
precipitation (ChIP) assay using anti-Smadl. As shown in
Fig. 2 D, significant Smad binding to the SBE-containing frag-
ment occurred in BMP2-treated cells. Collectively, these results
suggest that REST/NRSF is a direct target of BMP signaling in
NPCs. Although one could imagine that the sustained expres-
sion of REST/NRSF in astrocytes is established by permanent
recruitment of Smads on its regulatory region, Smad1-enrichment
to the region, which is induced in NPCs by BMP2 stimulation,
was not observed in differentiated astrocytes, as judged by
the ChIP assay (Fig. S2 B). Alternatively, we found that the
regulatory region was marked by transcriptionally active histone
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Figure 2. Smad-dependent transactivation of
the REST/NRSF gene. (A) Comparison of a part of
REST/NRSF genomic sequences between mouse
and human. Part of the mouse REST/NRSF locus is

A mouse REST/NRSF

exonia 1bic 2

shown on the top line, and sequence data around
the SBEs in mouse and human are shown below.
Boxed regions are sequences that match the SBE
consensus. B, BamHI; S, Sacl; K, Kpnl. (B) Sche-
matic representation of the REST/NRSF reporter
constructs is shown on the left. NPCs were cotrans-
fected with the reporter construct and pRL-CMV
together with a control vehicle or a construct ex-
pressing ALK3(QD). Luciferase activity was mea-
sured 24 h after transfection. Mean = SD (n = 3).
Statistical significance was examined by Student's B
ttest (*, P < 0.05). (C) NPCs were cotransfected
with the REST/NRSF reporter construct and pRL-
CMV adlong with the constructs indicated below
the graph. Luciferase activity was measured 24 h
after transfection. Mean = SD (n = 3). Statistical
significance was examined by Student's t test
(*, P <0.05). (D) NPCs were incubated with BMP2
(50 ng/ml) for 20 min and subjected to quantitative
ChIP analysis using control IgG and anti-Smad1
antibodies (bottom left graph). Mean + SD (n = 3).
Statistical significance was examined by Student's
ttest (*, P < 0.05). Co-immunoprecipitated REST/
NRSF gene fragments were amplified by PCR with

— - Nix)
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a specific pair of primers. The amplified region is c
schematically indicated as the two-headed arrow
spanning REST/NRSF exon 1c (top left). A primer

set for amplification of a sequence 3 kb down-
stream of the SBEs in the REST/NRSF regulatory
region (top right, two-headed arrow) was used to
validate specific recruitment of Smadl onto the
SBEs (bottom right).
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modification, i.e., acetylated histone H3 (AcH3) and trimethyl-
ation of histone H3-lysine 4 (H3K4me3; Jenuwein and Allis, 2001;
Fig. S2 C). Collectively, it is conceivable that once REST/NRSF
is activated by Smads, it no longer requires Smads for sustained
expression during/after astrocytic differentiation.

In light of the above finding that REST/NRSF expression is
induced by BMP2 stimulation, we anticipated that REST/NRSF
would play a critical role in suppression of neuronal differentia-
tion by BMP2. To test this, we infected NPCs with recombinant
retroviruses engineered to express GFP (control) or GFP with
REST/NRSFE. Because we wanted to examine first whether
REST/NRSF alone inhibits neuronal differentiation of NPCs,
we switched the medium on the following day to one containing
0.5% FBS without bFGF to induce spontaneous differentiation,
and cultured the cells for an additional 4 d. As shown in Fig. 3 A
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(top left), the cells infected with control viruses effectively dif-
ferentiated into MapZ2ab-positive neurons (4 d: 31.8 + 4.4%; 8 d:
42.1 + 3.3%, right graph). In contrast, REST/NRSF expression
in NPCs dramatically inhibited the cells from differentiating
into neurons (Fig. 3 A, bottom left; 4 d: 5.8 + 1.6%; 8§ d: 13.5 +
1.5%, right graph). Thus, although one might anticipate that
REST/NRSF would not inhibit neuronal differentiation of NPCs
but simply delays it, this is not the case: inhibition of neuronal
differentiation by REST/NRSF was observed in both short and
prolonged culture. Doublecortin (Dcx) and NeuN are known as
early and late stage markers for neuronal differentiation, respec-
tively. We found that REST/NRSF suppressed expression of
both these neuronal markers (Fig. 3 B) suggesting, therefore, that
REST/NRSF inhibits pan-neuronal differentiation of NPCs. As
for astroglial differentiation, there was a slight increase of GFAP-
positive astrocytes in the REST/NRSF-expressing virus-infected
cells (Fig. 3 A; control, 4 d: 21.5 + 4.0%; 8 d: 27.2 + 3.3%;
REST/NRSF, 4 d: 37.4 £ 2.5%; 8 d: 44.3 + 0.84%, right graph).
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Figure 3. REST/NRSF is sufficient to repress neuronal differentiation and is required for BMP2-induced suppression of neuronal differentiation of NPCs.
(A) NPCs were infected with recombinant retroviruses engineered to express only GFP (pMYs), or REST/NRSF together with GFP (REST/NRSF-pMYs), and
cultured in medium supplemented with 0.5% FBS for 4 or 8 d to induce spontaneous differentiation. The cells were then stained with antibodies against GFP
(green), Map2ab (red), and GFAP (blue). Bar, 50 pm. The percentage of marker-positive cells in each GFP-positive cell population after the 4-d culture was
defermined. Mean = SD (n = 3). Statistical significance was examined by Student's t test (*, P < 0.05). (B) Expression of the neuronal markers NeuN and
Dcx was examined in cells infected with control or REST/NRSF-expressing virus. The cells were subjected to immunocytochemical analysis after culturing in
0.5% FBS for 8 d (left). Bar, 20 pm. Marker-positive cells in total EGFP-positive cells were quantified (right). Mean = SD (n = 3). Statistical significance was
examined by Student’s tfest (*, P < 0.05). (C) Expression of the glial markers glutamine synthase (astrocytes), ST00B (astrocytes), and MBP (oligodendro-
cytes) was examined in cells infected with control or REST/NRSF-expressing virus. The cells were subjected to immunocytochemical analysis after culturing
with 0.5% FBS for 4 d. (D) NPCs were infected with viruses carrying control pMYs (GFP only), or DN-REST/NRSF-pMYs (DN-REST/NRSF) together with
GFP, in culture medium containing bFGF (10 ng/ml), and subsequently treated with BMP2 (50 ng/ml) for 4 d. The cells were then stained with antibodies
against GFP (green), Map2ab (red), and GFAP (blue). Bar, 50 pm. The percentage of marker-positive cells in each GFP-positive cell population after the
4-d culture was determined. Mean = SD (n = 3). Statistical significance was examined by Student's ttest (*, P < 0.05).
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The effect of REST/NRSF on astrocytic differentiation of
NPCs was further confirmed using two other astrocytic mark-
ers, glutamine synthetase (GS) (Tokunaga et al., 2004) and
S100p (Fig. 3 C). There seemed to be a tendency for the num-
ber of astrocytic-marker—positive cells in NPCs infected with
REST/NRSF-expressing virus to increase. However, there was
no significant difference in the number of GFAP-positive cells
between control and REST/NRSF-expressing virus-infected
cells maintained in culture medium containing bFGF (Fig. S3 A),
implying that the astrocyte-inducing activity of REST/NRSF is
not strong enough to overcome the inhibitory effect of bFGF in
NPC differentiation. Furthermore, the proliferation and cell death
rates of control and REST/NRSF-expressing virus-infected cells
were similar, as judged by BrdU uptake and cleaved caspase-3
staining (Fig. S3, B and C). To minimize the potent effect of
BMPs contained in the serum, we used Noggin to inhibit func-
tional BMP signaling in this experiment, and observed significant
reduction of neuronal differentiation by REST/NRSF expression
(Fig. S3 D). These observations suggest that REST/NRSF is able
to function as a suppressor of neuronal differentiation in NPCs.

We next examined the requirement for REST/NRSF in the
BMP-induced restriction of neuronal fate by means of a domi-
nant-negative form of REST/NRSF harboring only its DNA-
binding domain (DN-REST/NRSF; Chen et al., 1998). To this
end, we infected NPCs with control and DN-REST/NRSF-
expressing retroviruses, and cultured them with BMP2 for 4 d.
As shown in Fig. 3 D, DN-REST/NRSF expression resulted in
the derepression of neuronal fate, as judged by Map2ab expres-
sion. The control retrovirus-infected cells became Map2ab-
positive neurons at a frequency of 1.3 + 0.68%, whereas 20.2 +
4.0% of DN-REST/NRSF-infected cells were Map2ab positive
(Fig. 3D). We did not observe significant influence on cell death
rates by inhibition of REST/NRSF function (Fig. S3 E). These
data imply that REST/NRSF expression is necessary and suffi-
cient for the suppression of neuronal cell fate by BMP2.

Modulating REST/NRSF function perturbs
astrocytic integrity

To test the idea that REST/NRSF might be a suppressor of in-
appropriate neuronal gene expression in astrocytes, we then exam-
ined the expression of REST/NRSF in primary cultured astrocytes
derived from PO mouse brain. We confirmed maturation of the
astrocytes by determining the expression of glutamine transporter
GLT-1 (Rothstein et al., 1994; Fig. S4 A). As shown in Fig. 4 A,
REST/NRSF was expressed in GFAP-positive cultured astro-
cytes. We further examined REST/NRSF expression in vivo, and
found that GS- and GFAP-positive astrocytes in postnatal day (P)
8 cortex expressed REST/NRSF (Fig. 4 B, Fig. S4 B). We further
confirmed astrocytic expression of REST/NRSF compared with
that in neurons by immunoblot analysis (Fig. S4 C).

To determine the function of REST/NRSF in astrocytes,
we performed a luciferase assay using reporter constructs con-
taining the SCGI0 minimal promoter with an intact or a mutated
RE1/NRSE motif (Mori et al., 1990). If REST/NRSF had re-
pressor activity in astrocytes, the luciferase activity in cells trans-
fected with a DN-REST/NRSF-expressing construct should be
higher than that in control vehicle-transfected cells. As shown

JCB « VOLUME 189 « NUMBER 1 « 2010

in Fig. 4 C (left), astrocytes showed increased luciferase activity
after introduction of the DN-REST/NRSF-expressing con-
struct. Furthermore, derepression of the promoter was also ob-
served by mutating the REI/NRSE motif (Fig. 4 C, middle),
indicating that endogenous REST/NRSF functions as a tran-
scriptional repressor in astrocytes. In support of these findings,
derepression of endogenous SCG10 was detected when astro-
cytes were transfected with the DN-REST/NRSF-expressing
construct (Fig. 4 C, right). To further confirm this repressor ac-
tivity of REST/NRSF, we introduced the RE1/NRSE reporter
into astrocytes and embryonic stem (ES) cells, which have been
shown to express REST/NRSF (Ballas et al., 2005; Westbrook
et al., 2008), and measured the reporter activity. As shown in
Fig. 4 D, we found that the repressive activity of REST/NRSF
was comparably strong in both ES cells and astrocytes, imply-
ing that REST/NRSF can function as a transcriptional repressor
in other nonneural tissues or cell types. We also found recruit-
ment of Smadl to SBE-containing REST/NRSF regulatory re-
gion in ES cells (Fig. S4 D); therefore, the BMP-REST/NRSF
axis apparently exists in other nonneural tissues.

The presence of repressive REST/NRSF activity in astro-
cytes prompted us to analyze the previously reported enrich-
ment (Ballas et al., 2005) of endogenous REST/NRSF at its
target loci. ChIP analysis revealed that REST/NRSF associated
with several genes harboring RE1/NRSEs in astrocytes; in con-
trast, REST/NRSF binding to these target genes was negligible
in neurons (Fig. 4 E).

In light of the above results, we then examined derepres-
sion of endogenous REST/NRSF target genes in astrocytes by
perturbing REST/NRSF function. As shown in Fig. 5 A, tran-
scriptional derepression of several endogenous REST/NRSF
target genes was indeed observed in astrocytes transfected with
the DN-REST/NRSF construct.

To determine the role played by REST/NRSF in restrict-
ing neuronal characteristics to maintain the cellular identity of
astrocytes, we introduced DN-REST/NRSF into astrocytes and
examined whether inappropriate expression of BIII-tubulin,
a typical marker of neurons, occurred. As shown in Fig. 5 B,
BIII-tubulin expression appeared in astrocytes with diminished
REST/NRSF activity; we obtained a similar result using ShRNA
against REST/NRSF in astrocytes (Fig. S5, A—C). Another neu-
ronal marker, Map2ab, was also expressed in DN-REST/NRSF-
expressing astrocytes (Fig. 5 C).

Next, we investigated the in vivo significance of this
inhibition of REST/NRSF function in astrocytes by injecting
recombinant lentiviruses into the striatum of the adult mouse
brain, and then examining BIII-tubulin expression in both EGFP-
and S100B-positive virus-infected astrocytes 3 wk later. How-
ever, in the case of DN-REST/NRSF-expressing virus injection,
we could not find any S100B-positive astrocytes that also ex-
pressed BIII-tubulin (0/107), suggesting that simple inhibition
of REST/NRSF is not sufficient to induce ectopic neuronal
marker expression in astrocytes in vivo. One might conclude
that, although astrocytes in perinatal brain have been reported to
retain broad differentiation potency (Laywell et al., 2000), astro-
cytes in the adult have lost the potential to express neuronal
markers in response to a reduction of REST/NRSF expression.
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Figure 4. Astrocytes express functional REST/NRSF. (A) Expression of REST/NRSF in GFAP-positive astrocytes derived from PO mouse brain. Bar, 50 pm.
Inset: Hoechst nuclear staining of this field. (B) Expression of REST/NRSF in astrocytes in vivo. REST/NRSF (green) was expressed in GS (red)-positive cells
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derepressed by the expression of DN-REST/NRSF in astrocytes (left). The reporter activity was enhanced by mutating the RE1/NRSE motif (middle). Mean +
SD (n = 3). Statistical significance was examined by Student's ttest (*, P < 0.05). Endogenous expression of SCG10 was also examined by RT-PCR analysis
in astrocytes introduced with control or DN-REST/NRSF-expressing vector (right). (D) Transcriptional suppressor activity of REST/NRSF was observed in
astrocytes and ES cells as assessed by the RE1/NRSE reporter system. Mean = SD (n = 3). Statistical significance was examined by Student’s t fest (*, P <
0.05). (E) Comparison, between neurons and astrocytes, of REST/NRSF association with RE1/NRSE-containing regions in GAD 1, BDNF, Synaptotagmin4
(Syt4), and Calbindin (Cal) genes, measured by quantitative ChIP analysis. Blue columns: astrocytes. Red columns: neurons. Mean = SD.

Our results, however, show that this is not the case because ex-
pression of an ectopic neuronal marker was observed even in
adult astrocytes when DN-REST/NRSF was expressed (Fig. S5,
D and E). Therefore, the effects observed after introducing
DN-REST/NRSF into astrocytes in vivo suggest either that
3 wk was not long enough or that other stimuli were required

to reprogram astrocytes to express neuronal markers in vivo.
In contrast to DN-REST/NRSE, REST/NRSE-VP16 (the DNA-
binding domain fused to VP16) was efficient enough to increase
the frequency of astrocytes positive for the neuronal marker in vivo
(Fig. 5 D). Collectively, these results suggest that REST/NRSF
acts as a substantial guardian of the astrocytic phenotype.
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Figure 5. Astrocytes are reprogrammed to express neuronal genes via perturbation of REST/NRSF function. (A) Total RNAs were extracted from astro-
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RT-PCR with primers specific for individual REST/NRSF target genes, GAD 1, BDNF, Syt4, and Cal. (B) Expression of a neuronal marker in astrocytes after
perturbation of REST/NRSF activity. Introduction of a DN-REST/NRSF-expressing construct into astrocytes resulted in ectopic expression of Blil-tubulin
(red) in GFAP-positive (blue) astrocytes. Insets: Hoechst nuclear staining of each field. Bar, 50 pm. The percentage of Blil4ubulin—positive cells in GFP- and
GFAP-positive populations was determined (right graph); the effect of REST/NRSF-VP16 in astrocytes is also indicated. Mean = SD (n = 3). Statistical sig-
nificance was examined by Student's ttest (*, P < 0.05). (C) Expression of Map2ab in DN-REST/NRSF-expressing astrocytes. Astrocytes were cultured as
in B and stained with anti-GFP and -Map2ab antibodies. (D) Ectopic expression of neuronal markers in S100B-positive astrocytes in vivo after introduction
of REST/NRSF-VP16. Lentiviruses were injected stereotactically into the striatum of adult mouse brain, followed by immunohistochemical analysis 3 wk after
the surgery. Insets: higher magnification image of boxed region in each field. Quantification is shown in the table (Control, 164 STO0B+/EGFP+ cells from
three animals; REST/NRSF-VP16, 67 S1008+/EGFP+ cells from three animals).

Our objective in the present study was to determine how, during
a cell’s progression toward a particular restricted lineage (here,
astrocytes), characters that are specific to an alternative lineage
(neurons) are suppressed. Contribution of BMP signaling to
NPC differentiation has also been examined by several genetic
manipulations of BMP receptors. Although the conditional
knockout of BMP type IA receptor (BMPRIA) in cortex showed
minor effects on glial differentiation (Araya et al., 2008), com-
pound disruption of BMPRIA and BMPRIB in mice resulted in

a decreased number of astrocytes generated from NPCs (See
et al., 2007). Moreover, several lines of evidence suggested that
BMP2 is a strong astrocyte-inducing cytokine for NPCs in vitro
(Nakashima et al., 1999b, 2001; Mehler et al., 2000; See et al.,
2007). BMPs have also been shown to not only induce GFAP
expression, but also to advance maturation of astrocytes, i.e.,
BMPs induce cell cycle exit and loss of NPC markers (Bonaguidi
et al., 2005). Therefore, we thought that unraveling the molecu-
lar mechanisms of astrocyte differentiation and maturation in-
duced by the activation of BMP signaling may elucidate the
machinery that restricts differentiation plasticity in astrocytes.



As we reported previously, BMP2 triggers the expression
of negative HLH genes (Ids and Hes5), resulting in the inhibi-
tion of such neurogenic bHLHs as Mashl and Neurogenin.
However, BMP2-induced up-regulation of these negative HLH
factors in NPCs is transient (Nakashima et al., 2001; Fig. S1,
D and E), and their expression is normally detected in the ger-
minal zone of the developing brain, where undifferentiated cells
are located (Duncan et al., 1992; Ellmeier and Weith, 1995;
Lyden et al., 1999). Thus, we wished to identify a bona fide sup-
pressor of neuronal phenotype that acts both during and after
astrocyte differentiation. Although REST/NRSF is known as a
major regulator of neuronal genes in nonneuronal tissues, and
its expression is regulated during development (Chong et al.,
1995), the precise regulation of REST/NRSF expression by it-
self has not been addressed in detail. In this study, we have now
identified REST/NRSF as a BMP-regulated factor that sup-
presses neuronal differentiation. The transcriptional up-regulation
of REST/NRSF by BMP signaling is mediated by the direct
binding of Smad transcription factors to the SBEs in the REST/
NRSF regulatory region (Fig. 2). Although a direct link between
BMP signaling and REST/NRSF expression was not shown, it
was recently reported that REST/NRSF expression is observed
in the ectoderm of early Xenopus embryos where BMP signal-
ing is known to modulate tissue patterning, and that the interfer-
ence of REST/NRSF mimics several features associated with a
decreased BMP function (Olguin et al., 2006). Thus, the BMP-
REST/NRSF axis may exist in broader aspects of tissue organo-
genesis. Although we used BMP2 in the present study to examine
the inhibition of neuronal differentiation of NPCs, other BMP
family members, such as BMP4 and BMP7, also signal through
the type IA receptor and generally exert similar effects to those
of BMP2 (Yanagisawa et al., 2001). Considering this functional
conservation, other type IA—using BMPs may also be able to
induce REST/NRSF expression.

Unlike that of Ids and Hes5, expression of REST/NRSF is
maintained even in differentiated astrocytes (Fig. 1 C and Fig. 4 B),
yet how this difference occurs is currently unknown. REST/
NRSF is known to be regulated by canonical Wnt signaling
(Nishihara et al., 2003), and certain types of astrocytes secrete
Wnt3 to provide a niche for adult NPCs (Lie et al., 2005). It will
therefore be of interest to test whether activation of Wnt path-
ways plays crucial roles, whether autocrine or paracrine, to
maintain an astrocytic niche. An alternative possibility is that
REST/NRSF expression is maintained by mammalian SWI/
SNF chromatin remodeling complexes (Martens and Winston,
2003) after a transcriptional priming effect supplied by the
BMP-Smad pathway. Brgl, one of the two catalytic ATPase
subunits of the SWI/SNF complex, has been shown using CNS-
specific Brgl knockout animals to be required for gliogenesis
(Matsumoto et al., 2006). Nevertheless, the contribution of
SWI/SNF complex to REST/NRSF expression and repression
of neuronal genes in differentiated astrocytes must await future
study in an animal model of glia-specific depletion of BrgI.

Similar to Ids, as reported in our previous study (Nakashima
et al., 2001), the expression of REST/NRSF in NPCs does not
seem to actively induce astrogliogenesis because forced expres-
sion of REST/NRSF alone was unable to induce GFAP-positive

astrocytic differentiation (Fig. S3 A). The contribution of REST/
NRSF to an early step of astrocytic differentiation may be ex-
erted by repression either of neurogenic bHLH factors such as
NeuroD (Lunyak et al., 2002; Otto et al., 2007), or of an orphan
nuclear receptor like 7/x (Otto et al., 2007); the transcriptional
repressor TIx represses astrocyte differentiation (Miyawaki et
al., 2004; Shi et al., 2004; Uemura et al., 2006), in part by bind-
ing directly to the promoter region of the astrocytic gene gfap
(Shi et al., 2004). Because we did not observe active promotion
of astroglial differentiation of NPCs by REST/NRSF overex-
pression (Fig. S3 A), we cannot rule out the possibility that
REST/NRSF-induced suppression of genes which repress as-
trocyte differentiation is involved in BMP2-induced astroglio-
genesis. Considering that RE1/NRSE motifs have been identified
in hundreds of neuronal genes, including ion channels, neuro-
transmitter receptors, neurotrophins, synaptic vesicle proteins,
and cytoskeletal and adhesion molecules (Bruce et al., 2004),
REST/NRSF potentially could suppress a diverse array of neu-
ronal genes simultaneously. Therefore, although REST/NRSF
induction is probably sufficient for the inhibition of neuronal
differentiation, it is conceivable that BMP signaling needs to
collaborate with other signaling pathways such as the JAK/
STAT pathway (Nakashima et al., 1999a; He et al., 2005) for ef-
fective induction of astrocyte differentiation.

Once cells acquire the properties of a particular lineage,
they specifically repress genes that are expressed in alternative
cell lineages. This restriction of cellular plasticity must be tightly
regulated to ensure cellular or tissue homeostasis. In the case of
neurons, astrocytic gene expression is, in part, repressed by epi-
genetic modification through DNA methylation (Takizawa et al.,
2001; Setoguchi et al., 2006; Kohyama et al., 2008; Namihira
et al., 2009). As shown in Figs. 1, 4, and S1 E, expression of
REST/NRSF is up-regulated and maintained during astrocyte dif-
ferentiation, and REST/NRSF is bound to various kinds of neuro-
nal genes in differentiated astrocytes (Fig. 4 E). We have here
provided evidence that perturbing the function of REST/NRSF
by both DN-REST/NRSF and REST/NRSF-VP16 resulted in ec-
topic neuronal marker expression in astrocytes in vitro (Fig. 5 A).
However, we could not observe BIII-tubulin expression in astro-
cytes in vivo by simple inhibition of REST/NRSF function with
DN-REST/NRSEFE, whereas REST/NRSF-VP16 was able to in-
duce the neuronal marker ectopically. This difference between
the two REST/NRSF mutants may be caused by as-yet-unknown
mechanisms that are functioning to further repress neuronal genes
in astrocytes in vivo. Although we must await further investiga-
tion to identify these mechanisms, it is conceivable that REST/
NRSF plays at least some part in restricting the differentiation
plasticity of astrocytes by suppressing neuronal gene expression.
However, we have not yet been able to rule out the possibility that
off-target variable effects of REST/NRSF-VP16 contribute to ec-
topic neuronal gene expression in astrocytes in vivo.

Materials and methods

Cell culture

NPCs were prepared from embryonic day (E) 14 mouse telencephalons as
described previously (Nakashima et al., 1999b). Freshly isolated cells
were plated onto dishes precoated with poly--ornithine (Sigma-Aldrich)
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and fibronectin (Sigma-Aldrich) and cultured in N2-supplemented DME/
F-12 medium (N2/DME/F12) with 10 ng/ml basic fibroblast growth factor
(bFGF; PeproTech) for 4 d. bFGF was included unless otherwise indicated.
Cells were then detached and replated onto 8-well chamber slides (Thermo
Fisher Scientific) precoated with poly--ornithine and fibronectin (6 x 10*
cells per well) and 12-well plates (4 x 10° cells per well; Thermo Fisher
Scientific) for immunocytochemistry and luciferase assay, respectively. Pri-
mary astrocytes from cortex of postnatal day (P) O and adult mice were
prepared essentially as described previously (Song et al., 2002). In brief,
confluent astrocytes in medium were treated with 20 pM cytosine arabino-
side for 72 h to eliminate proliferating cells, followed by recovery in fresh
medium for 24 h. Under these conditions, most of the cells were GFAP-positive
astrocytes with little contamination by other cell types. Maturation of astro-
cytes was assessed by examining the expression of glutamine transporter
GLT-1 (Rothstein et al., 1994). Primary neurons from E14 cortex were pre-
pared as described previously (Martinowich et al., 2003).

Immunocytochemistry

Cells cultured on coated chamber slides were washed with PBS, fixed in 4%
paraformaldehyde (PFA) in PBS, and stained with one of the following pri-
mary antibodies: rabbit anti-GFAP (1:1,500; Dako), rabbit anti-REST/NRSF
(1:500; Millipore), rabbit anti-GFP (1:1,000; MBL), rat anti-GFP (1:200;
Nacalai Tesque), mouse anti-microtubule-associated proteins 2a and 2b
(MAP2ab) (1:1,000; Sigma-Aldrich), mouse anti-Nestin (1:1,000; Millipore),
mouse anti-S100B (1:1,000; Sigma-Aldrich), guinea pig anti-GFAP (1:2,000;
Advanced Immunochemical), guinea pig anti-GLT1 (Millipore), mouse anti-
GS (BD), rabbit anti-ld1 (1:100; Santa Cruz Biotechnology, Inc.), and rabbit
anti<leaved caspase-3 (Asp175; 1:500; Cell Signaling Technology). The fol-
lowing secondary antibodies were used: Alexa 488-conjugated goat anti-
mouse IgG (1:500; Invitrogen), Cy3-conjugated goat anti-mouse IgG
(1:500; Jackson ImmunoResearch Laboratories, Inc.), Alexa 488-conjugated
goat anti-rabbit (1:500; Invitrogen), FITCconjugated donkey anti-rat
(1:500; Jackson ImmunoResearch Laboratories, Inc.), FITCconjugated don-
key anti-guinea pig (1:500; Jackson ImmunoResearch Laboratories, Inc.),
Cy3-conjugated donkey anti-rabbit (1:250; Jackson ImmunoResearch Labo-
ratories, Inc.), and Cy5-conjugated donkey anti-guinea pig (1:250; Jackson
ImmunoResearch Laboratories, Inc.). Nuclei were stained using bisbenzimide
H33258 fluorochrome trihydrochloride (Nacalai Tesque). The fluorescence
images were acquired using a fluorescence microscope (Axiovert 200M;
Carl Zeiss, Inc.), 20x and 40x objectives, and LSM Image Browser software.
Images were combined for figures using Adobe Photoshop CS. All experi-
ments were independently replicated af least three times.

Immunohistochemistry

P8 pups were perfused through the left ventricle with 4% PFA in PBS (pH
7.4). Brains were dissected out and posffixed overnight at 4°C, cryopro-
tected in 30% sucrose in PBS overnight at 4°C, and then embedded in
OCT compound (Tissue Tek). Cryostat sections (12 pm) were cut and aof-
fixed to APS-coated glass slides (Matsunami Glass). The sections were then
permeabilized in TBS-T (TBS containing 0.05% Tween 20) for 10 min and
blocked with 10% normal donkey serum (Millipore) in PBS for 1 h at room
temperature. The sections were reacted overnight at 4°C with primary anti-
bodies in blocking solution. After three washes with PBS, the sections were
incubated in PBS containing the secondary antibodies for 1 h. Optical sec-
tions were viewed using a scanning-laser confocal imaging system (LSM510;
Carl Zeiss, Inc.) with 40x and 63x obijectives. Image acquisition was per-
formed with LSM Image Browser software (Carl Zeiss, Inc.). Images were
combined for figures using Adobe Photoshop CS.

RNA isolation and reverse-transcription PCR (RT-PCR)

Total RNAs were isolated using Sepasol RNAI (Nacalai Tesque) and treated
with DNase | (Promega). Firstsirand cDNAs were synthesized from 1 pg
total RNA with Superscript Il (Invitrogen). The RT products (1 pl) were used as
templates for PCR amplification (AmpliTag Gold; Applied Biosystems) in 25 pl
reaction solution containing 2 pM gene-specific primers. Quantitative real-
time PCR was performed in MX3000p (Agilent Technologies) using SYBR-
Green PCR Master Mix (Takara Bio Inc.). The gene-specific primers were as
follows: mouse REST/NRSF: REST-S, 5’-gaactcacacaggagaacgee-3’; REST-
AS, 5'-gattacacttcttagaageeg-3'; mouse G3PDH: G3PDH-S, 5’-accacagtc-
catgecatcac-3’; G3PDH-AS, 5'-tccaccaccctgttgetgta-3'; mouse SCG10:
SCG10-S, 5'gagctgictatgctgtcactg-3'; SCG10-AS, 5'4gttectgegaacctctgea-3;
mouse Hes5: Hes5-S, 5'-aagagcectgcaccaggacta-3’; Hes5-AS, 5'-cgctg-
gaagtggtaaagea-3’; mouse Id1: 1d1-S, 5'ggtggatccaccatgaaggtegecagtg-3';
Id1-AS, 5'-ggtggatccgtecatciggtecctcagtge-3'. For analysis of the REST/NRSF
target genes GAD1, BDNF, Synaptotagmin4, and Calbindin, primer sets
were designed according to a previous report (Ballas et al., 2005).
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Western blot analysis

Western blot analysis was performed by an established method. 20-ug pro-
tein samples of each total cell extract were separated by 5-20% gradient
SDS-PAGE, transferred to a nitrocellulose membrane, and probed with anti-
REST (rabbit IgG, Millipore), anti-B-actin (mouse IgG; Sigma-Aldrich), anti-
Smad1 (mouselgG; Santa Cruz Biotechnology, Inc.), and anti-phosphorylated
Smad1/5/8 (Cell Signaling Technology) antibodies. Signals were detected
with HRPonjugated secondary antibodies (Jackson ImmunoResearch Labo-
rafories, Inc.) using an ECL kit (GE Healthcare). The amounts of proteins
loaded in each slot were normalized to those of B-actin.

Luciferase assay

NPCs, primary astrocytes, and ES cells were transfected with luciferase
reporter plasmids, pGL3 promoter (Promega) with or without RE1/NRSE
(5'-TTCAGCACCACGGACAGCGCC-3'), using TransT LT-1 (Mirus) or
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Luciferase reporter constructs with a REST/NRSF gene regulatory fragment
(+65 bp to +1607 bp) or harboring Smad binding element mutations were
used. To manipulate BMP signaling, three expression constructs were also
used: smadé (inhibitory smad) and ALK3QD (constitutively activated BMP
type | receptor) cDNA inserted info pMY vector (Morita et al., 2000), DN-
Smad1 in pCl vector (Promega). As an internal control, a plasmid contain-
ing a sea pansy luciferase expression construct (pRL-CMV; Promega) was
cotransfected with the reporter constructs described above. To evaluate re-
pressor activity of REST/NRSF on SCG10, pGL3-basic vectors carrying a
minimum promoter region of SCG10 with intact (pGL3-STOPR S36(+);
5' TICAGCACCACGGAGAGTGCC-3') and mutated (pGL3-510PR Sm36(+):
5'-TTCAGCACCACTTAGAGTGCC-3') RE1/NRSE were also used (under-
lined GG dinucleotides were substituted by TT dinucleotides). On the fol-
lowing day, cells were solubilized and luciferase activity was measured
according fo the procedures recommended for the dual luciferase reporter
assay system (Promega). ARVO (PerkinElmer) was used for quantification.

Recombinant retrovirus construction and infection

cDNAs encoding full-length mouse REST/NRSF and its DNA-binding do-
main were cloned into expression vector pMY containing an internal ribo-
some entry site followed by the region upstream of the GFP gene (Kitamura
etal., 2003). The Plat-E packaging cell line was transiently transfected with
this construct by TransIT 293 (Mirus). On the following day, the medium
was replaced with N2/DMEM/F12 and the cells were cultured in this me-
dium for 1 d before virus was collected.

Lentivirus construction and infection

The DNA-binding domain of REST/NRSF and the DNA-binding domain of
REST/NRSF fused with VP16 were subcloned into CSC PW lentiviral vector
(Kuwabara et al., 2004). The production and infection of lentivirus followed
previous reports (Miyoshi et al., 1999; Kohyama et al., 2005). The shRNA
sequence fargeted for REST/NRSF was 5’-gaggcagtcicticaacaa-3'. This
shRNA cassette was subcloned into CSC PW lentiviral vector containing
both CMV-EGFP and murine Ué promoter cassettes derived from the origi-
nal CSC PW plasmid (Kuwabara et al., 2004). Lentiviruses (200 nl) were
stereotactically injected into the striatum of the adult mouse brain (O mm an-
terior, + 2 mm lateral to bregma, and 2.9 mm below the brain surface).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed according to a proto-
col published by Upstate Biotechnology. Undifferentiated NPCs and differen-
tiated cells were exposed to formaldehyde, at a final concentration of 1%,
added directly fo the tissue culture medium. Co-immunoprecipitated DNA
was used as a template for PCR of the genomic region containing two smad-
binding elements in the REST/NRSF gene with the following sets of primers:
REST/NRSF chip$S (5-GCCCAAGTTTGCAAAGAGCTG-3') and REST/NRSF
chipAS (5-CAACAAAAAGTTGAGCCCGAATG-3'). Quantitative realtime
PCR was performed in the Mx3000p system (Agilent Technologies) using
SYBR-Green PCR Master Mix (Takara Bio Inc.). For analysis of REST/NRSF
target genes including GAD 1, BDNF, Synaptotagmin4, and Calbindin, primer
sets were designed according to a previous report (Ballas ef al., 2005).
Antibodies used for the ChIP assay were rabbit anti-REST/NRSF (Millipore),
mouse anti-Smad1 (Santa Cruz Biotechnology, Inc.), rabbit anti-acetylated
histone H3 (Millipore), rabbit anti-rimethylated histone H3-lysine 4 (Abcam),
and mouse/rabbit control IgGs (Santa Cruz Biotechnology, Inc.).

Online supplemental material

Fig. S1 shows that phosphorylation of Smad1/5/8 induced by BMP2 ex-
posure in NPCs and the effect of BMP2 on oligodendrocyte differentiation of
NPCs. Expression kinetics of BMP signaling-target genes are also shown.



Fig. S2 shows reporter assays using a dominant-negative form of Smad1
and ChlIP assays using antibodies against Smad1, H3K4me3, and AcH3
in NPCs, astrocytes, and neurons. Fig. S3 shows the effect of REST/NRSF
or DN-REST/NRSF expression on cell proliferation and cell death in NPCs.
Fig. S4 shows expression of GLT-1 in cultured astrocytes and REST/NRSF
expression in the different regions of mouse brain. Smad1 occupancy in
REST/NRSF regulatory region in ES cells is shown. Fig. S5 A shows a
knockdown study using an RNAi approach in cultured astrocytes. We
also show the effect of DN-REST/NRSF in cultured astrocytes derived from
adult mice. Online supplemental material is available at http://www.icb
.org/cgi/content/full/jcb.200908048/DC1.
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