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deacetylases to repress transcription and
regulate neural stem cell proliferation
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TLX is a transcription factor that is essential for neural stem cell
proliferation and self-renewal. However, the molecular mechanism
of TLX-mediated neural stem cell proliferation and self-renewal is
largely unknown. We show here that TLX recruits histone deacety-
lases (HDACs) to its downstream target genes to repress their
transcription, which in turn regulates neural stem cell proliferation.
TLX interacts with HDAC3 and HDACS in neural stem cells. The
HDACS5-interaction domain was mapped to TLX residues 359-385,
which contains a conserved nuclear receptor-coregulator interac-
tion motif IXXLL. Both HDAC3 and HDAC5 have been shown to be
recruited to the promoters of TLX target genes along with TLX in
neural stem cells. Recruitment of HDACs led to transcriptional
repression of TLX target genes, the cyclin-dependent kinase inhib-
itor, p21C€IP1WAF1(p21), and the tumor suppressor gene, pten. Either
inhibition of HDAC activity or knockdown of HDAC expression led
to marked induction of p21 and pten gene expression and dra-
matically reduced neural stem cell proliferation, suggesting that
the TLX-interacting HDACs play an important role in neural stem
cell proliferation. Moreover, expression of a TLX peptide contain-
ing the minimal HDAC5 interaction domain disrupted the TLX-
HDACS interaction. Disruption of this interaction led to significant
induction of p21 and pten gene expression and to dramatic
inhibition of neural stem cell proliferation. Taken together, these
findings demonstrate a mechanism for neural stem cell prolifera-
tion through transcriptional repression of p21 and pten gene
expression by TLX-HDAC interactions.

coregulators | NR2E1 | self-renewal

N uclear receptors are ligand-dependent transcription factors
that regulate the expression of genes critical for a variety of
biological processes, including development, growth, and differen-
tiation. TLX is an orphan nuclear receptor that plays an important
role in vertebrate brain functions (1-6). We have shown that TLX
is an essential regulator of neural stem cell proliferation and
self-renewal in the adult brain (3). TLX could act by controlling the
expression of a network of downstream target genes to establish the
undifferentiated and self-renewable state of neural stem cells.
Elucidating the network regulated by TLX in producing these
outcomes will be a significant advance in understanding neural stem
cell self-renewal and neurogenesis.

Nuclear receptors carry out transcriptional functions through the
recruitment of positive and negative regulatory proteins, referred to
as coactivators and corepressors (7, 8). At least one mechanism
underlying the repression activity of nuclear receptors is through
the recruitment of histone deacetylase (HDAC) complexes. For
example, HDAC1 and HDAC2 have been found in complexes with
Sin 3 (9), nucleosome remodeling and deacetylation (NuRD) (10),
nuclear receptor corepressor (N-CoR) (11), silencing mediator of
retinoic and thyroid hormone receptors (SMRT) (12), and SMRT
and HDAC-associated repressor proteins (SHARP) (13). HDACH4,
HDACS, and HDAC7 have been shown to interact with SMRT,
N-CoR (14, 15), and myogenic transcription factor-2 (16). How
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TLX activity is modulated by transcriptional coregulators remains
largely unknown.

We show here that TLX interacts with a set of HDAC:s in neural
stem cells. TLX recruits these HDACS to its target genes to repress
their expression. Chemical inhibition of HDAC activity, siRNA
knockdown of HDAC expression, or disruption of TLX-HDAC
interaction using a TLX peptide containing the minimal HDACS
interaction site, all led to induction of TLX target genes, p21 and
pten, along with marked inhibition of neural stem cell proliferation.
These results suggest that transcriptional repression mediated by
TLX and its associated HDACs serves as an important mechanism
for neural stem cell proliferation.

Results

TLX Interacts with HDACs in Neural Stem Cells. Transcriptional
silencing is an essential regulatory mechanism for stem cell main-
tenance and self-renewal. HDACs play an important role in tran-
scriptional repression by catalyzing histone deacetylation and chro-
matin condensation. To determine whether TLX recruits HDACs
to mediate transcriptional repression, HA-tagged TLX was trans-
fected into HEK293 cells with Flag-tagged HDACs. Cell lysates
were immunoprecipitated with a Flag-specific antibody. The im-
munoprecipitates were examined for the presence of TLX by
Western blot analysis with an HA-specific antibody. Among the
HDACs examined, TLX was found to be associated with HDAC3,
HDACS, and HDAC7, whereas association with HDACI1
and HDAC?2 was not detected (Fig. 1a). This result indicates that
TLX interacts with HDAC3, HDACS, and HDAC?7 specifically.
Next we asked whether these TLX-interacting HDACs are
expressed in neural stem cells, where TLX is expressed. Neural stem
cells were isolated from adult mouse brains and cultured as
described (3). RNAs were prepared from neural stem cells or
differentiated cells and analyzed by Northern blot analysis. The
three HDACs that were shown to interact with TLX are all
expressed in neural stem cells with significantly reduced expression
in differentiated cells, similar to the expression profile of TLX (Fig.
1b). Expression of these HDACs in neural stem cells was further
confirmed by immunostaining analysis. Nuclear-specific staining of
HDAC3, HDACS, and HDAC7 was readily detected in neural stem
cells but was much lower in differentiated cells. In addition,
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Fig. 1. The interaction of TLX and HDAGs. (a) TLX interacts with HDACs in
HEK293 cells. Lysates of TLX and HDAC transfected cells were immunoprecipi-
tated with anti-Flag antibody, followed by immunoblotting with anti-HA
antibody. Protein expression was shown by immunoblotting cell lysates with
HA- or Flag-specific antibody. (b) Expression of TLX and HDACs in neural stem
cells cultured under proliferation (P) or differentiation (D) conditions. GAPDH
was included as a loading control. (c) TLX interacts with HDAC3 and HDACS in
neural stem cells analyzed by immunoprecipitation analysis. pre, preimmune
serum. (d) Double immunostaining of neural stem cells with antibodies spe-
cific for TLX (red) and antibodies for individual HDACs (green). The merged
images are shown in yellow. (Insets) Enlarged images.
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cytoplasmic localization of HDACS and HDAC7 was observed in
differentiated cells [supporting information (SI) Fig. 7].

To determine whether endogenous TLX interacts with HDACs
in neural stem cells, we developed a TLX-specific rabbit polyclonal
antibody (data not shown). Cell lysates of neural stem cells were
immunoprecipitated with the TLX-specific antibody. The immu-
noprecipitates were examined for the presence of HDACs by
Western blotting with HDAC-specific antibodies. Both HDAC3
and HDACS were detected in the TLX immunocomplex in neural
stem cells (Fig. 1c), although we were not able to detect HDAC7
in cell lysates by Western blot analysis. Double staining revealed
colocalization of TLX with HDAC3, HDACS, and HDAC?7 in the
nucleus of neural stem cells (Fig. 1d), further supporting the notion
of TLX-HDAC interaction in neural stem cells.

Mapping the TLX-HDAC5 Interaction Domain. To determine the
functional relevance of TLX-HDAC interactions, we mapped the
minimal domain of TLX for HDAC interaction. HDACS was
chosen for this study because it is most abundantly expressed in
neural stem cells among the HDACs we have examined (data not
shown). The HDAC5-interaction domain was determined by serial
deletion analysis of TLX. HA-tagged TLX deletion mutants were
transfected into HEK293 cells with Flag-tagged HDACS. The
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interaction of TLX with HDACS was detected by immunoprecipi-
tation analysis using an HA-specific antibody and subsequent
Western blotting with a Flag-specific antibody. This study located
the HDACS interaction site to TLX residues 359-385, with sec-
ondary interaction to TLX residues 340-359 (Fig. 2 a and b). To
determine whether deletion of TLX residues 340-385 affects TLX
transcriptional repression activity, the same set of deletions was
introduced into Gal4-TLX construct and analyzed in reporter
assays. Deletion of TLX residues 359-385 led to 3-fold relief of
TLX-mediated repression of basal transcription (Fig. 2c). Further
deletion to residue 340 resulted in another 1.6-fold loss of repres-
sion. These results suggest that the HDACS interaction sites are
critical for TLX repression activity.

Sequence analysis of TLX residues 359-385 revealed a conserved
IXXLL motif (Fig. 2d). This motif was initially identified as the
motif in coregulators that mediate nuclear receptor—coregulator
interactions (17) and has been shown recently to mediate the
recruitment of coregulators in transcription factors (18-20). To
determine the role of this motif in TLX-HDACS interaction,
site-directed mutagenesis was performed to mutate the IXXLL
motif to IXXAA. Mutation of the IXXLL motif led to significant
loss of TLX-HDACS interaction, similar to the loss resulted from
deletion of TLX residues 359-385 (Fig. 2e). The IXXAA mutation
also led to 2.7-fold relief of TLX transcriptional repression activity
(Fig. 2f). These results suggest that the conserved IXXLL motif is
important for both TLX-HDACS interaction and TLX-mediated
transcriptional repression.

HDAC Inhibitor Treatment Led to Marked Induction of TLX Target
Genes and Significant Reduction of Neural Stem Cell Proliferation. To
further determine the contribution of HDACs to TLX-mediated
transcriptional repression, we examined whether TLX recruits
HDAG:S to its target genes to repress their expression. Among genes
with altered expression in adult brains of WT and TLX-null mice,
a significant up-regulation of p21, a cyclin-dependent kinase inhib-
itor, was detected in adult TLX-null brains (Fig. 3a). Sequence
analysis revealed a consensus TLX-binding site, AAGTCA, in the
proximal promoter of p21. Gel-shift assays showed that TLX binds
to this sequence in vitro (Fig. 3b). The binding specificity was
demonstrated by mutating the consensus TLX binding site. WT p21
promoter sequence efficiently competed for TLX binding, but the
mutated sequence did not, suggesting that TLX binding is se-
quence-specific. To confirm the binding of TLX to the p21 pro-
moter, a ChIP analysis was performed in neural stem cells by using
a TLX-specific antibody. TLX was detected at the consensus TLX
binding site in p21 promoter as expected (Fig. 3¢). Interestingly,
both HDAC3 and HDACS were detected on the same site of p21
promoter along with TLX (Fig. 3c), supporting the idea that TLX
recruits HDAC:S to its target gene.

To validate the regulation of p21 gene expression by TLX and
HDAG:, we placed a luciferase reporter gene downstream of the
consensus TLX binding site in the p21 promoter and a minimal
thymidine kinase (tk) promoter (p21-tk-luc). Cotransfection of
TLX with the reporter gene led to 6-fold repression of the reporter.
Mutation of the consensus TLX binding site upstream of the
reporter gene (p21m) abolished the repression (Fig. 3d Left). These
results suggest that TLX functions as a transcriptional repressor of
p21 by binding to a consensus binding site in p21 promoter.
Treatment of a HDAC inhibitor, valproic acid (VPA), relieved the
TLX-mediated repression from 6-fold to 1.4-fold (Fig. 3d), whereas
no effect was detected on the reporter activity in the absence of
TLX transfection. Moreover, we cloned a 3-kb natural p21 pro-
moter containing the consensus TLX binding site and placed it
upstream of a luciferase reporter gene (p21-luc). Cotransfection of
TLX led to 4-fold repression of basal p21-luc activity and 6-fold
repression of FBS/forskolin (FSK)-induced p21-luc activity in neu-
ral stem cells. Treatment of VPA relieved TLX-mediated repres-
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Fig. 2.

Mapping HDAC5-interaction domain in TLX. (a) Immunoprecipitation analysis to determine HDAC5-interaction sites in TLX. HEK cells were transfected

with Flag-tagged HDAC5 and HA-tagged full-length (1-385) or deletion mutants of TLX. (b) Schematics of the TLX deletion mutants and summary of the HDAC5
binding results. (c) Deletion of HDACS interaction sites relieved TLX repression activity. Fold repression of Gal4-TLX full-length (1-385) or deletion mutants was
determined relative to Gal4-DBD activity. (d) The conserved IXXLL motif in mammalian TLX, Drosophila tailless, and other nuclear receptors. (e) Mutation of the
IXXLL motif in TLX impaired its ability to interact with HDACS5 in immunoprecipitation analyses. (f) Mutation of the IXXLL motif (mu) relieved TLX repression

activity. 385, TLX 1-385; 359, TLX 1-359.

sion of both basal and FBS/FSK-induced p21 promoter activity
significantly (Fig. 3e). These results together suggest that TLX
recruits HDACsS to a target gene, p21, to repress its expression.
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Fig.3. TLX recruits HDACs to repress p21 gene expression. (a) Gene expres-

sion in brains of adult WT (TLX*/*) and TLX/~ mice analyzed by RT-PCR
analyses. (b) TLX binds to p21 promoter in gel-shift assays. TLX binding was
competed by unlabeled WT (100x, 50x), but not by mutant (M) p21 oligoes. C,
control lysates. (c) TLX, HDAC3, and HDAC5 were detected on p21 promoter
by ChIP assays. Input, DNA input; Pre, preimmune serum. (d) TLX repressed p21
reporter and VPA relieved the repression. Luciferase activity of control tk-luc
(tk), p21-tk-luc (p21), and mutant p21-tk-luc (p21m) was measured in the
absence (—) or presence (+) of TLX expression in CV-1 cells. The transfected
cells were treated with solvent (—VPA) or 4 mM VPA (+VPA). (e) VPA treat-
ment relieved TLX-mediated repression of natural p21 promoter-driven lucif-
erase activity. Neural stem cells were transfected with control vector (=) or TLX
(+) and were treated with solvent (=), FBS/forskolin (FBS), 4 mM VPA, or both.
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We further tested whether HDACs contribute to repression of
endogenous p21 gene expression in neural stem cells. Neural stem
cells were treated with solvent or HDAC inhibitors, Trichostatin A
(TSA) and VPA. Northern blot analyses revealed increased expres-
sion of p21 in TSA- and VPA-treated neural stem cells (Fig. 4a),
consistent with the results from the reporter assays (Fig. 3 d and e).
ChIP assays revealed significantly increased acetylated histone H4
levels on p21 promoter upon VPA treatment (Fig. 4b), supporting
increased p21 expression in VPA-treated cells (Fig. 4a).

In addition to p21, a significant increase of pten gene expression
was also observed in TLX ™/~ adult brains (Fig. 4c). This result,
along with the observation that TLX binds to a consensus binding
site in pten gene promoter and represses pten promoter-driven
luciferase reporter activity (21), suggests that TLX functions as a
transcriptional repressor of pten gene in adult brains. ChIP analyses
revealed the binding of TLX to its consensus binding site in pten
gene promoter. Interestingly, HDAC3 and HDACS were detected
on the same site of pten gene promoter along with TLX (Fig. 4d),
suggesting that TLX recruits HDACsS to pten promoter. Treatment
of neural stem cells with TSA and VPA induced pten gene
expression significantly (Fig. 4e), suggesting that HDACs contrib-
ute to repression of pten gene expression in neural stem cells,
presumably through interaction with TLX.

The interaction of TLX and HDAGC: in neural stem cells and the
resulting repression of p21 and pten gene expression suggest that
the TLX-interacting HDAC:s play an important role in neural stem
cell proliferation. To test this hypothesis, we treated neural stem
cells with HDAC inhibitor VPA. BrdU treatment was performed
to label actively dividing cells. The percentage of BrdU-positive
(BrdU™) cells in total living cells was compared between solvent-
and VPA-treated cells. A remarkable decrease in the rate of
BrdU-positive cells was seen in VPA-treated neural stem cells (Fig.
4 f and g), suggesting that the HDAC inhibitors exert strong
inhibitory effect on neural stem cell proliferation. Moreover, neural
stem cells were treated with TLX siRNA, which led to marked
reduction of cell proliferation (Fig. 4 f and g). The inhibitory effect
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on cell proliferation by VPA treatment is reduced significantly in
TLX siRNA-treated neural stem cells (Fig. 4 f and g). These results
together suggest a role of TLX-HDAC interactions in neural stem
cell proliferation.

siRNA Knockdown of HDAC Expression Revealed an Important Role of
the TLX-Interacting HDACs in Neural Stem Cell Proliferation. In
addition to blocking HDAC activity globally, we attempted to
knockdown individual TLX-interacting HDAC expression using
siRNAs. We first targeted HDACS expression by using its
sequence-specific siRNAs. The HDACS-specific siRNAs were co-
transfected with a luciferase reporter gene upstream of HDACS
cDNA. Among the six siRNAs tested, siRNAs 1 and 2 repressed the
luciferase activity significantly (Fig. 5a). These siRNAs were there-
fore selected to treat neural stem cells. Both siRNAs led to
considerable knockdown of HDACS expression in neural stem cells
by Western blot analysis (data not shown). Cell proliferation was
examined by BrdU labeling analyses. The percentage of BrdU™
cells was compared among control GFP siRNA and HDACS
siRNA-transfected cells. Treatment of HDACS siRNAs led to a
50-70% decrease of BrdU labeling (Fig. 5 b and c), suggesting that
HDACS plays an important role in neural stem cell proliferation.

To determine whether knockdown of all three TLX-interacting
HDAC:s has more dramatic effect on neural stem cell proliferation,
we screened siRNAs for HDAC3 and HDACT7 (data not shown)
and selected the ones that have the strongest inhibitory effect.
Neural stem cells were transfected with siRNAs for HDACS3,
HDACS, and HDACT7 individually or together. Triple knockdown
led to much more dramatic inhibition of cell proliferation (Fig. 5 d
and e) compared with individual HDAC knockdown (Fig. 5 b and
¢ and data not shown). RT-PCR analysis revealed that knockdown
of all three HDAC: led to more dramatic induction of p21 and pten
expression (Fig. 5f) compared with the induction by individual
HDAC siRNA treatment, providing a molecular basis for the
significantly reduced cell proliferation upon triple HDAC siRNA
treatment (Fig. 5 d and e). siRNA inhibition of TLX expression also
led to significant induction of both p21 and pten gene expression
(Fig. 5g), similar to that which resulted from HDAC siRNA
treatment (Fig. 5f), strengthening the link of TLX and HDAC in
p21 and pten gene regulation.

Disruption of TLX-HDACS5 Interaction Resulted in Dramatic Inhibition
of Neural Stem Cell Proliferation. To determine whether the TLX-
HDAC interaction is important for TLX-regulated target gene
expression and neural stem cell proliferation, we tried to disrupt the
interaction by using a TLX peptide containing the minimal HDAC
interaction site. We have mapped the primary HDACS interaction
domain to TLX residues 359-385 with a conserved IXXLL motif
located at residues 372-376 (Fig. 2). A peptide spanning TLX
residues 362-382 with an HA tag was transfected into HEK293 cells
along with Flag-tagged HDACS and HA-tagged TLX. The inter-
action of HDACS with the TLX peptide was detected readily (Fig.
6a and SI Fig. 8). The expression of this peptide abolished the
interaction of full-length TLX with HDACS (Fig. 6a). In contrast,
a scrambled peptide had no effect on this interaction. To determine
whether the TLX peptide affects endogenous TLX and HDACS5
interaction, we transfected the TLX peptide-expressing vectors into
neural stem cells. Expression of the WT TLX peptide led to
dramatic loss of endogenous TLX-HDACS interaction, whereas
the scrambled peptide had minimal effect on this interaction (Fig.
6b). RT-PCR analysis revealed marked induction of both p21 and
pten gene expression in the WT peptide-transfected neural stem
cells (Fig. 6¢). Moreover, expression of the WT peptide led to up
to 80% inhibition of neural stem cell proliferation compared with
that in the scrambled peptide-transfected cells (Fig. 6 d and e).
These results strongly argue that the TLX-HDACS interaction is an
important component of TLX-mediated transcriptional repression
and neural stem cell proliferation.

Sun et al.

b IgG oAcH4
C TSA VPA Input C VPA Input C VPA

., 2 -
e e

— e — p21

WT TLX-/-
- pten

WT TLX-/-
M e actin
C TSA VPA

pten
Input IgG oH3 oH5 oTLX

B e e actin

—— - s pten
g 40+
35
2\°/30*
£ 25
[}
O 20
i e
2
& 10
5
0 T 1
123 4

Fig. 4. HDAC inhibitors induce p21 and pten gene expression and inhibit
neural stem cell proliferation. (a) Gene expression regulated by HDAC inhib-
itors, TSA, and VPA. "“C" indicates solvent control in all sections. (b) VPA
treatment led to increased acetylated histone H4 (AcH4) levels in neural stem
cells. (¢) Increased expression of pten in TLX/~ adult brains analyzed by
RT-PCR analysis. (d) TLX, HDAC3, and HDAC5 were detected on p21 promoter
by ChIP assays. (e) Increased expression of pten in TSA- and VPA-treated neural
stem cells analyzed by RT-PCR analysis. (f) Cell proliferation as revealed by
BrdU labeling (green) in solvent (C) or VPA-treated neural stem cells that were
transfected with control GFP siRNA (Upper) or TLX siRNA (Lower). (g) Percent
of BrdU* cells in control (bar 1), VPA- (bar 2), TLX siRNA- (bar 3), and TLX
siRNA+VPA- (bar 4) treated neural stem cells. Error bars are standard devia-
tion of the mean; assays were repeated three times.

In summary, we have shown that TLX interacts with HDAC3
and HDACS in neural stem cells. TLX recruits the HDACs to
the promoters of its target genes, p21 and pten, to repress the
expression of these genes. Both chemical inhibition of HDAC
activity and siRNA knockdown of HDAC expression led to
marked induction of p21 and pten gene expression and signifi-
cantly reduced neural stem cell proliferation. Moreover, we have
mapped the primary HDACS interaction site to TLX residues
359-385 and showed that a conserved IXXLL motif in this
region is critical for both TLX-HDACS interaction and TLX
repression activity. A TLX peptide containing this motif dis-
rupted TLX-HDACS interaction. Expression of this peptide led
to marked induction of p21 and pten gene expression and
significant inhibition of neural stem cell proliferation. Taken
together, these data strongly support the hypothesis that recruit-
ment of HDAC:s is an important component in TLX-mediated
transcriptional repression and neural stem cell proliferation.

Discussion

We have shown that TLX is an essential regulator of neural stem
cell self-renewal (3). In this study, we have identified two TLX
target genes, p21 and pten, in neural stem cells, and characterized
HDAC:s as TLX transcriptional corepressors. We have shown that
TLX recruits HDACs to p21 and pten genes to repress their
expression, which represents an important mechanism for neural
stem cell proliferation.

To determine the role of the HDACs in neural stem cells, neural
stem cells were treated with HDAC inhibitors, which resulted in
significant inhibition of cell proliferation. However, chemical inhi-
bition could have pleiotropic effects. We therefore knocked down
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Fig.5. Knockdown of HDAC expression led to reduced cell proliferation and
induced p21 and pten gene expression in neural stem cells. (a) HDAC5-specific
siRNA1 (SiR1) and siRNA2 (SiR2) inhibit HDAC5-mediated luciferase reporter
activity. *, P < 0.01. GFP siRNA was included as a negative control (C) in all
sections. (b) HDACS siRNAs reduced neural stem cell proliferation as revealed
by decreased BrdU labeling (green). (c) Decreased percent of BrdU* cells in
HDACS siRNA-treated neural stem cells. **, P < 0.05. (d) A combination of
HDAC3-, HDAC5-, and HDAC7-specific siRNAs reduced neural stem cell prolif-
eration as revealed by reduced BrdU labeling (green). Phase-contrast images
were shown in gray. (e) Decreased percent of BrdU™ cells in neural stem cells
treated with a combination of HDAC3-, HDAC5-, and HDAC7-specific siRNAs
(T). **%, P < 0.001. (f) Induction of p21 and pten gene expression in cells
treated with single HDAC-specific siRNAs (H3, H5, H7) or a combination of
HDAC3, HDACS5, and HDAC7 siRNAs (triple). (g) Induction of p21 and pten
gene expression in neural stem cells treated with TLX-specific siRNA (siTLX).
Actin was included as a loading control.

individual TLX-interacting HDAC expression by using sequence-
specific siRNAs (Fig. 5 and data not shown). Both induction of TLX
target gene expression and reduced neural stem cell proliferation
were observed upon individual HDAC knockdown. However, the
gene regulation and growth arrest effect mediated by individual
HDAC siRNA is not as dramatic as that induced by HDAC
inhibitors. One possible reason is that the HDAC inhibitors target
a panel of HDAGs, whereas each HDAC-specific siRNA only
reduces one HDAC expression. Indeed, when we treated neural
stem cells with a combination of HDAC3, HDACS, and HDAC7
siRNAs, a much more marked effect was detected upon the
induction of p21 and pten gene expression and inhibition of cell
proliferation compared with individual HDAC siRNA treatment.

To further determine whether the TLX-HDAC interaction is
critical for TLX function, a TLX peptide spanning the minimal
HDACS interaction site was expressed to disrupt full-length TLX-
HDACS interaction by competing for HDACS binding. Treatment
of this peptide led to significant induction of p21 and pten gene
expression and marked inhibition of neural stem cell proliferation.
Of note, more dramatic effect on cell proliferation (up to 80%
reduction) was detected upon TLX peptide treatment compared
with the 50-70% reduction in cell proliferation upon siRNA
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Fig. 6. Peptide interference of TLX-HDAC interaction. (a) A TLX peptide
competed for full-length (FL) TLX-HDACS interaction in immunoprecipitation
analyses. Expression of a WT TLX peptide abolished FL TLX and HDAC5
interaction in transfected HEK cells. An empty vector (=) and a scrambled
peptide (Sc) were included as negative controls. Expression of the TLX pep-
tides, FL TLX, and HDAC5 was shown by immunoblotting cell lysates with HA-
or Flag-specific antibody. (b) A TLX peptide disrupted endogenous TLX and
HDACS interaction in neural stem cells as revealed by immunoprecipitation
analyses. Expression of endogenous TLX, HDACS, and the transfected peptides
was shown by immunoblotting cell lysates with individual antibodies. (c)
Induction of p21 and pten gene expression in neural stem cells by expression
of WT TLX peptide analyzed by RT-PCR analysis. (d) Decreased percent of
BrdU* cells in the WT TLX peptide-transfected neural stem cells. Percent of
BrdU™ cells in the WT peptide-transfected cells (BrdU-+GFP+/GFP+) was cal-
culated and normalized with the percent of BrdU* cells in the Sc peptide-
transfected cells. *, P < 0.001. (e) Peptide treatment led to reduced neural
stem cell proliferation as revealed by BrdU labeling (red). Cells transfected
with the TLX peptide-expressing vectors were green due to the expression of
GFP. The BrdU+GFP+ cells were shown in yellow (indicated by arrows).

knockdown of HDACS expression. This discrepancy could be due
to the fact that siRNA only inhibits HDACS expression partially
(=60%), whereas the TLX peptide treatment led to almost com-
plete disruption of TLX-HDACS interaction.

Cell proliferation was regulated by complex signaling pathways
for which the cell cycle machinery holds a central position (22). Cell
cycle progression has been shown to be modulated by cyclin-
dependent kinase inhibitors. The first of these proteins identified
was p21, which has been implicated in growth arrest that precedes
terminal differentiation. Results presented here demonstrate that
TLX recruits HDAC:s to repress the expression of its target gene,
p21. In addition, we showed that the expression of the tumor
suppressor gene pfen was up-regulated in adult TLX /= brains.
HDAC3 and HDACS were detected along with TLX on the
consensus TLX binding site in pten gene promoter, and they repress
pten gene expression. pten encodes a lipid phosphotase that regu-
lates cell proliferation by negatively regulating phosphoinositide
3-kinase signaling (23). Conditional pten loss in neural stem cells led
to enlarged brains resulted from increased cell proliferation, sug-
gesting that pten negatively regulates neural stem cell proliferation
(24). Repression of p21 and pten gene expression by TLX and
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HDAC interactions provides a mechanism for TLX-mediated
neural stem cell proliferation and self-renewal.

Nuclear receptor-HDAC interactions are often mediated by
nuclear receptor corepressors SMRT and N-CoR (12, 14, 15, 25,
26). However, we failed to detect the interaction of TLX with
SMRT and N-CoR in our assays (data not shown). Others have also
reported the lack of interaction between TLX and SMRT/N-CoR
(21, 27). Recent studies identified atrophin as a TLX modulator in
yeast two-hybrid assays (21, 27). Atrophin has been shown to
interact with HDAC1 and HDAC2. However, we showed that TLX
interacts with HDAC3 and HDACS specifically in neural stem cells.
Whether atrophin is in the TLX-HDAC complex in neural stem
cells remains to be determined. It is worth noting that the results
presented here do not exclude the possibility that TLX recruits
HDAC-containing transcriptional corepressor complexes to medi-
ate its cellular function. Exploring the isolation and characterization
of TLX corepressor complexes may allow better understanding of
the mechanism of TLX-regulated gene expression and its role in
neural stem cell proliferation and self-renewal.

Stem cells provide great hope for the treatment of a variety of
human diseases that lack efficacious therapies to date. Identifying
factors that control stem cell proliferation and self-renewal is an
important step in moving stem cell technology from the laboratory
to the clinics. One molecule that plays an important role in
regulating this process is TLX. Uncovering the regulatory cascade
of this nuclear receptor will be critical to implementation of neural
stem cell-based cell replacement therapy for the treatment of
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
diseases. The results of this study have provided insights into the
TLX signaling pathway and have defined elements that control
neural stem cell proliferation. Each component of the TLX signal-
ing network, either downstream target genes or interacting mod-
ulators, can be molecular targets for therapeutic intervention of
neurodegenerative diseases.

Materials and Methods

Plasmid DNA and Transient Transfections. GAL4-TLX and HA-TLX
were generated by cloning TLX ¢cDNA into CMX-GAL4 DBD or
CMX-HA vectors. Flag-HDAC constructs were described in ref.
13. p21-tk-luc was generated by cloning three copies of TLX binding
sites in p21 promoter into tk-luc. HDACS-luc was generated by
cloning mouse HDACS cDNA into pSicheck 2.2 (Promega, Mad-
ison, WI). The WT and scrambled TLX peptides containing mouse
TLX residues 362-382 were fused in frame to three copies of
nuclear localization signals and HA tags and expressed under CMV
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promoter. A GFP marker under an independent CMV promoter
was included in the vector. CV-1 cells were transfected as described
in ref. 13. Neural stem cells were transfected using Nucleofector kit
(Amaxa, Gaithersburg, MD). Reporter luciferase activity was nor-
malized by the level of B-galactosidase activity in CV-1 cells and the
Renilla luciferase activity in neural stem cells. Each transfection was
carried out in triplicate at least three times.

Cell Culture, Immunoprecipitation (IP), and ChIP Assay. Neural stem
cells were cultured in DMEM F12 medium with 1 mM L-glutamine,
N2 supplement (GIBCO/BRL, Carlsbad, CA), EGF (20 ng/ml),
FGF2 (20 ng/ml), and heparin (50 ng/ml). For differentiation, cells
were exposed to 0.5% FBS and 5 uM forskolin for a week. IP of
neural stem cells was performed using TLX antibody followed by
protein A Sepharose incubation. IP of HEK293 cells was performed
as described in ref. 28. ChIP assays were performed using EZ-ChIP
kit (Upstate, Lake Placid, NY) and 5 ug of antibody per reaction.

Northern Blot, RT-PCR, Gel Shift, and RNA Interference Assays. North-
ern blotting was performed as described in ref. 13. Reverse tran-
scription in RT-PCR analysis was performed using Omniscript RT
kit (Qiagen, Valencia, CA). Gel-shift assay was performed using in
vitro translated TLX and vy-*?P-labeled DNA probes. HDAC
siRNA duplexes were transfected into neural stem cells by using
SilentFect (Bio-Rad, Hercules, CA) and transfected into HEK293
cells by using Fugene (Roche, Indianapolis, IN).

BrdU Treatment and Immunofluorescence Analysis. Neural stem cells
were treated with BrdU for 2 h. Cells were fixed and acid-treated,
followed by rat anti-BrdU antibody (diluted 1:250; Accurate, West-
bury, NY) incubation. Quantitative studies were based on four or
more replicates. Immunostaining of neural stem cells with anti-
bodies for TLX (1:500), HDAC3, HDACS, and HDAC?7 (1:100;
Santa Cruz Biotechnology, Santa Cruz, CA) was performed as
described in ref. 3.
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