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Background: Sox2 and TLX are essential for the self-renewal of adult neural stem cells (NSCs).
Results: Sox2 positively regulates TLX expression and antagonizes the negative feedback system of TLX by a physical interac-
tion between Sox2 and TLX.
Conclusion: Sox2 and TLX form a molecular network regulating adult NSCs.
Significance: This molecular network is a target to discover new ways regulate endogenous neurogenesis.

Adult neurogenesis is maintained by self-renewable neural
stem cells (NSCs). Their activity is regulated by multiple signal-
ing pathways and key transcription factors.However, it has been
unclear whether these factors interplay with each other at the
molecular level. Here we show that SRY-box-containing gene 2
(Sox2) and nuclear receptor tailless (TLX) formamolecular net-
work in adult NSCs. We observed that both Sox2 and TLX pro-
teins bind to the upstream region of Tlx gene. Sox2 positively
regulates Tlx expression, whereas the binding of TLX to its own
promoter suppresses its transcriptional activity in luciferase
reporter assays. Such TLX-mediated suppression can be antag-
onized by overexpressing wild-type Sox2 but not a mutant lack-
ing the transcriptional activation domain. Furthermore,
through regions involved in DNA-binding activity, Sox2 and
TLXphysically interact to forma complexonDNAs that contain
a consensus binding site for TLX. Finally, depletion of Sox2
revealed the potential negative feedback loop of TLX expression
that is antagonized by Sox2 in adult NSCs. These data suggest
that Sox2 plays an important role in Tlx transcription in cul-
tured adult NSCs.

Adult neurogenesis includes a series of sequential develop-
mental events that are all necessary for the generation of new
neurons from adult neural stem cells (NSCs)3 in two distinct

brain areas, the subventricular zone of the lateral ventricles and
the subgranular zone of the hippocampal dentate gyrus. New
neurons undergo distinct developmental steps before they
become functionally integrated into the existing circuitry.
Parental NSCs produce intermediate progenitor cells and are
identified by proliferative activity and the absence of mature
neuronal markers. In the lateral ventricles, these intermediate
progenitor cells migrate through the rostral migratory stream
to the olfactory bulbs, where they differentiate into interneu-
rons. In the hippocampus, the progenitor cells give rise to new
granule cell neurons or glial cells in the subgranular zone of the
dentate gyrus (1, 2). Elucidation of the properties of NSCs
requires the identification ofmolecules that determine the self-
renewal and multipotent characteristics of these cells. Self-re-
newing adult neural stem cells express a distinct set of stem-
cell-associated proteins. Among these intrinsic factors, Sox2
and TLX are essential for the self-renewal of adult NSCs (3, 4).
Sox2 is amember of the sex-determiningY-box-related high-

mobility group (HMG) box gene family, which encodes tran-
scription factors with an HMG DNA-binding domain (5, 6).
Sox2 is essential for the pluripotency of epiblast stem cells,
embryonic stem cells, and induced pluripotent stem cells (7, 8).
Sox2 is also required for adult NSC maintenance in the central
nervous system (9–11). It has been hypothesized that Sox2 reg-
ulates epidermal growth factor receptor (Egfr) and sonic hedge-
hog (Shh) expression for self-renewal of NSCs by a positive
feedback loop (12–14). The nuclear receptor tailless (TLX), also
known as NR2E1, is an orphan nuclear receptor that is
expressed in vertebrate forebrains (15, 16). TLX is an important
regulator of neural stem cell maintenance and self-renewal in
both embryonic and adult brains (4, 16). Global deletion of TLX
during development leads to retinal dystrophy, blindness, and
aggression (16). Conditional gene disruption of Tlx results in a
significant reduction of NSC proliferation and a marked
decrease in spatial learning (17). TLX-positive cells in the sub-
ventricular zone have been identified as slowly dividing type B
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NSCs. The inducible deletion of Tlx leads to complete loss of
subventricular zone neurogenesis, and it has been suggested
that TLX is required for the establishment of astrocyte-like
NSCs in the adult brain (18).
Theway inwhichTlx expression ismaintained in adultNSCs

remains unclear. In the present study, we investigated the
molecular relationship between Sox2 and TLX, key factors for
maintaining the stemness of NSCs.

EXPERIMENTAL PROCEDURES

Adult Neural Stem/Progenitor Cell Cultures and BrdU
Treatment—The dentate gyrus and subventricular zone of
adult female rats or mice were dissected, and progenitors were
isolated and propagated as described previously (19). Rat adult
hippocampus neural stem/progenitor cells (AHPs) were cul-
tured in DMEM/F-12 medium containing N2 supplement plus
FGF-2 (20 ng/ml) on poly-L-ornithine/laminin-coated dishes
(20, 21). Adult NSCs prepared from Tlxf/Zmouse whole brains
by FACS with the endogenous Tlx promoter activity were cul-
tured inDMEM/F-12mediumwithN2 supplement plus FGF-2
(20 ng/ml), EGF (20 ng/ml), and heparin (5 �g/ml) (17). For
gene depletion analysis, adult NSCs were transfected by the
Nucleofection system (Amaxa Inc., Gaithersburg, MD) with
vectors that express scramble sequence of short hairpin RNA
(shRNA) or shRNA for Sox2 or Tlx, with pCAG-mock or
pCAG-TLX. Cells were cultured for 3 days, and transfected
EGFP-positive cells were collected by flow cytometry. For gene
complementation assay of Tlx, retrovirus-expressing mock or
TLX were infected into mouse NSCs with Puromycin (Sigma),
and the selected cells were transfected with scrambled control
vector or shRNA for Sox2 for 48 h, and cultured with 10 �M

BrdU for 1 h. The BrdU-treated cells were fixed and acid-
treated, followed by immunofluorescence analysis with BrdU-
specific antibody (Accurate), or non-acid-treated cells were
stained with an anti-phospho-histone H3 (Ser10) antibody
(Cell Signaling Technology), and nuclei were stained with 4�,6-
diamidino-2-phenylindole (DAPI).
ChIP-qPCR—The ChIP assay was performed with an

EZ-ChIP kit (Upstate/Millipore) and 5 �g of anti-Sox2 anti-
body (Chemicon), anti-TLX antibody (Perseus Proteomics),
and an anti-acetyl-lysine histone H3 antibody (Millipore), an
anti-trimethyl histone H3 (Lys-4) antibody (MAB Institute,
Inc.), and an anti-trimethyl histoneH3 (Lys-27) antibody (MAB
Institute, Inc.) per reaction. DNA-relative enrichment was
determined by normalizing to an input genomicDNA.All ChIP
experiments were obtained from independent chromatin prep-
arations, and all quantitative real-time PCR reactions were per-
formed in quadruplicate for each sample on each amplicons.
Primers for theChIP-qPCRare listed in the supplemental Table
S1.
Quantitative Real-time RT-PCR—Total RNAs were extracted

using the RNeasy kit (Qiagen) and reverse-transcribed using
ReverTra Ace-�- kit (TOYOBO). Quantitative real-time RT-
PCR and ChIP-qPCR were performed with a SYBR Green
Q-PCR analysis kit (TaKaRa) according to the manufacturer’s
instructions. All samples were run in quadruplicate for each
experiment (Applied Biosystems). The primers used for qRT-
PCR are listed in supplemental Table S1, and values were nor-

malized to that for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).
Luciferase Reporter Assay—The reporter for the mouse Tlx/

Nr2e1 gene proximal promoter (spanning from �1319 to
�477) was constructed by PCR with subsequent ligation into
pGL3 basic vector (pTLX-P1-luciferase). The luciferase
reporters for transcription factor-specific analysis, with
repeats of the sequence, 5�-ACCAACAATGAAC-3�, con-
taining the putative Sox2 binding consensus S1, and repeats of
the sequence, 5�-GGCACAAAGTCACAG-3� or 5�-CCA-
GAAAGTCATCA-3� containing the putative TLX binding
consensus T1 or T2 in the TLX promoter region, were intro-
duced into a firefly luciferase construct driven by tk minimal
promoter. These constructs were designated 3�ST-tk-lucifer-
ase (three repeats of S1 with T1 or T2) and 6�T-tk-luciferase
(six repeats of T1 or T2), respectively. Rat AHPs were seeded in
N2 supplement plus FGF-2 (20 ng/ml) in 12-well plates coated
with poly-L-ornithine/laminin and transiently transfected with
Tlx promoter reporters along with the expression vector for
transgenes and pEF-Rluc or pCMV-Rluc using LT-1 (Mirus)
according to the manufacturer’s instruction. After 48 h, cells
were lysed in passive lysis buffer (Promega, Madison, WI).
Luciferase activity was measured using the dual luciferase
reporter assay system (Promega). All reporter assays were per-
formed in triplicate, and the bars in the figures denote the
standard deviation.
Immunoblotting and Gel Shift Analysis—293T cells trans-

fected with FLAG-, HA-, or Myc-tagged transgenes were lysed
by sonication in Nonidet P-40 lysis buffer (0.5% Nonidet P-40,
10 mMTris-HCl, pH 7.4, 150mMNaCl, protease inhibitor mix-
ture; Pierce). Lysates were immunoprecipitated and subjected
to SDS-PAGE, followed by transfer and Western blotting as
described previously (22). Mouse monoclonal anti-FLAG anti-
body (Sigma), anti-Myc tag 9E10 antibody (Upstate), and
anti-HA tag 16B12 antibody (BABCO) were used. Detection
was performed using the ECL detection system (Amersham
Biosciences). For GST pulldown assay, recombinant protein
fused with GST and TLX-(1–186) was expressed from the
pGEX-TLX-(1–186) construct in BL21(DE3) Escherichia coli
cells. The bacterial lysate containing recombinant GST fusion
protein that was prepared by sonication in B-PER II Bacterial
Protein Extraction Reagent (Pierce), was purified with glutathi-
one-Sepharose 4B (GE Healthcare). Recombinant Sox2 pro-
tein, prepared by TNT Quick Coupled Transcription/Transla-
tion Systems (Promega), was mixed with the GST-fusion
protein/beads and rotated for 2 h at 4 °C. After washing the
beads with Nonidet P-40 lysis buffer, the protein complex was
eluted by Laemmli SDS sample buffer and subjected toWestern
immunoblotting with anti-Sox2 antibody as described above.
To examine the effects of endogenous Sox2 interaction with
TLX, mouse NSCs transfected with pEF-FLAG-TLX (FLAG-
TLX) or pEF-FLAG (Mock) were harvested and lysed by using a
Nuclear Complex Co-IP Kit (Active Motif). The nuclear
extracts were immunoprecipitated with anti-FLAG antibody
(Sigma) and subjected toWestern blotting with anti-Sox2 (Cell
Signaling Technology) according to the instructions. The gel-
shift assay was performed with proteins prepared by the trans-
fection of the same amount ofmock vector, FLAG-tagged TLX,
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or Sox2 expression constructs into 293T cells, respectively. For
titrations of TLX and Sox2, protein lysates were mixed at a
protein ratio of 1:1 to 1:8, and incubated for 10 min at room
temperature before separation in the native gel. The DNA
probes for the gel-shift assay were annealed oligonucleotides
with the following sequences: 5�-bio-CGG CCC GCA GCG
ACAGGCACAAAGTCACAGGGTAATGAACTTCG-3�
and 5�-CGA AGT TCA TTA CCC TGT GAC TTT GTG CCT
GTCGCTGCGGGCCG-3�. Detection was performed using a
Lightshift chemiluminescence EMSA kit (Pierce).

RESULTS
Sox2 Binds to the Tlx 5� UTR Chromatin and Activates the

Tlx Promoter in Adult NSCs—TLX is essential formaintenance
of the undifferentiated and self-renewable state of NSCs in the
adult brain (4, 17). To identify potential regulators of TLX,
we analyzed the upstream proximal region ofTlx gene for tran-
scription factor binding sites. We found several putative Sox2
binding consensus sequences (5�-(A/T)(A/T)CAA(A/T)G-3�)
on both strands, named S1–S4, in the 4-kb upstream region of

the Tlx gene.We also found TLX binding consensus sequences
(5�-AAGTCA-3�) in the same 4-kb region, designated T1–T3
(Fig. 1A). To investigate whether Sox2 could directly regulate
Tlx expression, chromatin immunoprecipitation (ChIP) assays
were performed. As shown in Fig. 1B, the ChIP-qPCR analysis
revealed that Sox2 significantly binds to the putative Sox2 bind-
ing site, S1. Sox2 also binds to the S2 and S3 sites, but not the S4
site or the T1 site that contains an imperfect Sox2 binding
sequence, 5�-ACAAAG-3�. Next, we investigated TLX binding
to T1–T3 sites by ChIP-qPCR. As shown in Fig. 1C, TLX binds
T2 and T3, but not T1-putative TLX binding sites. Because
TLX has been reported to act as a transcriptional repressor, we
analyzed the chromatin status of the proximal promoter region
of Tlx in adult NSCs (Fig. 1D). The chromatin status of T1, T2,
and T3 regions or the S1–S4 region were analyzed by the ChIP-
qPCR using an anti-acetyl-lysine histone H3 (AcH3) antibody,
anti-trimethyl-lysine 4 histone H3 (H3K4me3), and anti-tri-
methyl-lysine 27 histone H3 (H3K27me3). The chromatin sta-
tus of T1 and S1 regions was active based on highly enriched

FIGURE 1. TLX is a direct target of Sox2 in adult NSCs. A, Sox2 (S1–S4; red triangles) and TLX/NR2E1 (T1–T3; blue triangles) consensus sites in the 5� region of
mouse Tlx gene. B, Sox2 binds to the 5� region of mouse Tlx gene in adult NSCs. Sox2 binding was determined by ChIP-qPCR, performed with normal rabbit IgG
(white bars) or Sox2 antibody (red bars). C, ChIP-qPCR analysis using anti-TLX antibody (blue bars) or normal mouse IgG (white bars) showed that TLX binds to T2
and T3 sites in the 5� region of mouse Tlx gene in adult NSCs. D, the analysis of histone modifications at the 5� region of mouse Tlx gene. ChIP-qPCR analysis of
S1–S4 and T1–T3 sites with normal rabbit and mouse IgG (white bars), or anti-AcH3 (top graph), anti-H3K4me3 (middle), and anti-H3K27me3 (bottom) antibodies
(red, blue, and black bars) in proliferating adult NSCs. For negative control, the p21 upstream region (top and middle graphs) and Actin (bottom) are shown as N
in each graph. Data are means �S.E. of value from four samples. *, p � 0.05; **, p � 0.01; t test and error bars show the standard deviation (�S.D.).
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AcH3orH3K4me3 signals. Interestingly, theT2 andT3 regions
showed not only H3K27 trimethylation marks that suggest
repressive functions, but also AcH3-positive chromatin status.
On the other hand, the chromatin status of the S4 region is
inactive based on H3K27me3-positive but not AcH3 and
H3K4me3 ChIP-qPCR results. We next confirmed that the
5�-proximal region of the Tlx gene has promoter activity in rat
AHPs, using a luciferase reporter assay (19) (Fig. 2A). Further-
more, Sox2 increased theTlx promoter activity up to 5-fold in a
C-terminal-dependent fashion (Fig. 2B). Collectively, we docu-
ment that Sox2 bound to the Tlx promoter and contributed to
the activation of regulatory elements of theTlx locus. To inves-
tigate howSox2 andTLXmay control each other in adultNSCs,
we constructed short hairpin RNA (shRNA) expression vectors
that contained EGFP and the shRNA sequence of interest:
Scrambled (CTRL),Tlx, and Sox2. AdultNSCswere transfected
with these shRNA vectors, and flow cytometry was used to
purify EGFP-positive cells. The EGFP-positive cells were ana-
lyzed for expression of Sox2, Tlx, and TLX-downstream genes,
Sox2, Sox2, and a neural stem cell marker gene, Blbp, Gfap,
Nestin, and Musashi-1 expression by qRT-PCR (Fig. 2C).
Expression of Sox2 shRNA resulted in a 24.6 (�4)% decrease in
TLX expression compared with CTRL shRNA in adult NSCs.
Reduced expression of endogenous Sox2, Blbp, and Gfap and
increased expression of p21 were observed in Sox2 shRNA-
transfected adult NSCs after 72 h, but Gadd45g, Nestin, and

Musashi-1 expression were not changed. Tlx shRNA led to the
reduction of endogenous Tlx, Blbp, and Gfap and increased
expression of TLX targets p21 andGadd45g; however, it had no
effect on Sox2, Nestin, andMusashi-1mRNA levels. As shown
in Fig. 2C, the decrease inTlx expression by Sox2 knockdown is
�25%, and these data suggest that expression of Tlx may
require another transcriptional activator in addition to Sox2.
Sox2 belongs to the SoxB1 subfamily, and they show overlap-
ping biological functions in neural stem/progenitor cells (23,
24). We have confirmed the expression of Sox3 in the cultured
adult NSCs by qRT-PCR (data not shown). Therefore, Tlx gene
expression could potentially be controlled by the Sox gene sub-
family, such as Sox3 in addition to Sox2.
TLX Represses Its Own Promoter and Is Antagonized by

Sox2—As shown in Fig. 1A, there are many putative TLX bind-
ing sites in the 5�-proximal region of the Tlx gene. TLX protein
is detected on T2 and T3 sites in theTlx promoter region in the
proliferating adult NSCs (Fig. 1C). To test the influence of TLX
on its own promoter in adult NSCs, the pCAG control vector or
pCAG-TLX (TLX) expression vector was transfected into
AHPs with a P1-luciferase vector, which contains the Tlx prox-
imal promoter upstreamof a firefly luciferase gene, alongwith a
vector encoding a Renilla luciferase for normalization. As
shown in Fig. 3A, TLX overexpression repressed the P1 pro-
moter activity. When Sox2 was co-transfected with TLX, Sox2
antagonized the repressive activity of TLX. However, Sox2,

FIGURE 2. Sox2 activates Tlx gene expression in adult NSCs. A, luciferase activity in AHP cells transfected with control luciferase reporter vector (CTRL), or
luciferase reporter gene (P1) that was placed downstream of the Tlx promoter region (�1319 to �477), was measured and normalized with pCMV-RLuc. Assays
were performed in triplicate, and the error bars indicate the standard deviation. B, the P1-luciferase construct (P1) was transfected with the pCAG mock vector
for control (�), pCAG-Sox2 (Sox2), or pCAG-Sox2�C (�-C) into AHPs. Luciferase activity was measured as described above. C, adult NSCs were transfected with
vectors for scrambled Control shRNA, Sox2 shRNA, or Tlx shRNA and cultured for 3 days. Transfected EGFP-positive cells were collected by flow cytometry and
were analyzed by quantitative RT-PCR. Data are means �S.E. of value from four samples. **, p � 0.01; t test and error bars represent �S.D. shRNA treatments are
denoted: C, control; S, Sox2; T, TLX.
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which lacked a C-terminal domain, Sox2�-C (�-C), did not
inhibit TLX activity (Fig. 3A). These data indicate that TLX
could repress its own promoter activity and that Sox2 antago-
nizes the repression activity of TLX in aC-terminal domain-de-
pendent manner.
Sox2 Functions as aMolecular Competitor of TLX Repression

in cis and trans—To examine the molecular relationship
between Sox2 and TLX in more detail, we prepared luciferase
reporter constructs that contain a minimal tk promoter with
multimerized Sox2 and TLX (3�ST-tk-luciferase; Fig. 3B) or
TLX only (6�T-tk-luciferase; Fig. 3C) binding sites. As shown
in Fig. 3B, Sox2 functioned as a cis activator, whereas TLX
repressed the transcriptional activity of 3�ST-tk-luciferase in
AHPs.When the samemolar ratio of Sox2 and TLX expression
constructs were transfected into AHPs, Sox2-mediated activa-

tionwas canceled. Amolar ratio of Sox2:TLXplasmids, at 8:1 or
greater, was required to overcome TLX repressor activity with
dependence on the C-terminal domain of Sox2 transgene (Fig.
3B: black bar, T1; gray bar, T2). To further characterize this
Sox2-dependent activity on TLX, we constructed 6x T1 or
T2-tk-luciferase. As shown in Fig. 3C, TLX repressed the
reporter activity of 6�T-tk-luciferase even in the presence of
low levels of the Tlx transgene. Interestingly, the repression
activity of TLXwas lost in a dose-dependentmanner, in the pres-
ence of a constant amount of the Sox2 even though the reporter
has no Sox2 binding site (Fig. 3C: black bar, T1; gray bar, T2). This
activityalsorequired theC-terminaldomainofSox2.Theseresults
indicate that Sox2 functions as a counterforce toTLXwith respect
to transcriptional activity in AHPs, and Sox2 can antagonize TLX
without Sox2 binding sequences in the DNA.

FIGURE 3. Sox2 is a molecular competitor of TLX with cis and trans effects. A, Sox2 functions as a positive regulator of transcription and antagonizes TLX
suppressor activity in cis with C-terminal domain dependence in a reporter assay. The luciferase reporter P1 that contains both putative Sox2 and TLX binding
consensus sequences (S1 and T1, respectively) were transfected into AHPs along with pCAG-TLX (TLX) or both TLX and Sox2 or both TLX and �-C. The firefly
luciferase activity was measured and normalized to pTK-RLuc. Assays were performed in triplicate, and the error bars indicate the standard deviation. B, the
luciferase reporter with three repeats of the putative Sox2 binding sequence (S1; red squares), and the putative TLX binding sequence (T1 or T2; blue squares)
with the tk minimal promoter, was transfected into AHPs along with either Sox2 or TLX, or both Sox2 and TLX such that the molar ratio of Sox2 to TLX was 1:1
or 8:1. Note that the same amount of Sox2 expression construct was used in contrast to the variable amount of TLX expression constructs. Luciferase activity
was measured as described above. The values represent the mean in black bars (T1) or gray bars (T2), and error bars indicate the standard deviation, with assays
performed in triplicate. C, Sox2 antagonizes TLX suppressor activity in trans with C-terminal domain dependence in the artificial reporter assay. The luciferase
reporter containing six repeats of the putative TLX binding sequence (T1 or T2; blue squares) with the tk minimal promoter, was transfected into AHPs along
with a combination of indicated vectors (note the constant amount of Sox2 transgene and variable amount of Tlx transgene). Reporter luciferase activity was
measured as described above. The values represent the mean in black bars (T1) or gray bars (T2), and error bars indicate the standard deviation, with assays
performed in triplicate. A luciferase analysis with this reporter showed that the repression activity of Tlx transgene was lost in the presence of Sox2 transgene
using both T1 (black bars) and T2 (gray bars) sequence reporters. **, p � 0.01, t test and error bars represent �S.D.
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Sox2 Interacts with TLX and Forms Complexes on the DNA
without Sox2 Binding Sequence—How is such derepression by
Sox2 on the suppressor activity of TLX achievedwithout a Sox2
binding sequence? To clarify the molecular mechanism of this
trans-inhibition of TLX by Sox2, we performed a gel-shift anal-
ysis with an oligonucleotide probe that contained a TLX bind-
ing consensus sequence. As shown in Fig. 4, FLAG-TLX, which
could form homo-oligomers, but not Sox2, specifically bound
to this probe (lanes 2 and 3). It is possible that there is also an
interaction between Sox2 and TLX off the DNA probe during
the gel-shift analysis, because a constant amount of FLAG-TLX
protein and an increasing amount of Sox2 protein in the reac-
tion mixture resulted in an increase of the formation of a
Sox2�TLX�DNA complex as indicated with an arrow as well as a
decrease in the TLX�DNA complexes (lanes 6–8, Fig. 4). Fur-
thermore, to investigate thesemolecularmechanisms involved,
we tested whether the interaction between Sox2 and TLX was
direct. We first performed immunoprecipitation analysis by
expressing HA-tagged TLX and/or FLAG-tagged Sox2 in 293T
cells. When the lysates expressing both HA-TLX and FLAG-
Sox2 were immunoprecipitated with an anti-FLAG antibody, a
significant amount of HA-TLX protein was co-precipitated
(lane 2, Fig. 5A). These data suggest a direct molecular interac-
tion between Sox2 and TLX. Sox2 contains two major func-
tional domains, an HMG and a C-terminal serine-rich domain.
A hallmark function of the HMG domain is to bind the minor
groove of the target DNA. The C-terminal serine-rich domain
is able to activate target gene expression (25). TLX belongs to
the so-called orphan nuclear receptor family, for which ligands

have not yet been identified. TLX consists of a DNA-binding
domain (DBD), a ligand-binding domain (LBD), and a hinge
region between DBD and LBD (15). To map the interaction
domain between Sox2 and TLX, a series of Sox2 and TLX dele-
tion mutants was tagged with the Myc epitope (Fig. 5B). When
the full length of HA-TLX was co-expressed with a series of
Myc-tagged Sox2 deletion constructs, the TLX protein co-pre-
cipitated with the full-length (1–319; lane 2) andHMGdomain
of Sox2 (39–117; lane 4), but not the C terminus of Sox2 (117–
319; lane 3) (Fig. 5C). The interaction between Sox2 and TLX
was also confirmed using a series of Myc-tagged TLX deletion
constructs and a FLAG-Sox2 construct. As shown in Fig. 5D,
Sox2 binds to the full-length TLX (1–385; lane 2) and amino
acids 1–186 (lane 4) that contain the DBD and hinge region of
the TLX protein, but not the DBD protein alone or the hinge/
LBD region of the protein (Fig. 5D). To further confirm this
interaction,we conducted aGSTpulldown assay using purified,
bacterially expressed GST-TLX (amino acids 1–186) and in
vitro translated Sox2 proteins. In these assays, Sox2 specifically
associated with the N terminus region of TLX containing both
the DBD and hinge regions (lane 3, Fig. 5E). We also show that
overexpressed TLX protein formed a complex with endoge-
nous Sox2 protein in the adult NSCs (lane 2, Fig. 5F). Taken
together, these data suggest that Sox2 interferes with the TLX
repressor function through direct protein-protein interaction.
Sox2 Interferes with TLX-mediated Self-repression on Its Own

Promoter in Adult NSCs—Several observations in our study
suggested that TLX-mediated transcriptional self-repression is
controlled by Sox2. To assess the molecular system in endoge-
nous adult NSCs, we performed transient overexpression of
TLX in adult NSCs. As shown in Fig. 6A, transient TLX expres-
sion increases total TLX mRNA levels up to 5-fold, but endog-
enous expression of TLX was not affected. These data suggest
that TLX is already at saturating levels in adult NSCs. However,
depletion of Sox2 by gene-specific knockdown reduced the
expression level of endogenous Tlx when exogenous TLX was
overexpressed transiently in adult NSCs (Fig. 6A). Collectively,
our data indicate that TLX is part of a negative feedback loop
for its own expression, and this loop is antagonized through
interactions with Sox2 in addition to activation of Tlx gene
expression by Sox2 in adult NSCs (Fig. 6B).

DISCUSSION

Sox2 is known to be a self-renewal gene, similar toOct3/4 and
Nanog, and plays a pivotal role in maintaining the stemness of
embryonic stem cells (6). Sox2 also plays an essential role in the
maintenance of NSCs (23, 26). Sox2 deficiency causes impaired
neurogenesis in the adult mouse brain, particularly in the hip-
pocampus (27). TLX has also been reported to function in the
maintenance of NSCs in the adult brain. The orphan nuclear
receptor tailless, TLX, also called NR2E1, is expressed in astro-
cyte-like B cells in the subventricular zone and in the subgranu-
lar zone of the hippocampus in the adult mouse brain (4, 18).
The inactivation of the Tlx gene in adult brains leads to loss of
the self-renewal ability of adult NSCs (4, 17, 18), suggesting that
TLX is a key regulator ofNSCmaintenance. Here, we show that
Sox2 is an upstream transcription factor of TLX in adult NSCs.
Sox2 predominantly functions as a transcriptional activator,

FIGURE 4. Sox2 and TLX form a complex on DNA. Gel-shift analyses were
performed with the biotin-labeled T1 region using whole cell extracts pre-
pared from 293T cells in which the FLAG-tagged TLX, Sox2 expression vectors
were individually introduced (lanes 2 and 3), in the presence of a 50-fold molar
excess of the competitor (lane 4) or in the presence of anti-FLAG M2 mono-
clonal antibody (lane 5). FLAG-TLX proteins prepared from transfected 293T
cell lysates were incubated with variable amounts of Sox2 proteins at a ratio
of 1:1 to 1:8 (lanes 6 – 8). The amount of Sox2 protein of lanes 3 and 8 in the
reaction was the same. n.s., nonspecific binding proteins; f.p., free probes.
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FIGURE 5. Sox2 and TLX physically interact through the HMG domain of Sox2 and the DBD-hinge region of TLX, with Sox2 binding to the DNA through
TLX interacting complexes. A, FLAG-tagged Sox2 and HA-tagged TLX proteins were transiently expressed in 293T cells. Equal amounts of total extracts were
immunoprecipitated with anti-FLAG antibody. Co-immunoprecipitated TLX was detected by an anti-HA immunoblot (top panel). The expression of HA-TLX and
FLAG-Sox2 proteins in total cell lysates was determined by anti-HA (middle) or anti-FLAG (bottom) immunoblots, respectively. B, schematic diagrams of Sox2
and TLX. Sox2 contains the high-mobility group DNA-binding domain (HMG), and C-terminal transactivation domain (TD). TLX contains the N-terminal DNA
binding domain (DBD), hinge region, and C-terminal ligand binding domain (LBD). C, N- or C-terminal truncated Myc-Sox2 and HA-TLX proteins were tran-
siently expressed in 293T cells. Equal amounts of total extracts were immunoprecipitated with anti-Myc antibody. Co-immunoprecipitated TLX was detected
by an anti-HA immunoblot (top panel). The expression of Myc-Sox2 and HA-TLX proteins in total cell lysates was determined by anti-HA (middle) or anti-Myc
(bottom) immunoblots, respectively. D, N- or C-terminal truncated Myc-TLX and FLAG-Sox2 were transiently expressed in 293T cells. Equal amounts of total
extracts were immunoprecipitated with anti-Myc antibody. Co-immunoprecipitated Sox2 was detected by an anti-FLAG immunoblot (top panel). The expres-
sion of Myc-TLX and FLAG-Sox2 proteins in total cell lysates was determined by anti-FLAG (middle) or anti-Myc (bottom) immunoblots. E, physical association
between Sox2 and TLX protein in vitro. Bacterially expressed GST or GST-TLX-(1–186) and in vitro translated Sox2 protein were used in pulldown assays.
Co-precipitated Sox2 proteins were detected by an anti-Sox2 immunoblot (bottom). F, interaction of endogenous Sox2 protein with TLX. FLAG-tagged TLX
protein was transiently expressed in adult NSCs. Equal amounts of nuclear extracts were immunoprecipitated with anti-FLAG antibody. Co-immunoprecipi-
tated Sox2 was detected with anti-Sox2 antibody (top panel). The expression of Sox2 and FLAG-TLX proteins in nuclear extracts was determined by anti-Sox2
(middle) or anti-FLAG (bottom) immunoblots.
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and the C-terminal domain is thought to interact with a co-ac-
tivator, such as CBP/p300 (28–30). We show that the Sox2
protein binds upstream from the Tlx/Nr2e1 gene locus and
activates TLX proximal promoter activity. Although knock-
down of Sox2 led to a moderate reduction of Tlx expression in
adult NSCs as shown in Fig. 2C, Sox2 and TLX are required
autonomously inNSCs (11, 31). To examinewhether Sox2 con-
trols the proliferation of adult NSCs through the TLX pathway,
we transfected shRNA vectors for Sox2 knockdown intomouse
adult NSCs that continuously express the exogenous Tlx gene,
and measured the cell proliferation by using 5-bromodeoxyu-
ridine (BrdU) labeling and immunostaining with an antibody
for phospho-histone H3 (Ser-10), which is a marker for the cell
proliferation of dividing cells. Expression of Sox2 shRNA signif-
icantly decreased BrdU incorporation and phosho-histone H3
detection compared with the control vector, and exogenous
TLX co-expression did not rescue this defect (supplemental
Fig. S1). These data indicate that Sox2 plays an important role
in Tlx transcription within cultured adult NSCs, but Sox2 may
also be part of a TLX-independent pathway involved in regula-
tion of self-renewal in adult NSCs. Interestingly, even though
Sox2 regulates Nestin gene expression (32, 33) and controls
Nestin-positive NSCs (27),Nestin andMusashi-1mRNAswere
not reduced by Sox2 knockdown within 72 h after shRNA vec-
tor transfection (Fig. 2C). In addition we have observed only
�25% decrease in Tlx mRNA levels upon Sox2 knockdown.

These observations could be due to a number of reasons. The
delay with which onewould expect not onlymRNAbut also the
Sox2 protein levels to decrease can lead to the somewhat subtle
effects of Sox2 knockdown in our system. Furthermore, other
Sox family members such as Sox1 and Sox3 could contribute to
functional redundancy among SoxB1 members (23, 24), and
Sox partner proteins such as Brn1, Brn2, or Pax6 could deter-
mine the set of regulatory target genes for activation in neural
cell fate specification (25). It has been reported that Sox3
expression is elevated in Sox2 mutant cells in the developing
brains and embryonic neurosphere cells (34). In addition,
besides Sox2, Sox3 could also contribute toNestin gene expres-
sion (33). A recent study has shown that �96% overlap exists
between Sox2 and Sox3 target loci (35). We have confirmed
Sox3 expression in the cultured adult NSCs (data not shown).
Taken togetherwith these observations and scientific reports, it
is highly probable that the timing of knockdown/analysis and
involvement of other SoxB1proteins contribute to our findings.
Again, Sox2 has relatively broader expression than TLX,
including differentiated astrocytes where TLX is not expressed.
In addition to the need for another activator for TLX expres-
sion, it is likely that epigenetic regulation of theTlx/Nr2e1 gene
locus could be involved in regulating TLX transcription. Fur-
ther research on Tlx regulation is required to address these
questions.

FIGURE 6. Sox2 is involved in the negative feedback system of TLX in adult NSCs. A, adult NSCs were transfected with vectors that express the scramble
sequence of shRNA (CTRL), or Sox2 shRNA (Sox2-KD), and with mock (white bars) or TLX expression vectors (black bars). Cells were cultured for 3 days, and
transfected EGFP-positive cells were collected by flow cytometry and were analyzed by quantitative RT-PCR. Data are means � S.E. of value from four samples.
**, p � 0.01, t test and error bars represent �S.D. B, a molecular model of the relationship between Sox2 and TLX. Sox2 activates Tlx transcription. TLX can
suppress its own promoter activity, but Sox2 antagonizes such repression in a dose-dependent manner.
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TLX functions as a transcriptional repressor through inter-
action with other co-repressors. TLX interacts with atrophin1,
HDAC3/4/5, and LSD1 (36–38). These proteins and TLX form
complexes that negatively regulate p21 and phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) expres-
sion to control the cell-cycle engine and inhibit differentiation
of NSCs to maintain stemness. Recently, other functions of
TLX have also been reported. TLX directly activates the Ascl1/
Mash1 promoter through interaction with Sp1, recruiting co-
activators, but dismissing the co-repressor HDAC4 (39). It is
suggested that TLX not only acts as a repressor of cell cycle and
glial differentiation, but also activates neuronal lineage com-
mitment in adult NSCs. We show that Sox2 antagonizes TLX
suppressor activity by cis- and trans- mechanisms, and inhibits
TLX function in a C-terminal domain-dependent manner in
reporter assays. In addition, depletion of Sox2 revealed TLX-
mediated self-repression of its own endogenous mRNA pro-
duction in adult NSCs as shown in Fig. 6A. Ourmodel proposes
a negative feedback loop of TLX transcription by TLX and the
regulation of TLX by Sox2 through direct protein-protein
interaction between them (Fig. 6B). However, as shown in Fig. 1
(C and D), TLX protein binds to its own promoter, and these
regions have a poised chromatin status in adult NSCs. So, it is
possible that Sox2 is involved in keeping the Tlx locus poised
and not necessarily strongly activated for expression. Further-
more, the TLX regulation by Sox2 may also require other fac-
tors, because Tlx promoter construct (P1) is more sensitive to
Sox2 levels than themultimerized reporter as shown in Fig. 3 (A
and B). Sox2 may regulate such molecular switching, but the
biological role of Sox2 on TLX binding sites for derepression of
TLX activity remains to be elucidated.
The hippocampal developmental defects in Sox2 loss-of-

function mutants resemble those caused by late Shh loss (40).
Sox2-deleted NSCs did not express Shh in vitro (13), and it is
suggested that Shh is controlled, at least partly, through a Sox2-
dependent autocrine mechanism. A recent study has revealed
that Gli2, a key mediator of Shh signaling, functions as a regu-
lator of Sox2 expression in telencephalic neuroepithelial cells
(14). Thus, the endogenous co-regulatory loop between Shh
and Sox2 is an essential regulatory component for stemness in
adult NSCs. A chemical inhibitor of Shh signaling, cyclo-
pamine, can block the growth of gliomas (41), suggesting that
Shh-Gli-Sox2 protein signaling is involved in the formation of
both NSCs and glioma-initiating cells (glioma stem cells) of
malignant brain tumors. The knockdown of Sox2 resulted in
decreased tumorigenic activity of glioma stem cells (42); how-
ever, direct target genes of Sox2 that may be involved in brain
tumor formation have not been identified. It has been reported
that NSC-specific overexpression of TLX using bacterial artifi-
cial chromosome-based technology is sufficient to induce NSC
expansion and glioma-like lesions, containing glioma stem cells
in the adult mouse brain (43). In this report, we propose a novel
transcriptional cascade, Sox2-TLX, whichmaintains the undif-
ferentiated state of adult NSCs. Thus, the biological relevance
of self-repression of TLX expression may be to prevent uncon-
trolled growth by limiting the protein level of TLX in adult
NSCs. The similarity of NSCs and glioma stem cells suggests
that they may use similar machinery for their maintenance.

Thus it will be of great interest to investigate whether the
molecular interplay between Sox2 and TLX plays an important
part in inducing gliomas fromNSCs. Controlling both Sox2 and
TLX expression by specific antisense oligonucleotides or RNA
interference may help develop novel approaches toward tar-
geted brain tumor therapy. Furthermore, other HMG domain
proteins and nuclear hormone receptors may interact as well.
This interplay may be involved in a number of developmental,
adult stem cell, and neoplastic processes.
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