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Background: Glioma-initiating cells are underlying causes of development and progression of glioblastoma.
Results: Depletion of Oct4 expression suppresses tumorigenic activity of glioma-initiating cells through down-regulation of
Sox2.
Conclusion:Oct4 maintains tumorigenicity of glioma-initiating cells in cooperation with the Sox axis.
Significance: This study uncovers the transcriptional network of stemness genes in cancer-initiating cells.

Although the concept of cancer stem cells or cancer-initiating
cells had created a new paradigm for the treatment of malignant
tumors, it remains unclear how cancer-initiating cells can be erad-
icated.We have previously reported that the transforming growth
factor-� (TGF-�)-Sox4-Sox2 pathway is essential for glioma-initi-
ating cells to retain their stemness, and inhibitionofTGF-� signal-
ingmay lead todifferentiationof glioma-initiating cells (Ikushima,
H., Todo, T., Ino, Y., Takahashi, M., Miyazawa, K., andMiyazono,
K. (2009) Cell Stem Cell 5, 504–514). Here we demonstrate that
Oct4plays essential roles in retentionof the stemnessproperties of
glioma-initiating cells through positive regulation of Sox2 expres-
sion. We also show that, in glioma-initiating cells, Oct4 is associ-
ated with Sox4 and that Oct4-Sox4 complexes cooperatively acti-
vate the enhancer activity of the SOX2 gene. In contrast, in fetal
neural progenitor cells, Sox2 expression is enhanced by transcrip-
tional complex containing Sox2 protein itself, and this self-rein-
forcing loop of Sox2 appears to be disrupted in glioma-initiating
cells, suggesting that Sox2 expression in glioma-initiating cells is
differently regulated fromthat inneural progenitor cells.Our find-
ings reveal differences between glioma-initiating cells and fetal
neural progenitor cells andmay open theway to depriving glioma-
initiating cells of tumorigenic activity without affecting normal
tissues.

Glioblastoma, also known as grade IV astrocytoma, is the
most aggressive form of malignant glioma and is one of the

most malignant human cancers, with an estimatedmedian sur-
vival of only �1 year (1, 2). Despite past huge efforts, this sta-
tistic has not markedly improved over the past decades.
Cancer stem cells or cancer-initiating cells are tumor cells

characterized by their ability to induce tumorigenesis and to
self-renew (3). Similar to other types of tumor cells, glioma-
initiating cells (or glioma stem cells) have been isolated from
human glioblastoma tissues (4, 5). Following their identifica-
tion, glioma-initiating cells have been intensively investigated
and have been found to exhibit strong resistance to chemother-
apy and radiotherapy (6, 7). It has been suggested that the fail-
ure to cure glioblastoma may be due to existing therapeutic
strategies that affect only the tumor bulk and not glioma-initi-
ating cells (8). These findings indicate the need for an innova-
tive therapeutic strategy enabling functional eradication of gli-
oma-initiating cells.
Although it has yet to be fully determined how the stemness

of glioma-initiating cells is maintained, a few signaling path-
ways, including Hedgehog (9), bone morphogenetic protein 4
(10), and TGF-� (11–13), have been implicated to contribute to
maintenance of the stemness properties of these cells. Although
the transcriptional machinery required is under investigation,
we have recently reported crucial roles for the Sox axis. Sox4
interacts with the SOX2 enhancer region to induce Sox2
expression, and this “Sox4-Sox2” axis maintains stemness
properties of glioma-initiating cells under the control of TGF-�
signaling (11).
The POU class 5 transcription factor Oct4 (also known as

Pou5f1) is essential for establishing and maintaining the pluri-
potent state of embryonic stem cells (14, 15). Deletion of Oct4
fromembryonic stemcells results in trophoblast differentiation
(16). Introduction of Oct4 together with Sox2, Klf4, and c-Myc
into human ormouse adult fibroblasts results in the generation
of induced pluripotent stem cells (17, 18). In addition, Oct4 has
been detected in high grade glioma and specific types of testic-
ular germ cell tumors (19–21). However, the role of Oct4 in
cancer stem cells has yet to be fully determined.
Here, we report thatOct4 is a factor of crucial importance for

the maintenance of tumorigenic activity of glioma-initiating
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cells.We have previously reported that, in contrast to Sox4 and
Sox2, the expression of Oct4 is not regulated by TGF-� signal-
ing in glioma-initiating cells (11). However, inhibition of Oct4
expression in glioma-initiating cells resulted in suppression of
sphere formation in vitro and tumor formation in vivo. Oct4
knockdown also potentiated sensitivity to conventional chem-
otherapy. We also demonstrated that Oct4 interacted with
Sox4 and cooperatively activated the SOX2 enhancer region to
maintain stemness properties of glioma-initiating cells. Nota-
bly, Sox2 expression in glioma-initiating cells was induced by
the Oct4-Sox4 complex acting on the SOX2 enhancer region to
maintain stemness properties, whereas that in fetal neural pro-
genitor cells was regulated by a transcriptional complex con-
taining Sox2 protein itself through a self-reinforcing regulatory
loop. These findings indicate that Oct4 plays a role in the
tumorigenic activity of glioblastoma and suggest that the stem-
ness properties of glioma-initiating cells are regulated bymech-
anisms different from those of neural progenitor cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Primary grade IV glioblastoma
samples were obtained during surgery from consenting
patients, as approved by the Institutional Review Board of the
University of Tokyo Hospital. Spheres were cultured in
DMEM/F-12 serum-free medium (Invitrogen) supplemented
with B27 (Invitrogen), 20 ng/ml EGF, and 20 ng/ml basic fibro-
blast growth factor (both from PeproTech). Characteristics of
the glioma-initiating cells were evaluated in our previous study
(11). Normal human fetal neural progenitor cells were obtained
from Lonza and cultured in maintenance medium (NPMM,
Lonza). U373MG cells were maintained in DMEM containing
10% fetal bovine serum, 50 units/ml penicillin, 50 �g/ml strep-
tomycin, sodium pyruvate (1 mM), and non-essential amino
acids (0.1 mM). The antibodies used were as follows: anti-
Musashi (Chemicon), anti-Nestin (Chemicon), anti-glial fibril-
lary acidic protein (Dako), anti-Tuj1 (Covance), anti-Oct4
(SantaCruz Biotechnology), anti-Sox2 (R&D), anti-Sox4 (Santa
Cruz Biotechnology), and anti-�-tubulin (Sigma-Aldrich).
Sphere-forming Assay—Glioma-initiating cells were cultured

in non-tissue-culture-treated flasks (BD Biosciences) with
vented caps (BDBiosciences) for 7 days. Floating spheres in five
fields per sample were counted under a microscope (magnifi-
cation, �40).
Limiting Dilution Assay—Sphere cells were dissociated and

plated in 96-well plates in 200�l of serum-freemedium. After a
7-day culture, the percentage of wells not containing spheres
for each cell plating density was calculated and plotted against
the number of cells per well.
RNA Interference—siRNAs (see supplemental Table S1 for

sequences) were purchased from Invitrogen and introduced
into cells using Oligofectamine transfection reagent (Invitro-
gen) according to the manufacturer’s instructions.
Immunostaining—Glioma-initiating cells were seeded on

poly-L-ornithine (Sigma)- and fibronectin (Sigma)-coated slide
glasses and cultured for 7 days with the indicated siRNA in
serum-free medium. Cells were fixed with 3.7% paraformalde-
hyde, permeabilized with PBS containing 0.3% Triton X-100,
and incubated with the indicated antibodies. Subsequently,

samples were incubated with secondary antibodies and stained
with propidium iodide (Molecular Probes) for nuclear staining.
Stained cells were observed with a confocal microscope
(LSM510, Carl Zeiss).
Cell Lysis and Immunoblotting—Cells were lysed with a

buffer containing 1% Nonidet P-40, 20 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM PMSF, 1% aprotinin, and 5 mM EDTA.
Proteins in cleared cell lysates were subjected to SDS-PAGE
and transferred to Fluoro TransWmembrane (Pall). Immuno-
blotting was performed using the indicated antibodies.
Quantitative Real-time PCR—Quantitative real-time reverse

transcription-PCR was performed as described previously (22).
All samples were run in triplicate in each experiment. The
primers used are listed in supplemental Table S1. Values were
normalized to that for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH).
ChIP and ChIP Re-IP—Chromatin immunoprecipitation

(ChIP)3 was performed as described previously (11). PCR prim-
ers are listed in supplemental Table S1. For ChIP re-immuno-
precipitation (Re-IP) assays, protein-DNA complexes were
eluted from immunoprecipitation by incubation with 10 mM

DTT at 37 °C for 30 min and diluted 1:50 in buffer (20 mM

Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100), followed by Re-IP with secondary antibodies.
Cell Viability Assay—Quantitation of cell viability was per-

formed using a colorimetric assay for mitochondrial dehydro-
genase activity (WST-8, Nacalai Tesque) after treatment with
temozolomide (LKT Laboratories).
Luciferase Assay—The SOX2 enhancer region (�3553

through �4290) was cloned into a pGL4 vector (Promega,
Madison, WI) with a minimal promoter, and a luciferase assay
was performed as described previously (22). Values were nor-
malized to Renilla luciferase activity under the control of thy-
midine kinase promoter.
Intracranial Proliferation Assay—Viable glioma-initiating

cells (5 � 104) in 5 �l of DMEM/F-12 medium were injected
stereotactically into the right cerebral hemisphere of 5-week-
old female BALB/c nu/numice at a depth of 3 mm. All animal
experimental protocols were performed in accordance with the
policies of the Animal Ethics Committee of the University of
Tokyo.

RESULTS

Oct4 Is an Essential Factor for Retention of Stemness of Glio-
ma-initiating Cells in Vitro—The transcriptional network
essential formaintenance of glioma-initiating cells has not been
fully determined. We used glioma-initiating cells obtained
from two patients with glioblastoma, termedTGS-01 andTGS-
04, and cultured in serum-free medium to study this network.
The glioma-initiating capacities of these cells were character-
ized in our previous studies (11).
Oct4 is known to be one of themost crucial self-renewal gene

products and to play pivotal roles in maintaining stemness of
embryonic stem cells and neural stem cells. We have demon-

3 The abbreviations used are: ChIP, chromatin immunoprecipitation; Re-IP,
re-immunoprecipitation; Tuj1, �III-tubulin; GATA1, -2, GATA-binding pro-
teins 1 and 2.
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strated that expression of Oct4 is not affected by TGF-� signal-
ing in glioma-initiating cells (11). To study the role of Oct4 in
glioma-initiating cells, we first examined the effects of Oct4
knockdown on their biological properties. After Oct4 expres-
sion was knocked down (supplemental Fig. S1), glioma-initiat-
ing cells exhibited marked reduction of sphere-forming ability
in serial sphere-forming assay (Fig. 1A), suggesting that Oct4 is
required for self-renewal of glioma-initiating cells. In limiting
dilution assay, TGS-01 or TGS-04 with Oct4 siRNA also
showed less capacity for self-renewal than control cells (Fig.
1B). Similar results were obtained with the use of glioma-initi-
ating cells, TGS-02, TGS-03, and TGS-05, derived from other
patients with glioblastoma (supplemental Fig. S2). We also

examined the effects of Oct4 knockdown on proliferation and
apoptosis of glioma-initiating cells. Treatment of siRNA
against Oct4 did not significantly induce apoptosis but reduced
proliferation of TGF-01 and TGS-04 cells (supplemental Fig.
S3).
Glioma-initiating cells have been reported to express neural

precursor cell markers, but to only minimally express neural or
glial differentiationmarkers (11). To examine the expression of
thesemarker proteins in each type of cell, spheres in serum-free
medium were disaggregated and seeded on poly-L-ornithine-
and fibronectin-coated slide glasses. Knockdown of Oct4
expression by siRNA decreased the number of cells positive for
Nestin or Musashi (neural precursor cell markers) and

FIGURE 1. Oct4 is essential for retention of stemness of glioma-initiating cells. A, TGS-01 and TGS-04 cells were dissociated into single cell populations,
transfected with control (NC) or Oct4 siRNA duplex, and cultured for 7 days (1st). After the 7-day culture, spheres were dissociated into single cell populations
and equal numbers of cells were cultured for another 7 days (2nd). Values are the number of glioma spheres formed (means � S.E. of five fields). *, p � 0.001.
Scale bars, 100 �m. B, knockdown of Oct4 expression by siRNA in TGS-01 and TGS-04 cells resulted in a decrease of self-renewal capacity in limiting dilution
assay. C, immunostaining of TGS-01 cells. Spheres were disaggregated, seeded on poly-L-ornithine- and fibronectin-coated slide glasses, and cultured in
serum-free medium with control (NC) or Oct4 siRNA duplex for 7 days. Quantification of Nestin-, Musashi-, Tuj1-, or glial fibrillary acidic protein (GFAP)-positive
cells is shown in the right graphs. *, p � 0.01. Scale bars, 50 �m.
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increased that for glial fibrillary acidic protein (astrocyte differ-
entiated marker) or Tuj1 (neuronal marker) (Fig. 1C). These
results indicate that Oct4 is required for maintenance of the
stemness properties of glioma-initiating cells in vitro.
Knockdown of Oct4 Expression Decreases Tumorigenicity of

Glioma-initiating Cells in Vivo—To study the role of Oct4 in
the tumorigenic activity of glioma-initiating cells in vivo, we
next examined the effects of Oct4 knockdown on intracranial
growth of glioma-initiating cells. We treated dissociated glio-
ma-initiating cells with siRNA against Oct4. Cells from the
newly formed glioma spheres were orthotopically inoculated
into the brains of immunocompromised mice. The growth of
glioma-initiating cells was inhibited by pretreatment with
siRNA against Oct4, and the mice inoculated with the pre-
treated glioma-initiating cells survived significantly longer than
those inoculated with control cells (Fig. 2). We also examined
tumor formation in the brain 30 days after transplantation.
Whereas mice with control glioma-initiating cells displayed
large tumors in the brain, those with the pretreated glioma-
initiating cells exhibited no evidence of tumor on histopatho-
logic examination (Fig. 2). These results suggest that Oct4 is
essential for the maintenance of tumorigenicity of glioma-ini-
tiating cells and that loss of tumorigenicity byOct4 knockdown
is an irreversible process.
Knockdown of Oct4 Expression in Glioma-initiating Cells

Affects Sensitivity to Chemotherapy—As suggested by the can-
cer stem cell model, the resistance of glioma-initiating cells to
conventional chemotherapy may be a major cause of the low
cure rate for glioblastoma (3). Although oral administration of
temozolomide, a new alkylating agent, has shown efficacy in
patients with glioblastoma, it was found that glioma-initiating
cells were resistant to temozolomide-induced cell death, caus-
ing tumors to recur (7).We examined the effects ofOct4 knock-
down on the sensitivity of glioma-initiating cells to temozolo-
mide-induced cell death. Control TGS-01 and TGS-04 cells
exhibited low sensitivities to temozolomide treatment (Fig. 3
and supplemental Fig. S4). In contrast, treatment with increas-
ing concentrations of temozolomide suppressed the viability of
TGS-01 and TGS-04 cells pretreated with Oct4 siRNA in dose-

dependent fashion. These results suggest that Oct4 is involved
in acquisition of drug-resistance properties of glioblastoma.
Oct4 Directly Induces Sox2 Expression to Maintain Stemness

Properties of Glioma-initiating Cells—We next studied the
molecular mechanisms that underlie the putative pathological
roles of Oct4 in glioma-initiating cells. Oct4 regulates stemness
properties of embryonic and neural stem cells via severalmech-
anisms (23). Among them, Sox2, which has recently been
reported to be a critical regulator of the stemness of glioma-
initiating cells (11, 24), is known to be one of the major down-
stream targets of Oct4 in embryonic stem cells (25). We there-
fore examined whether Sox2 acts downstream of Oct4 in
glioma-initiating cells. Oct4 knockdown in glioma-initiating
cells resulted in down-regulation of Sox2 expression (Fig. 4A),
indicating that Oct4 positively regulates Sox2 expression in gli-
oma-initiating cells. To examine whether this regulation is
directly mediated at the transcriptional level, we performed a
ChIP assay using an antibody toOct4. It has been demonstrated
that the enhancer element located in the 3� flanking region of
the SOX2 gene is important for the regulation of Sox2 expres-
sion in embryonic stem cells (25, 26). Recruitment of Oct4 to
the SOX2 enhancer element was observed in glioma-initiating
cells (Fig. 4B). In contrast, Oct4 was only minimally associated
with the SOX2 enhancer element in matched “differentiated”
cells that were derived from the same patient but were cultured
in media containing 10% fetal bovine serum to induce differen-
tiation. These results appear to be due to the lower levels of
expression of Oct4 in the “differentiated” cells compared with
the “sphere” cells (Fig. 4C). These findings together indicate
that Oct4 induces Sox2 expression in glioma-initiating cells
through direct binding to the SOX2 enhancer region.
Oct4 Induces Sox2 Expression Cooperatively with Sox4 and

Activates the Sox4-Sox2Cascade inGlioma-initiating Cells—In
our previous study, another transcription factor, Sox4, was
shown to associate with the SOX2 enhancer region and main-
tain the stemness and tumorigenicity of glioma-initiating cells
(11). In addition, consensus sequences of Sox proteins andOct4
exist proximally in the SOX2 enhancer region (Fig. 5A). These
findings prompted us to study the interaction of the Sox axis

FIGURE 2. Development of brain tumors after intracerebral transplantation of 5 � 104 TGS-01 cells pretreated with control (NC) or Oct4 siRNA duplex
for 7 days. Survival of mice (n � 7 mice for each condition) was evaluated by Kaplan-Meier analysis (left graph). p values were calculated by the log-rank test.
The right panels show the results of histological examination of the samples dissected at 30 days after intracerebral transplantation. Tissue sections were
stained with hematoxylin-eosin. Scale bars, 50 �m. Experiments were repeated twice with essentially similar results.
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and Oct4 in the maintenance of stemness properties of glioma-
initiating cells. First, we examined the interaction between Sox4
and Oct4. As shown in Fig. 5B, endogenous Oct4 physically
interacted with endogenous Sox4 in glioma-initiating cells.
Moreover, ChIP Re-IP experiments demonstrated that Sox4
and Oct4 exist in the same transcription complex on the SOX2
enhancer region (Fig. 5C).

We next studied the effects of the Oct4-Sox4 complex on
Sox2 expression in glioma-initiating cells.WhenOct4 and Sox4
were both knocked down, Sox2 expression was more strongly
down-regulated than it was by separate knockdown of Oct4 or
Sox4 (Fig. 6A). Suppression of SOX2 enhancer activity by
knockdown of Oct4 or Sox4 was also confirmed in luciferase
assay using TGS-01 and TGS-04 cells (Fig. 6B). Moreover, the
enhancer activity was synergistically activated by Oct4 and
Sox4 overexpression in glioblastoma cell line U373MG (Fig.
6B), in which the levels of expression of Oct4 and Sox4 were
significantly lower than in glioma-initiating cells (data not
shown).

To confirm a direct association of Oct4 and Sox4 with the
SOX2 enhancer region, we generated luciferase constructs with
mutated Oct4 and/or Sox4 binding elements in the SOX2
enhancer region (Fig. 6C). Mutation of one of the two elements
led to a reduction of enhancer activity compared with the wild-
type enhancer.When both binding elements weremutated, the
enhancer activity was more strongly reduced. These results
indicate that both Oct4 and Sox4 directly interact with the
SOX2 enhancer region and synergistically induce Sox2
expression.
Transcription Factor Complexes on the SOX2 Enhancer

Region in Glioma-initiating Cells Are Distinct from Those in
Neural Progenitor Cells—As demonstrated here using glioma-
initiating cells, Sox2 expression is also induced byOct4 through
interaction of Oct4 with the SOX2 enhancer region in embry-
onic stem cells. Furthermore, in embryonic stem cells, Sox2 is
associatedwithOct4 and theOct4-Sox2 complex cooperatively

FIGURE 3. Knockdown of Oct4 expression enhances sensitivity to chemotherapy in glioma-initiating cells. TGS-01 and TGS-04 cells with control (NC) or
Oct4 siRNA duplex were seeded in 96-well plates and treated with temozolomide (0, 10, 30, 100, 300, and 1000 �M) for 72 h. Cell viability was assessed by using
a WST-8 assay. *, p � 0.01 (siNC versus siOct4#1 and siNC versus siOct4#2).

FIGURE 4. Oct4 is associated with the SOX2 enhancer region to up-regu-
late expression levels of Sox2 in glioma-initiating cells. A, effects of Oct4
knockdown on expression of Sox2. Amounts of Sox2 protein were deter-
mined after treatment with control (NC) or Oct4 siRNA #1 duplex for 24 h.
�-Tubulin was used as a loading control. B, association of Oct4 with the SOX2
enhancer region. ChIP analysis was performed using TGS-01 cells (“Sphere”)
and matched “Differentiated” cells. Eluted DNAs were subjected to conven-
tional RT-PCR. The first intron of hypoxanthine phosphoribosyltransferase 1
(HPRT1) was used as a negative control. Input: 1%. C, levels of expression of
Oct4 protein in “Sphere” cells and “Differentiated” cells. �-Tubulin was used as
a loading control.

FIGURE 5. Oct4 physically interacts with Sox4 on SOX2 enhancer region. A,
the sequences of Oct4-binding element and Sox-binding element in the SOX2
enhancer region. B, physical interaction of endogenous Oct4 with endoge-
nous Sox4 in TGS-01 cells. Cell lysates were subjected to immunoprecipita-
tion with anti-Oct4 antibody followed by immunoblotting with anti-Sox4
(left) or with anti-Sox4 antibody followed by immunoblotting with anti-Oct4
(right). Asterisk: nonspecific band. C, recruitment of the Oct4-Sox4 complex to
the SOX2 enhancer region. Soluble chromatin was prepared from TGS-01
cells, and ChIP analysis was performed using anti-Sox4 and anti-Oct4 anti-
bodies. Subsequently, ChIP Re-IP of protein-DNA complex eluted from the
first immunoprecipitation was performed. Eluted DNAs were subjected to
conventional RT-PCR.
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activates the SOX2 enhancer region to form a positive regula-
tory loop (25, 26). To determine whether this regulatory loop
exists in neural progenitor cells and glioma-initiating cells, we
examined recruitment of these transcription factors to the
SOX2 enhancer region in a ChIP assay (Fig. 7). Anti-Oct4 anti-
body enriched the DNA fragments of SOX2 enhancer region
equally well in fetal neural progenitor cells and glioma-initiat-
ing cells. In addition, anti-Sox2 antibody immunoprecipitated
this region in neural progenitor cells. However, strong enrich-
ment of the same region by anti-Sox2 antibody was not
observed in glioma-initiating cells. These results indicate that
transcription factor complex on the SOX2 enhancer region
does not contain Sox2 in glioma-initiating cells and that Sox2
expression in glioma-initiating cells is regulated by mecha-
nisms different from those in fetal neural progenitor cells.
We next examined recruitment of Sox4 to the SOX2

enhancer region in neural progenitor cells and glioma-initiat-
ing cells. In contrast to the experiment using anti-Sox2 anti-
body, anti-Sox4 antibody immunoprecipitated the DNA frag-
ments of the SOX2 enhancer region in glioma-initiating cells,

whereas the enrichment observed in fetal neural progenitor
cells was much weaker. These findings together indicate that
Sox2 expression in glioma-initiating cells is potentiated by the
Oct4-Sox4 complex acting on the SOX2 enhancer region to
maintain tumorigenic activity, whereas that in neural progeni-
tor cells may be promoted by transcriptional complex contain-
ing Sox2 protein itself through a positive regulatory loop.

DISCUSSION

Although the origin of glioma stem cells (or glioma-initiating
cells) is controversial (27), several studies have suggested that
glioma-initiating cells share characteristics with neural or glial
stem/progenitor cells (28, 29). Glioma stem cells express neural
stem cell markers, including Nestin, Musashi, and Prominin-1
(CD133). Like normal neural stem cells, glioma stem cells are
located in specific niches surrounding the tumor vasculature. A
recent study has shown that the perivascular niches control
self-renewal of glioma stem cells through endothelial cell-de-
rived factors (30). However, in terms of transcription factor
complexes, the similarities and differences between glioma

FIGURE 6. Oct4 acts in concert with Sox4 to potentiate SOX2 enhancer activity. A, effects of Oct4 and/or Sox4 knockdown on expression of Sox2. Amount
of Sox2 protein was determined after treatment with indicated siRNA duplex for 24 h. B, roles of Oct4 and Sox4 in activation of the SOX2 enhancer region. Effects
of Oct4 and/or Sox4 knockdown on SOX2 enhancer activity were examined in TGS-01 and TGS-04 cells (left graphs). Effects of Oct4 and/or Sox4 overexpression
on SOX2 enhancer activity were examined in U373MG cells (right graph). Error bars represent �S.E. *, p � 0.001. C, TGS-01 or TGS-04 cells were transfected with
luciferase constructs containing wild-type or mutated SOX2 enhancer region. The cells were collected 24 h after transfection, and luciferase activity was
examined. *, p � 0.001. The right panel indicates the sequence of the SOX2 enhancer region and corresponding mutations (underlined) used in this study.
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stem cells and neural stem cells have not been clearly
determined.
Here we have shown that Oct4 expression is required for the

maintenance of the self-renewal capacity of glioma-initiating
cells. In addition, transient suppression of Oct4 by siRNA abol-
ished the induction of Sox2 by TGF-�4 and decreased the
tumorigenic activity of glioma-initiating cells (Fig. 2), suggest-
ing that impairment of stemness properties via Oct4 knock-
down may be an irreversible process. We also demonstrated
that Oct4 knockdown increases sensitivity to the chemothera-
peutic alkylating agent, temozolomide.
Oct4 is essential for establishing and maintaining the pluri-

potent state of stem cells (14, 15). Moreover, Oct4 is one of the
key factors in the generation of induced pluripotent stem cells
(17, 18). However, the role of Oct4 in the development and
progression ofmalignant tumors has not been fully determined.
Our findings indicate thatOct4 is an essential factor for glioma-
initiating cells and plays roles similar to those in embryonic
stem cells.
One of the most intensively investigated topics in current

cancer research is the identification of specific therapeutic
compounds that can effectively eliminate cancer-initiating
cells. Recent studies have identified factors essential for reten-
tion of cancer-initiating cells, including several growth factor
signaling pathways such as Wnt, Hedgehog, Notch, PI3K-
mTOR, TGF-�, and LIF (9, 31–36). Although new therapeutic
targets have been intensively sought based on findings related
to these pathways, one problem is that almost all of these sig-
naling pathways are also indispensable for normal stem cells.
Inhibitors of these signaling pathwaysmay affect the character-
istics of normal stem cells and impair maintenance of normal
tissues. Thus, from a clinical standpoint, it is important to iden-
tify factors not only essential for the maintenance of cancer-

initiating cells but also different from those present in normal
stem cells.
Here, we have demonstrated that Oct4-Sox4 complex acti-

vates the enhancer region of SOX2 genes to sustain stemness
properties of glioma-initiating cells. Oct4 and Sox2 are also
important for the maintenance of normal stem cells, and Oct4-
Sox2 complex activates the SOX2 enhancer region to form a
positive regulatory loop. However, in glioma-initiating cells,
Sox2 is not predominantly present in the transcription factor
complex on the SOX2 enhancer region. Instead, Sox4 forms a
transcriptional complex with Oct4 in glioma-initiating cells to
activate the enhancer region of SOX2, a gene essential for the
maintenance of tumorigenicity of glioma-initiating cells. These
findings suggest that Sox2 expression in glioma-initiating cells
can be potentiated via up-regulation of Sox4, whereas Sox2
expression in neural progenitor cells is regulated by a self-rein-
forcing regulatory loop and is relatively self-contained (Fig. 7
and supplemental Fig. S5). In other words, the positive regula-
tory loop of Sox2 is not active in glioma-initiating cells, and
alternatively, Oct4 acts with Sox4 to enhance Sox2 expression.
We also confirmed that, in neural progenitor cells, Sox2 is only
weakly induced by TGF-� stimulation (supplemental Fig. S6),
whereas this cytokine activates the Sox4-Sox2 cascade in glio-
ma-initiating cells (11). Loss of the regulatory loop of Sox2
expression may thus cause glioma-initiating cells to become
susceptible to exogenous stimuli. However, we should bear in
mind that our glioma-initiating cells were obtained from adult
tumors, whereas neural progenitor cells were from a fetus. Fur-
ther studies in neural progenitor cells from adults may be
important to elucidate the differences between glioma-initiat-
ing cells and normal neural progenitor cells.
We examined combined effects of siRNAs against Sox4 and

Oct4 in a limiting dilution assay but failed to observe any sig-
nificant synergistic effects (supplemental Fig. S7). It may be
because a defect of either factor in the Sox4-Oct4 complex
results in significant inactivation of the SOX2 enhancer and/or
because a single effect of siSox4 or siOct4 is strong enough to
reduce sphere-forming ability of glioma-initiating cells.
It remains to be determined why the common Oct4-binding

sequence and Sox-binding elements are differently regulated in
neural progenitor cells and glioma-initiating cells. Upon differ-
entiation of erythroid precursors into mature erythrocytes,
GATA-binding protein 2 (GATA2) on some promoter regions
is replaced by GATA1 (37). This process is termed the “GATA
switch” and is an essential step in the maturation of erythro-
cytes and the expression of �-globin. One of the crucial medi-
ators of this switching is Friend of GATA1 (FOG-1, also known
as Zfpm1), a multi-zinc-finger protein critical for the develop-
ment of erythrocytes andmegakaryocytes (38, 39), and GATA-
FOG interaction is believed to be required for “GATA switch”
(40). Like the “GATA switch,” the Sox-binding element on
SOX2 enhancer region in glioma-initiating cells is differently
regulated from that in neural progenitor cells, although the
mechanism responsible for this remains to be determined.
Although Sox4 plays a crucial role in the retention of tumor-

igenicity of glioma-initiating cells through up-regulation of
Sox2 expression (11), Sox4�/� mice exhibit no neurological
defects (41). This finding suggests that themechanismof action4 H. Ikushima and K. Miyazono, unpublished observation.

FIGURE 7. The partner of Oct4 on SOX2 enhancer region in glioma-initiat-
ing cells is distinct from that in neural progenitor cells. Soluble chromatin
was prepared from glioma-initiating cells (TGS-01 and TGS-04) and neural
progenitor cells (NPC). ChIP analysis was performed using anti-Oct4, anti-
Sox2, and anti-Sox4 antibodies. Eluted DNAs were subjected to quantitative
real-time PCR analysis. Values were normalized to the amount of the first
intron of HPRT1. Error bars represent �S.E.
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of Sox4 in glioma-initiating cells is distinct from that in neural
stem/precursor cells. Because the self-renewal and prolifera-
tion of normal stem cells are likely strictly regulated, perhaps by
genetic or epigenetic programs, the uncontrolled expansion of
cancer-initiating cells may result from deregulation of such
strict programs. In support of this conclusion,we found that the
self-regulatory loop of Sox2 expression observed in neural pro-
genitor cells was disrupted in glioma-initiating cells. This find-
ing may enable the determination of a novel molecular target
and eventually yield a therapeutic approach to eradication of
glioblastoma without affecting the normal brain.
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