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of mature neurons (NeuN; Supplementary Fig. 55). Expression
ol Mbp or O, both of which are expressed in mature oligo-
dendrocytes, was not observed in either type of glioma {Sup-
plementary  Fig. S5 and  data not  shown). However.
interestingly. Nkx2.2. a homeodomain transcription factor
essential for oligodendroglial differentiation. was strongly
expressed in AAs but barely detectable in GBMs (Fig. 2D).
These data suggest thal mechanisms governing oligodendro-
alial differentiation may play a critical vole in regulating
malignant progression of glioma.

Nkx2.2 regulates mouse gliomagenesis

Our obsevvation that malignant glioma progression is inver-
sely correlated with loss of Nkx2.2 expression suggested that
presence of Nkx2.2 inhibits GBM formation. To test this
hypothesis. we assessed the effects of Nkx2.2 upregulation
on the fate of GiCs within 'TNSs derived from GBMs. Nkx2.2
reportedly induces oligodendroglial differentiation of normal
NPCs (25
cells devived from pa3’

26). We overexpressed Nkx2.2 in dissociated GBM
:‘l)](;lll/u/rl //)/.()//ll"/, NR Lo mice
and examined TNS formation. Nkx2.2 overexpression markedly

reduced both the numbers of TNSs formed and their expres-
sion of Nestin (Fig. 3A and B). Notably, cells within these TNSs
showed inereased expression of the oligodendrocyte markers,
chondroitin sulfate proteoglycan (NG2), O, and Mbp. These
datw indicate that Nkx2.2 can induce oligodendroglial differ-
entiation of GICs, decreasing their self-renewal capacity
{Fig. 3B). Next we used intracranial injection to introduce
vector-transduced murine TNSs into NOD/SCID mice (=
10). Tethal, infiltrating gliomas developed in brains of all mice
within { month. By contrast, all mice (10 of 10} injected with
TNSs overexpressing Nkx2.2 survived for more than 2 months

(Fig. 3C). Thus, induction of oligodendroglial differentiation of

GICs by Nkx2.2 suppresses GBM formation in vilro.

To divectly examine the effect of Nkx2.2 loss on gliomagen-
esis, we assessed the ability of NPCs in which Nkx22 was
downregulated via shRNA knockdown to promote gliomagen-
esis in a different genetic murine glioma model, the EGFRvIH-
induced GBM maodel {27). Introduction of NAv2.2 shRNA into
cultured NPCs from these mice efficiently knocked down
NRx2.2 expression (Fig. 3D). When recipienlmice were inocu-
lated with pr26"™ " /9™ NPCs expressing EGERvETE plus
Nkv2.2 shRNA. mouse survival was significantly shorter than

that of recipients that rveceived pl6™ < /p1g™ = NPCs
expressing EGFRvIT plus control shRNA (Fig. 3D). Histologic
differences were not observed between gliomas arising from
NPCs transduced with control versus Nrx2.2 shRNAs (data not
shown). These data suggest that Nkx2.2 downregulation accel-
crates formation of Jethal GBMs,

NKX2.2 suppresses self-renewal of human GICs by
induction of oligodendroglial differentiation in vitro

To investigate whether our findings are relevant to human
gliomas. we first examined NKX2.2 protein expression in 96
human high-grade gliomas: 33 GBMs. 36 AAs, and 27 anaplas-
tic oligodendroghomas (AQ). As previously reported. immu-
nohistochemical analysis revealed that NKX2.2 was expressed
al higher levels in AOs (22 positive cases in 27 AOs, 81¢%]) than
the levels in AAs {15 positive cases in 36 AAs, 12%: Fig. 4).
Interestingly, most GBMs {28 cases in 33 GBMs) did not
express NKX2.2 (Fig. 4). Thus, in both humans and mice,
NRKX2.2 suppression is positively correlated with increased
malignaney in astroeytomas,

To assess the relevance of our findings to buman GICs. we
examined the effect of NKX2.2 overexpression on TNS forma-
tion by GICs. To do so, we used early passage, patient-derived
GIC Hines, termed TGS-01 and TGS-04, which under serum-free
conditions retain phenotypes and genotypes more closely
mirroring primary tumor profiles (17). NKX2.2 overexpression
markedly reduced both the number of TNS formed from GICs
and their expression of Nestin (Fig. 5A-D). In addition, cells
within these TNSs showed increased O4 expression. These data
indicute that NKX2.2 can decrease self-renewal capacity and
induce oligodendroghial differentiation ot human GICs in vitro.
suggesting that mechanisms observed in our mouse inodels are
conserved in human GICs. To examine whether NKX2.2 is
direetly regulated by transforming growth factor B (TGFB) or
hone morphogenetic protein 4 (BMP) signal, which is involved

in maintenance ol GICs (17, 28. 29), we examined the effects of

the YGER inhibitor (SB431542, 1 umol/L) and BMP4 (100 nmol/
1) on NKX2.2 expression in TGS-01 by immunoblotiing and
immunocylochemistry. NKX2.2 expression was not remarkably
aflected by these treatments (data not shown) nor was phos-
phorylation of Smad2/3 and Smadl/5/8 altered by NKX2.2
overexpression. ‘These data suggest that NKX2.2 does not
direetly interact with TGEFB or BMP signaling in human GiCs.

Critical roles of Nkx2.2 in mouse gliomagenesis. A, Nkx2.2 overexpression decreases TNS formation. Primary mouse glioma cells isolated from

P53 7 p16MEI 1M NR T mice were cultured as TNSs, infected with Vector- or Nkx2.2-expressing retrovirus, and cuitured for 7 days. a. Western blot
analysis of Nkx2.2 protein in representative samples. b. data shown are the mean number + 8D of TNSs generated per 2.000 cells (1 -~ 5/group). *. P < 0.001.
B. decreased Nestin but increased NG2, 04, and Mbp expression. a, TNSs were cultured on coverslips. infected with Vector- or Nkx2.2-expressing
retrovirus, selected with blasticidine-S for 4 days. and slained with anti-Nestin (red) plus TOTO3, anti-NG2 {red) plus TOTOS3, anti-O4 {red) plus TOTO3, or anti-
Mbp {green) plus TOTO3. Data shown represent 5 experiments. Scale bars, 50 jum. Data shown in the botiom are the mean percentage -+ SD of Nestin* or NG2”
or 04" or Mbp ™ cells among TOTO3" cells (1 5/group). *. £ < 0.001. b, RT-PCR of genes encoding proteins inclicated in (a). C. secondary

iumors. NOD/SCID mice were injected with retrovirus-infected TNSs cultured as in (B). a. image showing gross appearance of a coronal section from forebrain of
amouse injected with Vector-infected TNS. Data shown represent 10 mice. Scale bar. 3 mm. b, a coronal seclion of the secondary tumor in (a) stained with H&E.
“N" indicates an area of palisading with regional necrosis. Scale bar, 100 um. ¢, Kaplan-Meier tumor-free survival curves of NOD/SCID mice injected with TNSs
expressing Vector alone or Nkx2.2. D, confirmation of shRNA-mediated Nix2.2 knockdown {left). SVZ cells from neonatal p716"%"/p 19" mice were infected
with virus expressing control GFP shRNA or the indicated Nkx2.2 shRNAs. Nkx2.2 mRNA levels were determined by real-time RT-PCR, normalized to fi-actin
expression, and expressed as arbitrary units relative to control samples (defined as equal to 1). Results shown are the mean ratio + SD of Nkx2.2

mRNA relative o fi-actin (7 - 3/group). Right, decreased mouse survival. SVZ cells derived from neonatal p76"™“/p19™"™ mice were cultured, infected with
EGFRvIll-expressing virus. cultured for 7 more days. and injected into brains of NOD/SCID mice. Kaplan-Meier tumor-free survival curves are shown.
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Here, we have established mouse models harboring specific
mutations that allow us to control stages of malignant glioma
progression (AA versus GBM), These models provide signifi-
cant advantages in comparing characteristics of gliomas of
different malignant progression stages. Mutations seen in
huiman cancers may ditfer from those seen in mouse models.
Nonetheless, mouse models are essential and indispensable to
fully understand the nature of gliomas. Our models represent
powerful tools useful to identify novel factors that control
glioma malignant progression.

A stem cell-like gene expression signature {stemmess) has
heen shown in poorly differentiated tumors, based on histo-
logic criteria. Stemness is associated with an unfavorable
prognosis in several human cancers, including gliomas (30).
Consistent with these data, we observed enhanced stemness
characteristics, including upregulation of stem cell markers or
sphere formation, in GBM (grade [V) tumors but not AA
{grade 1) in our mouse models. Although the mechanism
is still unclear, several lines of evidence show that genetic loss

of p&3 ar p16"™*" /p19™ ‘enhances stemness. For example, p53
or plI6"* 19" deficiency increases both the kinetics of
induced pluripotent stem (iPS) cell reprogramming and the
number of emerging iPS cell colonies (31-35). These results
indicate that p53 and p16”*/p 19" function as barriers to
cell reprogramming and acquisition of stemness. Indeed, p53/
p16"" 7 /p 19" deficient multipotent hematopoietic progeni-
tors exhibit properties of hematopoietic stem cells that can
carry out fong-term reconstitution of blood cells (36). Thus,
p53 and p16™"*/p19" have a central role in limiting expan-
sion of multipotent progenitors. Because differentiation path-
ways are connmonly repressed in tumonr cells, the above results
plus our findings suggest a mechanism by which incipient
neoplastic cells could gain the ability to self-renew, acquire
further oncogenic mutations, and become malignant.

Our study reveals a critical role for Nkx2.2 in suppressing
glioma development and GIC self-renewal, A direct effect of
Nkx2.2 on oligodendroglial differentiation is supported by
previous analyses of mouse spinal cord (25). Coexpression
of Olig2 and Nkx2.2 in spinal cord (26) or in the ventricular and
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¢ . NKX2.2 oversxpression inhibits self-renewal of human GICs by induction of oligodendroglial differentiation. A, NKX2.2 overexpression
decreases human TMNS formation. TGS-01 and TGS-04 cells were cultured as TNSs, transfected with pLXSB (Vector) or pL.XSB-NKX2.2 (NKX2.2), and selected
with blasticidine-5 for 4 days (left). Scale bars, 100 pm. Right, dala shown are the mean number = 8D of TNSs generated per 2,000 cells (n = 5/group).
", P« G001, B, Western blot examination of NKX2.2 protein in representative samples from (A}, a-Tubulin: loading control. C and D, decreased Nestin

but increased Q4 exprassion. TNSs were cullured on coverslips, transfected with pLXSB Vector) or pLXSB-NKX2.2 (NKX2.2), selected with blasticidine-8 for

4 days (C, bright-field), and stained with {3, a) anti-Nestin (red) plus TOTO3, or (D, b) anti-O4 (red) plus TOTOS. Data shown represent 5 experiments. Scale
bars, 50 um. Data shown are the mean percentage + SD of Nestin' or 04 cells among TOTO3" ¢ells (0 = S/group). *, P < 0.001.

SVZ of the midbrain promotes oligodendrocyte differentiation
{37). Olig2 is essential for proliferation and differentiation of
oligodendrocyte precursors (38, 39). Olig2-expressing precur-
sors give rise not only to oligodendroeytes but to motor
neurons (26, 40), astroeytes, and ependymal cells (41, 42).
In contrast to Olig2, Nkx2.2 generally regulates %a!c differen-
tiation and/or maturation, rather than initial specification, of
oligodendroeyte precursors (25), although Nkx2.2 does support
generation of new oligodendrocytes or remyelination in adults
with CNS injury (43, 44). Nkx2.2 cooperates with Olig2 to
promote oligodendrocyte maturation to Mbp-positive stages
(,2 45). Although several lines of evidence suggest that Qlig2
activity represents a mechanistic link between growth of
mahé,nam glioma cells and adult NPCs (46, 47), data regarding
the role of Nkx2.2 role in gliomagenesis are not available. Our
findings suggest that Nkx2.2 functions as a cell fate switch
determining whether NPCs receiving oncogenic stimulation
develop into benign glial cells or malignant astrocytomas.
Roussenu and colleagues (48) previously reported that
NKX2.2 was expressed at higher levels in human AO than
in AA and GBMs, suggesting that NKX2.2 is a marker that
distinguishes AO from astroeytomas. In addition, it has been

reported that NKX2.2 expression is elevated in a proneural
subgroup of human GBM (49). In our examination of a larger
group of clinically defined samples, we found that NKX2.2 is
not only a marker for AQ but also an indicator of malignant
progression in astrocytomas, suggesting that NKX2.2 expres-
sion antagonizes malignant progression of most gliomas. In
addition, we showed that impairved oligodendroglial differ-
entiation caused by Nkx2.2 downregulation accelerates GBM
formation in a robust murine model of primary gliomagen-
esis. Our work shows that Nkx2.2 antagonizes glioma initia-
tion and malignant progression induced by

oncogenic signaling in NPCs. Finally, we show that forced
Nkx2.2 expression in GICs leads to oligodendroglial differ-
entiation and suppression of self-renewal in vitro. However,
it is unclear whether the inhibitory effects of NKX2.2 on
glioma malignaney in vive are mediated by
oligodendroglial differentiation, because in both mouse and
human samples the mature oligodendrocyte marker, MBP, is
not expressed in AA. NKX2.2 may affect malignant progres-
sion by an unknown function in vivo. Nonetheless, reactiva-
tion of NKX2.2 expression in glioma cells suggests a novel
therapeutic strategy.
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i summary, our novel mouse glioma models allow us to
analyze two grades of glioma rapidly and define molecular
mechunisms underlying malignant glioma progression. Thus,
nnderstanding signaling driving malignant gliomagenesis in
our models could contribute to development of novel
approaches to diagnose and/or eradicate cancer.

Disclosure of Potential Conflicts of interest
Nopotential canflicts of interest were disclosed.
Acknowledgments

W thank Mivako Takegami for expert technical assistance: Drs. Shinicli
Nizwwa, [arn Imayoshic and Ryoichiro Kageyanma for providing piid and
Nestin-CretR™ mice: Dr. Webster K. Cavenee Tor providing pEERNE plismics:

1. Louis DN, Ohgaki H. Wiestler OD, Cavenee WK, editors. WHO clas-
sification of tumours of the central nervous system. dth ed. Lyon.
France: World Health Organization; 2007.

2. McLendon R, Friedman A, Bigner D, Van Meir EG, Brat DJ, Mastro-
gianakis M, et al. Comprehensive genomic characterization defines
human glioblastoma genes and core pathways. Nature 2008:
455:1061-8.

3. Reilly KM, Loisel DA, Bronson RT, MclLaughlin ME, Jacks T. Nf1:Trp53
mutant mice develop glioblastoma with evidence of strain-specific
effects. Nat Genet 2000:26:109-13.

4. Zhu Y, Guignard F, Zhao D. Lui L. Burns DK, Mason 8P, et al. Early
inactivation of p53 tumor suppressor gene cooperating with NF1 loss
induces matignant astrocytoma. Cancer Celt 2005;8:119-30.

5. Kwon CH. Zhao D, Chen J, Alcantara S. Li Y, Burns DK et al. Pten
haploinsufficiency accelerates formation of high-grade astrocyto-
mas. Cancer Res 2008:68: 3286-94.

6. ZhengH, Ying H, Yan H, Kimmelman AC. Hiller DJ. Chen AJ. et al. p53
and Pten control neural and glioma stem/progenitor cell renewal and
differentiation. Nature 2008:455: 1129-33.

7. Alcantara Llaguno S, Chen J, Kwon CH. Jackson EL, Li Y. Burns DK,
et al. Malignant astrocytomas originate from neural stem/progenitor
cells in a somatic tumor suppressor mouse model. Cancer Cell
2009:15:45-58.

8. Huse JT. Holiand EC. Targeting brain cancer: advances in the mole-
cular pathology of malignant glioma and medulloblastoma. Nat Rev
Cancer 2010;10:319-31.

9. Guha A, Feldkamp MM. Lau N, Boss G. Pawson A. Proliferation of
human malignant astrocytomas is dependent on Ras aclivation.
Oncogene 1997;15:2755-65.

10, Uhrbom L, Kastemar M, Johansson FK, Westermark B, Holland
EC. Cell type-specific tumor suppression by Inkda and Arf in
Kras-induced mouse gliomagenesis. Cancer Res 2005:65:
2065-9.

11. Marumoto T, Tashiro A, Friedmann-Morvinski D. Scadeng M. Soda Y,
Gage FH. et al. Development of a novel mouse glioma model using
lentiviral vectors. Nat Med 2009; 15:110-6.

12. Holland EC. Celestino J. Dai C. Schaefer L. Sawaya RE. Fuller GN.
Combined activation of Ras and Akt in neural progenitors induces
glicblastoma formation in mice. Nat Genet 2000,25:55-7.

13. Tuveson DA, Shaw AT, Willis NA, Silver DP, Jackson EL. Chang S.
et al. Endogenous oncogenic K-ras(G120) stimulates proliferation and
widespread neoplastic and developmental defects. Cancer Cell
2004:5:375-87.

14. Serrano M. Lee H, Chin L, Cordon-Cardo C, Beach D, DePinho RA.
Role of the INK4a tocus in tumor suppression and ceil mortality. Cell
1896;85:27-37.

15. Imayoshi |, Ohtsuka T, Metzger D, Chambon P, Kageyama R. Tem-
poral regulation of Cre recombinase activity in neural stem cells.
Genesis 2006:44:233-8.

and Drs. Kenichi Harvada, Hivoko Tkeda, and Michiva Sugimori for helpiul
discussions.

Grant Support

‘This study was supported by Researeh Fellowship from the Japan Society for
the Promotion of Science for Young Scientists (to 'V, Muraguchi). grant for
caucer research from the Ministry of Fducation, Calture. Sports, Science and
‘Fechnology. fapan (to A Vo) and grant from the Ministry of fealth, Labor
ared Wellare, Japan. for the Third Term Comprehensive 10-vear Strategy for
Cancer Control {to A, Hivao), Part of this work was supported by the Takeda
Seience Foundation,

The costs of publication o this article were defrayed in part by the puyment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact,

Received June 28, 2010 revised October 1020100 uceepted November L
2010 published OnfineFirst December 17, 2010

16, Tsukada T. Tomooka Y, Takai S, Ueda Y, Nishikawa S, Yagi T, et al.
Enhanced proliferative potential in culture of cells from p53-deficient
mice. Oncogene 1993;8:83313-22.

17. lkushima H, Todo T, Ino Y, Takahashi M, Miyazawa K. Miyazono K.
Autocrine TGF-beta signaling maintains tumorigenicity of glioma-
initiating cetls through Sry-related HMG-box factors. Celi Stem Cell
2009;5:504~14.

18. Muraguchi T, Takegami Y, Ohtsuka T, Kilajima S, Chandana EP,

Omura A, et al. RECK modulates Notch signaling during cortical

neurogenesis by regulating ADAM10 activity, Nat Neurosci 2007:

10:838-45.

Mild T, Takegami Y, Okawa K, Muraguchi T. Noda M. Takahashi C.

The reversion-inducing cysteine-rich protein with Kazal motifs (RECK)

interacts with membrane type 1 matrix metalloproteinase and CD13/

aminopeptidase N and modulates their endocytic pathways. J Biol

Chem 2007:282:12341-52.

20. Collado M. Git J, Efeyan A, Guerra C. Schuhmacher AJ, Barradas M.

et al. Tumour biology: senescence in premalignant tumours. Nature

2005:436:642.

Tamase A, Muraguchi T, Naka K, Tanaka S. Kinoshita M. Hoshii T.

et al. identification of tumor-initiating cells in a highly aggressive brain

tumor using promoter activity of nucleostemin. Proc Natl Acad SciU §

A 2009;106:17163-8.

22. Pfenninger CV, Roschupkina T, Heriwig F, Kottwitz D, Englund E,
Bengzon J, et al. CD133 is not present on neurogenic astrocytes in the
aduit subventricular zone, but on embryonic neural stem cells, epen-
dymal cells, and glioblastoma cells. Cancer Res 2007:67:5727-36.

23. Gangemi RM. Griffero F, Marubbi D, Perera M, Capra MC, Malatesta
P, et al. SOX2 silencing in glioblastoma tumor-initiating cells causes
stop of proliferation and loss of tumorigenicity. Stem Cells
2009;27:40-8.

24. Strojnik T, Rosland GV, Sakariassen PO, Kavalar R. Lah T. Neural stem
cell markers. nestin and musashi proteins. in the progression of
human glioma: correlation of nestin with prognosis of patient survival.
Surg Neurof 2007:68:133-43: discussion 43-4.

25. QiY,Caid, WuY, WuR. Lee J. FuH. et al. Control of oligodendrocyte
differentiation by the Nkx2.2 homeodomain transcription factor.
Development 2001: 128:2723-33.

26. Zhou Q, Choi G, Anderson DJ. The bHLH transcription factor Olig2
promotes oligodendrocyte differentiation in collaboration with Nkx2.2.
Neuron 2001;31:791-807.

27. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan S8, You MJ,
et al. Epidermal growth factor receptor and Inkd4a/Arf: convergent
mechanisms govemning terminal differentiation and transformation
along the neural stem cell to astrocyle axis. Cancer Celi 2002;
1:269-77.

28. Piccirillo SG, Reynolds BA, Zanetti N, Lamorte G, Binda E, Broggi G,
et al. Bone morphogenetic proteins inhibit the tumorigenic potential of
human brain tumour-initiating cells. Nature 2006;444:761-5.

19

21

Cancer Res; 71(3) February 1, 2011

Cancer Research

Downloaded from cancerres.aacrjournals.org on November 20, 2011
Copyright © 2011 American Asscciation for Cancer Research

— 320 —



Published OnlineFirst December 17, 2010; DOI:10.1158/0008-5472.CAN-10-2304

NKX2.2 Suppresses Self-Renewal of Glioma-initiating Cells

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Penuelas S, Anido J, Prieto-Sanchez RM, Folch G, Barba |, Cuartas |,
el al. TGF-beta increases glioma-initiating cell self-renewal through the
induction of LIF in human glioblastoma. Cancer Cell 2009;15:315-27.
Ben-Porath | Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, et al.
An embryonic stem cell-like gene expression signature in poorly
differentiated aggressive human tumors. Nat Genet 2008;40:499-507.
Li H. Collado M, Villasante A, Strati K, Ortega S, Canamero M, et al.
The Inkd/Arf locus is a barrier for iPS cell reprogramming. Nature
2009:460:1136-9.

Marion RM. Strati K. Li H, Murga M, Blanco R. Ortega S. et al. A p53-
mediated DNA damage response limits reprogramming to ensure iPS
cell genomic integrity. Nature 2009;460:1149-53.

Hong H, Takahashi K, Ichisaka 7, Aci T, Kanagawa O, Nakagawa M,
el al. Suppression of induced pluripotent stem cell generation by the
p53-p21 pathway. Nature 2009;460:1132-5.

Utikal J, Polo JM, Stadtfeld M, Maherali N, Kulalert W, Walsh RM, et al.
Immortalization eliminates a roadblock during cellular reprogramming
into iPS cells. Nature 2009:460:1145-8.

Kawamura T. Suzuki J, Wang YV, Menendez S, Morera LB, Raya A,
et al. Linking the p53 tumour suppressor pathway to somatic cell
reprogramming. Nature 2009: 460:1140-4.

Akala OO, Park IK. Qian D, Pihalja M, Becker MW, Clarke MF. Long-
term haematopoietic reconstitution by TrpS3-/-p16inkda-/-p19Art-/-
multipotent progenitors. Nature 2008:453:228-32.

Fu H, Cai J. Rutledge M, Hu X, Qiu M. Oligodendrocytes can be
generated from the local ventricular and subventricular zones of
embryonic chicken midbrain. Brain Res Dev Brain Res 2003;
143:161-5,

Zhou Q, Wang S, Anderson DJ. Identification of a novel family of
oligodendrocyte lineage-specific basic helix-loop-helix transcription
factors. Neuron 2000;25:331-43.

Lu QR, Yuk D, Alberta JA. Zhu Z. Pawlitzky i, Chan J, et al. Sonic
hedgehog-regulated oligodendrocyte lineage genes encoding bHLH
proteins in the mammalian central nervous system. Neuron
2000:25:317-29.

41.

42.

43.

44,

45.

46.

47.

48.

49,

. Lu QR, Sun T, Zhu Z, Ma N, Garcia M, Stiles CD, et al. Common

developmental requirement for Olig function indicates a motor neu-
ron/oligodendrocyte connection. Cell 2002;109:75-86.

Masahira N, Takebayashi H, Ono K, Watanabe K, Ding L, Furusho M.
et al. Olig2-positive progenitors in the embryonic spinal cord give rise
not only to motoneurons and oligodendrocytes, but also to a subset of
astrocytes and ependymal cells. Dev Biol 2006;293:358-6S.
Marshall CA. Novitch BG, Goldman JE. Olig2 directs astrocyte and
oligodendrocyte formation in postnatal subventricular zone cells.
J Neurosci 2005;25:7289-98.

Watanabe M, Hadzic T, Nishiyama A. Transient upregulation of Nkx2.2
expression in oligodendrocyte lineage cells during remyelination. Glia
2004;46:311-22.

Fancy 8P, Zhao C, Franklin RJ. Increased expression of Nkx2.2 and
Olig2 identifies reactive oligodendrocyte progenitor cells respond-
ing to demyelination in the adult CNS. Mol Cell Neurosci 2004:27:
247-54.

Sun T, Dong H. Wu L, Kane M, Rowitch DH, Stiles CD. Cross-
repressive interaction of the Olig2 and Nkx2.2 transcription factors
in developing neural tube associated with formation of a specific
physical complex. J Neurosci 2003:23:9547-56.

Ligon KL. Huillard E, Mehta S. Kesari S, Liu H, Alberta JA, et al. Olig2-
regulated lineage-restricted pathway controls replication competence
in neural stem cells and malignant glioma. Neuron 2007;53:503-17.
Tabu K, QOhnishi A, Sunden Y, Suzuki T, Tsuda M. Tanaka S, et al. A
novet function of OLIG2 to suppress human glial tumor cetl growth via
p27Kip1 transactivation. J Cell Sci 2006:119:1433-41.

Rousseau A, Nutt CL, Betensky RA, lafrate AJ, Han M, Ligon KL, et al.
Expression of oligodendroglial and astrocytic lineage markers
in diffuse gliomas: use of YKL-40, ApoE, ASCL1, and NKX2-2. J
Neuropathol Exp Neurol 2006:65:1149-56.

Verhaak RG. Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD,
et al. Integrated genomic analysis identifies clinically relevant sub-
types of glioblastoma characterized by abnormalities in PDGFRA.
IDH1, EGFR, and NF1, Cancer Cell: 17:98-110.

www.aactjournals.org

Cancer Res; 71(3) February 1, 2011

Downloaded from cancerres.aacrjournals.org on November 20, 2011
Copyright © 2011 American Association for Cancer Research

—321—

1145



JBC Papers in Press. Published on October 10, 2011 as Manuscript M111.300863
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.M111.300863

Glioma-initiating Cells Retain Their Tumorigenicity through Integration of the Sox Axis and
Oct4*

Hiroaki Ikushima', Tomoki Todo®*, Yasushi Ino>’, Masamichi Takahashi’, Nobuhito Saito?, Keiji
Miyazawa'*, and Kohei Miyazono'

From Departments of Molecular Pathology' and Neurosurgery”, and Translational Research Center’,
Graduate School of Medicine, University of Tokyo, Tokyo 113-0033, Japan
Department of Biochemistry*, Interdisciplinary Graduate School of Medicine and Engineering,
University of Yamanashi, Chuo, Yamanashi 409-3898, Japan '

Running title: Regulation of glioma-initiating cells by Oct4

Address correspondence to: Kohei Miyazono, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. Fax:

81-3-5841-3354; E-mail: miyazono@m.u-tokyo.ac.jp

Background: Glioma-initiating cells are
underlying causes of development and
progression of glioblastoma.

Results: Depletion of Octd expression
activity of
glioma-initiating cells through down-regulation
of Sox2.

Conclusion: Oct4 maintains tumorigenicity of

suppresses tumorigenic

glioma-initiating cells in cooperation with the
Sox axis.

Significance: This study uncovers
transcriptional network of stemness genes in

cancer-initiating cells.

SUMMARY

Although the concept of cancer stem cells
or cancer-initiating cells had created a new
paradigm for the treatmemnt of malignant
tumors, it remains unclear how
cancer-initiating cells can be eradicated. We
have previously reported that transforming
growth factor-§ (TGF-B)-Sox4-Sox2 pathway
is essential for glioma-initiating cells to retain
their stemmness, and inhibition of TGF-B
signaling may lead to differentiation of

glioma-initiating cells (Ikushima et al. (2009)

Cell Stem Cell 25, 504-514). Here we
demonstrate that Oct4 plays essential roles in
retention of the stemmess properties of
glioma-initiating cells through positive
regulation of Sox2 expression. We also show
that, in glioma-initiating cells, Oct4d is
associated with Sox4 and that Oct4-Sox4
complexes cooperatively activate emhamcer
activity of the Sox2 gene. In contrast, in fetal
neural progenitor cells, Sox2 expression is
enhanced by tramscriptional complex
containing Sox2 protein itself, and this
self-reinforcing loop of Sox2 appears to be
disrupted in glioma-initiating cells, suggesting
that Sox2 expression in glioma-initiating cells
is differently regulated from that in neural
progenitor cells. Our findings reveal
differences between glioma-initiating cells
and fetal meural progemitor cells, and may
open the way 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

Copyright 2011 by The American Society for Biochemistry and Molecular Biology, Inc.
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malignant human cancers, with an estimated
median survival of only around 1 year (1, 2).
Despite past huge efforts, this statistic 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 identification,
glioma-initiating cells have been intensively
investigated, and have been found to exhibit
strong resistance to chemotherapy and
radiotherapy (6, 7). It has been suggested that
the failure to cure glioblastoma may be due to
existing therapeutic strategies that affect only the
tumor bulk and not glioma-initiating cells (8).
These findings indicate the need for an
innovative  therapeutic  strategy  enabling
functional eradication of glioma-initiating cells.

Although it has yet to be fully determined
how the stemness of glioma-initiating cells is
maintained, a few signaling pathways, including
Hedgehog (9), bone morphogenetic protein
(BMP) 4 (10), and transforming growth factor
(TGF)-B (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-P signaling (11).

The POU class 5 transcription factor Oct4
(also known as Pou5fl) is essential for
establishing and maintaining the pluripotent
state of embryonic stem cells (14, 15). Deletion
of Oct4 from embryonic stem cells results in

trophoblast differentiation (16). Introduction of
Oct4 together with Sox2, KIf4, and c-Myc into
human or mouse adult fibroblasts results in the
generation of induced pluripotent stem (iPS)
cells (17, 18). In addition, Oct4 has been
detected in high-grade glioma and specific types
of testicular germ cell tumors (19-21). However,
the role of Oct4 in cancer stem cells has yet to
be fully determined.

Here, we report that Oct4 is a factor of crucial
importance for the maintenance of tumorigenic
activity of glioma-initiating cells. We have
previously reported that in contrast to Sox4
and Sox2, the expression of Oct4 is not
regulated by TGF-
glioma-initiating cells (11). However, inhibition

signaling in

of Oct4 expression in glioma-initiating cells
resulted in suppression of sphere formation in
viro and tumor formation in wvivo. Oct4
knockdown also potentiated sensitivity to
conventional chemotherapy. We also
demonstrated that Oct4 interacted with Sox4 and
cooperatively activated the Sox2 enhancer
region to maintain stemness properties of
glioma-initiating cells. Notably, Sox2 expression
in glioma-initiating cells was induced by the
Oct4-Sox4 complex acting on the Sox2 enhancer
region to maintain stemness properties, while
that in fetal neural progenitor cells was regulated
by transcriptional complex containing 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 stemness
properties of glioma-initiating cells are regulated
by mechanisms different from those of neural
progenitor cells.

EXPERIMENTAL PROCEDURES

Cell culture and reagents- Primary grade IV
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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/F12 serum-free medium
(Invitrogen) supplemented  with  B27
(Invitrogen), 20 ng/ml of EGF, and 20 ng/ml of
bFGF (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 pg/ml streptomycin,
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 fibrillary
acidic protein (GFAP; Dako); anti-Tujl
(Covance); anti-Oct4 (Santa Cruz); anti-Sox2
(R&D); anti-Sox4 (Santa Cruz); anti-o-tubulin
(Sigma-Aldrich).

Sphere-forming assay- Glioma-initiating cells
were cultured in non-tissue-culture-treated flasks
(BD Biosciences) with vented caps (BD
Biosciences) for 7 days. Floating spheres in five
fields per sample were counted under a
microscope (magnification; x40).

Limiting dilution assay- Sphere cells were
dissociated and plated in 96-well plates in 200 pl
serum-free medium. After 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 1 for sequences) were purchased from

Invitrogen and introduced into cells using

Oligofectamine transfection reagent (Invitrogen)
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%
paraformaldehyde, 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-HCI1 (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 Trans W
membrane  (Pall). Immunoblotting  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 ftriplicate in each
experiment. The primers used are listed in
Supplemental Table 1. Values were normalized
to that for  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

ChIP (chromatin immunoprecipitation) and
ChIP Re-IP (ChIP re-immunoprecipitation)-
ChIP was performed as described previously
(11). PCR primers are listed in Supplemental
Table 1. For ChIP Re-IP assays, protein-DNA

complexes were eluted from
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immunoprecipitation by incubation with 10 mM
DTT at 37 °C for 30 min and diluted 1:50 in
buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl,
2mM EDTA, 1% Triton X-100), followed by
Re-IP with secondary antibodies.

Cell viability assay- Quantitation of cell viability
was performed using a colorimetric assay for
mitochondrial dehydrogenase activity (WST-8;
treatment ~ with
temozolomide (LK T Laboratories).

Nacalai  Tesque)  after

Luciferase assay- The Sox2 enhancer region
(+3553 ~ +4290) was cloned into a pGL4 vector
(Promega) with a minimal promoter and
luciferase assay was performed as described
previously (22). Values were normalized to
Renilla Luciferase activity under the control of
thymidine kinase promoter.

Intracranial  proliferation  assay-  Viable
glioma-initiating cells (5 x 10% in 5 pl of
DMEM/F12
stereotactically into the right cerebral
hemisphere of 5-week-old female BALB/c nu/nu
mice at a depth of 3 mm. All animal

medium were injected

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 glioma-initiating cells in vitro.

The transcriptional network essential for
maintenance of glioma-initiating cells has not
been fully determined. We used glioma-initiating
cells obtained from two patients with
glioblastoma, termed TGS-01 and TGS-04, and
cultured in serum-free medium to study this

network. The glioma-initiating capacities of

these cells were characterized in our previous
studies (11).

Oct4 is known to be one of the most crucial
self-renewal genes and to play pivotal roles in
maintaining stemness of embryonic stem cells
and neural stem cells. We have demonstrated
that expression of Oct4 is not affected by TGF-B
signaling 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 expression
was knocked down (Supplemental Fig. 1),
exhibited marked
reduction of sphere-forming ability in serial

glioma-initiating  cells

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 small interfering
RNA (siRNA) also showed less capacity for
self-renewal than control cells (Fig. 1B). Similar
results were obtained with the wuse of
glioma-initiating cells, TGS-02, TGS-03, and
TGS-05, derived from other patients with
glioblastoma (Supplemental Fig. 2). 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. 3)

Glioma-initiating cells have been reported to
express neural precursor cell markers, but to
only minimally express neural or glial
differentiation markers (11). To examine the
expression of these marker 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 increased
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that for GFAP (astrocyte differentiated marker)

or Tuj1 (BII-tubulin; 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 glioma-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  pretreated
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 histopathologic
examination (Fig. 2). These results suggest that
Oct4 is essential for the maintenance of
tumorigenicity of glioma-initiating cells, and
that loss of tumorigenicity by Oct4 knockdown
is an irreversible process.

Knockdown  of  Oct4

glioma-initiating cells affects sensitivity o

expression in

chemotherapy.

As suggested by the cancer 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, causing
tumors to recur (7). We examined the effects of
Oct4 knockdown on the sensitivity of
glioma-initiating cells to temozolomide-induced
cell death. Control TGS-01 and TGS-04 cells
exhibited low sensitivities to temozolomide
treatment (Fig. 3; Supplemental Fig. 4). In
treatment with
concentrations of temozolomide suppressed the
viability of TGS-01 and TGS-04 cells pretreated
with Oct4d siRNA in dose-dependent fashion.
These results suggest that Oct4 is involved in

contrast, increasing

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 several mechanisms (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 downstream target genes of
Oct4 in embryonic stem cells (25). We therefore
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 glioma-initiating cells. To examine
whether this regulation is directly mediated at
the transcriptional level, we performed a ChIP

assay using an antibody to Oct4. It has been
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demonstrated that the enhancer element located
in the 3’ flanking region of the Sox2 gene is
important for the regulation of Sox2 expression
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
differentiation. 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-Sox2 cascade in
glioma-initiating cells.

In our previous study, another transcription
factor, Sox4, was shown to associate with the
Sox2 enhancer region and maintain the stemness
and tumorigenicity of glioma-initiating cells (11).
In addition, consensus sequences of Sox proteins
and Oct4 exist proximally in the Sox2 enhancer
region (Fig. 5A). These findings prompted us to
study the interaction of the Sox axis 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
demonstrated that Sox4 and Oct4 exist in the
same transcription complex on the Sox2

experiments

enhancer region (Fig. 5C).
We next studied the effects of the Oct4-Sox4

complex on Sox2 expression in glioma-initiating
cells. When Oct4 and Sox4 were both knocked
down, Sox2 expression was more strongly
down-regulated than 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 were mutated, 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 by Oct4
through interaction of Oct4 with the Sox2
enhancer region in embryonic stem cells.
Furthermore, in embryonic stem cells, Sox2 is
associated with Oct4 and the Oct4-Sox2
complex cooperatively activates the Sox2
enhancer region to form a positive regulatory
loop (25, 26). To determine whether this
regulatory loop exists in neural progenitor cells
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and glioma-initiating cells, we examined
recruitment of these transcription factors to the
Sox2 enhancer region in ChIP assay (Fig. 7).
Anti-Oct4 antibody enriched the DNA fragments
of Sox2 enhancer region equally well in fetal
neural progenitor cells and glioma-initiating
anti-Sox2
immunoprecipitated this region in neural

cells. In addition, antibody
progenitor cells. However, strong enrichment 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
mechanisms 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-initiating cells. In contrast to
the experiment wusing anti-Sox2 antibody,
anti-Sox4 antibody immunoprecipitated the
DNA fragments of the Sox2 enhancer region in
glioma-initiating cells, while 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, while that in neural
progenitor cells may be promoted by
transcriptional complex containing 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-derived factors (30).
However, in terms of transcription factor
complexes, the similarities and differences
between glioma 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 Oct4d by siRNA
abolished the induction of Sox2 by TGF-B
(Ikushima H. and Miyazono K. unpublished
observation) and decreased the tumorigenic
activity of glioma-initiating cells (Fig. 2),
suggesting that impairment of stemness
properties via Oct4 knockdown may be an
irreversible process. We also demonstrated that
Oct4 knockdown increases sensitivity to a
chemotherapeutic alkylating agent,
temozolomide.

Oct4 is essential for establishing and
maintaining the pluripotent state of stem cells
(14, 15). Moreover, Oct4 is one of the key
factors in the generation of iPS cells (17, 18).
However, the role of Oct4 in the development
and progression of malignant tumors has not
been fully determined. Our findings indicate that
Oct4 is an essential factor for glioma-initiating
cells and play 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
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essential for retention of cancer-initiating cells,
including several growth factor signaling
pathways such as Wnt, Hedgehog, Notch,
PI3K-mTOR, TGF-B and LIF (9, 31-36). While
new therapeutic targets have been intensively
sought based on findings related to these
pathways, one problem is that almost all of these
signaling pathways are also indispensable for
normal stem cells. Inhibitors of these signaling
pathways may affect the -characteristics of
normal stem cells and impair maintenance of
normal tissues. Thus, from a clinical standpoint,
it is important to identify 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 activates 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,
while Sox2 expression in neural progenitor cells
is regulated by a self-reinforcing regulatory loop
and is relatively self-contained (Fig. 7,
Supplemental Fig. 5). In other words, the
positive regulatory 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-B
stimulation (Supplemental Fig. 6), whereas this
cytokine activates the Sox4-Sox2 cascade in
glioma-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.
Further studies in neural progenitor cells from
adults may be important to elucidate the
differences between glioma-initiating 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 significant
synergistic effects (Supplemental Fig. 7). 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. On
differentiation 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 erythrocytes and the expression of
a~globin. One of the crucial mediators of this
switching is Friend of GATA1 (FOG-1, also
known as Zfpml), a multi-zinc-finger protein
critical for the development of erythrocytes and
megakaryocytes (38, 39), and GATA-FOG
interaction is believed to be required for “GATA
switch” (40). Like the “GATA switch”, the
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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 tumorigenicity of glioma-initiating
cells through up-regulation of Sox2 expression
(11), Sox4” mice exhibit no neurological defects
(41). This finding suggests that the mechanism
of action of Sox4 in glioma-initiating cells is
distinct from that in neural stem/precursor cells.

Because the self-renewal and proliferation 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 progenitor cells
was disrupted in glioma-initiating cells. This
finding may enable the determination of a novel
molecular target and eventually vyield a
therapeutic  approach to eradication of

glioblastoma without affecting the normal brain.
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The abbreviations used are:

BMP bone morphogenetic protein

TGF- transforming growth factor-3

GFAP  glial fibrillary acidic protein

Tujl BII-tubulin

ChIP chromatin immunoprecipitation

GAPDH glyceraldehyde-3-phosphate dehydrogenase
HPRT1 hypoxanthine phosphoribosyltransferase 1

FIGURE LEGENDS

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 seven-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 + SEM of five fields). *: p<0.001. Scale bars: 100 um.
(B) Knockdown of Oct4 expression by siRNA in TGS-01 and TGS-04 cells resulted in 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 GFAP-positive cells is shown in the right graphs. *: p<0.01. Scale bars; 50 pm.
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FIGURE 2. Development of brain tumors after intracerebral transplantation of 5 x 10* 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. Right panels show the results of histological examination of the samples dissected at 30
days after intracerebral tfansplantation. Tissue sections were stained with hematoxylin-eosin. Scale

bars: 50 um. Experiments were repeated twice with essentially similar results.

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, 1000 uM) for 72 h. Cell viability was
assessed by WST-8 assay. *: p<0.01 (siNC vs siOct4#1 and siNC vs siOctd#2).

FIGURE 4. Oct4 is associated with the Sox2 enhancer region to up-regulate expression levels of Sox2
in glioma-initiating cells. (A) Effects of Oct4 knockdown on expression of Sox2. Amounts of Sox2
protein were determined after treatment with control (NC) or Oct4 siRNA #1 duplex for 24 h.
o-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 conventional RT-PCR. The first intron of hypoxanthine
phosphoribosyltransferase (HPRT) 1 was used as a negative control. Input: 1%. (C) Levels of
expression of Oct4 protein in “Sphere” cells and “Differentiated” cells. a-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 endogenous Sox4 in TGS-01 cells. Cell lysates were subjected to
immunoprecipitation 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
antibodies. Subsequently, ChIP Re-IP of protein-DNA complex eluted from the first
immunoprecipitation was performed. Eluted DNAs were subjected to conventional RT-PCR.

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 SEM. *: 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
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corresponding mutations (underlined) used in this study.

FIGURE 7. The partner of Oct4 on Sox2 enhancer region in glioma-initiating 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 SEM.
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