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Fic. 1. Case 14. Sequential contrast-enhanced coronal T1-weighted MR images obtained before the second surgery and
radiation therapy (A), 31 months after treatment (B), 60 months after these treatments but before GKS (C), and 12 (D) and 84
months after GKS (E).

Discussion

Since the first patient with a CS hemangioma who
underwent successful treatment with GKS was described
(Case 27 in this article),” 16 cases have been reported in
the literature (Table 4).5¢1%121% These 16 cases have in-
cluded 11 female and 5 male patients with a mean age of
48 years (range 14-79 years) at the time of GKS, and a
mean tumor volume of 6.0 cm* (range 1.5-11.1 cm?). Se-
lected doses at the tumor periphery have ranged from 12.0
10 19.0 Gy, with a mean and median of 14.8 and 15.0 Gy,
respectively. Magnelic resonance images obtained 6-60
months (mean 30, median 27 months) after GKS dem-
onstrated tumor shrinkage in 14 patients and no change
in 2. Excluding 2 patients in whom the tumor volume on
the most recent MR imaging studies was not available,
postradiosurgical volume reduction rates ranged from
14 to 101% (mean and median of 45 and 40%, respec-
tively). Among the 14 of these 16 patients with cranial
nerve impairments prior to GKS, complete resolution was
achieved in | patient, improvement in 7, and in 6 these
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impairments remained essentially unchanged. No addi-
tional symptoms occurred in any of these 16 patients re-
ported in the literature.

In these previously reported cases, however, postra-
diosurgical follow-up periods were not sufficiently long:
the follow-up period was < 36 months in 12 (75.0%) of
the 16 patients, and the maximum was 60 months. In the
present study of 30 patients, 19 (63.3%) underwent post-
GKS follow-up for 3 years or longer, and 10 (33.3%) for 5
years or longer, with a maximum of 138 months. Even in
the group of patients with a longer follow-up period, good
control of tumor growth was obtained.

We analyzed dose-treatment responses based on 38
cases: 27 of the 30 cases we reported here (the 2 with
staged GKS and 1 with partial coverage were excluded)
plus 11 previously reported cases. Duplicate citations were
avoided.>*1*3 As shown in Fig. 5, there was a tendency
for remarkable tumor shrinkage (volume reduction rates
of = 50% relative to those before GKS) in the tumors re-
ceiving higher doses. Remarkable shrinkage was demon-
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Fic. 2. Case 14. Graph showing postradiosurgical volume changes
in this patient.

strated in 15 (83.3%) of 18 tumors that received radiation
doses of 2 15 Gy, and in 10 of the 20 lesions that received
< 15 Gy (not statistically significant; p = 0.0377). On the
other hand, remarkable tumor shrinkage was demonstrat-
ed even in tumors irradiated with relatively low doses: 2
(66.7%) of 3 tumors that received 10.0 Gy, and 3 (60.0%)
of 5 that received 12.0 Gy showed shrinkage. We divided
these 38 cases into 3 groups based on treatment response
shown on the most recent MR images available. Remark-
able shrinkage was seen in 25 cases, some shrinkage in
10, and no change in 3. The doses delivered to the tumor
periphery differed little among the 3 groups (no statisti-
cally significant difference). It can be concluded that a
peripheral dose of 14-15 Gy is sufficient to control the
growth of CS hemangiomas and that a dose of 10.0-12.0
Gy is the threshold level for tumor growth control.

Although fractionated radiosurgery, also known as
stereotactic radiotherapy, is commonly performed for be-
nign intracranial lesions at facilities using a linear accel-
erator-based radiosurgery system.* it is performed only
rarely at GKS facili Debate continues as to whether
stereotactic radiotherapy and staged radiosurgery are ef-
fective and safe for benign lesions. In the 2 patients we
have described in the present study who underwent staged
radiosurgery, good control of tumor growth was observed
at 26 and 66 months using a 2-stage GKS technique with
doses at the tumor periphery of 11.0 and 8.0 Gy, respec-
tively. On the other hand, as we have described in detail,
only the lower half of the tumor was irradiated with a
dose of 15.0 Gy in | patient, and tumor growth has been
well-controlled for 84 months to date. This technique has
been applied to relatively large meningiomas,'” and the
treatment concept assumes that the blood supply from
the tumor base can be reduced, allowing tumor growth to
be controlled (radiosurgical thrombolization). According
to a hypothesis proposed by Linskey et al.* most small
CS hemangiomas are supplied with blood by the menin-
geal tributaries of the intracavernous carotid artery, and
in cases in which the tumors extend toward the middle
fossa, there is an additional blood supply from the mid-
dle meningeal and accessory middle meningeal arteries.
Though we have only 1 such case, the achievement of tu-
mor growth control using radiosurgical thrombolization
can be considered to support this hypothesis. Although a
final conclusion awaits further experiences, either staged
radiosurgery or radiosurgical thrombolization can be ap-
plied to relatively large CS hemangiomas.

Conclusions

The GKS treatment results for CS hemangiomas we
report in the present study are more favorable than those
previously reported after surgical removal*'*2' There-
fore, if a tumor shows clear neuroimaging characteristics
of CS hemangioma, and the lesion is small, without evi-
dence either of meningioma or schwannoma, GKS can be
performed as the primary treatment procedure.

Fic. 3. Case 15. Sequential contrast-enhanced T1-weighted coronal MR images obtained before (A), and 12 (B) and 74
months after GKS (C).
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Fic. 4. Case 16. Sequential contrast-enhanced T1-weighted coronal MR images obtained before (left) and 64 months after
GKS (right).
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®3 BHEAZBEICHT 5 RENCEETFARBRERO—RK

year country  phase  gene, name of virus gene type vector Pl or Author No.of PL indcation  reference

1997 Spain 1 HSV-tk Suicide Retro lzauerdo 7  GBM lzquierdo, 1997 17
2000 USA I HSV-k Suicide Retro Packer 7 MG Packer, 2000 25
1999 Haly I HSV-, L2 Suicide Retro Palu 4 GBM  Pah, 1999 18
2000 USA I HSV-tk Suicide Retro Griffith R. Harsh 5 MG Harsh 2000 13
2001 Germany 1 HSV-k Suicide Retro F. W. Fioeth 27 MG Floeth, 2001 7
1997 USA 171 HSV-tk Suicide Retro Ramet al 12 GBM Ram, 1997
1998 France I/ HSV-t Suicide Retrg Valery CA 12 GBM Kiatzmann, 1988 16
1999  Switzerdand 1/ 11 HSV-tk Suicide Retro Shand N 48 GBM  Shang, 1989 %
2003 USA 1/1 HSV-x Suicide Retro Jon C.VanGidr 30 GBM  Prados, 2003
2000 Intemational 1 HSV-t Suicide Retro Nikolai Rainov 248 GBM  Rainov,2000 %0
2000 Finland 1 HSV-tk LacZ Suicide  Adeno or Retro Immonen A 21 GBM  Sandmair, 2000
2004 Finland 1/ HSV-tk LacZ Suicide Adeno Immonen A 36 Immonen, 2004 16/
2008 intemational M HSV-tk LacZ: Cerepro” Suicide Adeno Ak Therapeutics 250 MG Ram, 2000 4@
2000 USA HSV-tk Suicide Adeno Todd Trask 12 MG Trask 2000 4
2003 USA 1 HSV-tk Suicice Adeno Frank Liberman 11 GBM  Germaro, 2003 10
2003 USA 1 p53 Tumor suppressor  Adeno Frederick F. Lang 15 MG Lang 2003 20
2004 USA 1 HSV-tk: ONYX-015 Oncolytic virus Adeno E. Antonio Chiocca 24 MG Chiocca, 2004 4
2006 Israel /1 NDV-HUJ Oncolytic vinus NDV Eitan Galun 11 GBM  Freeman 2006 9
2000 UK 1 151 gen OHSV HSV1716  Oncolytic virus HSV Roy Ramping 9 MG  Rampling 2000 *
2002 UK 1 15t gen OHSV HSV1716  Oncolytic virus HSV Roy Rampiing 12 MG Peerestasson 002 27
2004 UK 1 1st gen oHSV HSV1716  Oncolytic virus HSV Roy Ramping 12 MG Hamow, 2004 12
2006~ UK o 1st gen OHSV HSV1716  Oncolytic virus HSV Gareth Cruickshak  recruiting GBM

2000 USA 1 2nd gen OHSV G207 Oncolytic virus HSV James Markert 21 MG Markert, 2000 2V
2009 USA Ib 2nd gen oHSV G207 Oncolytic virus HSV James Markert 6 GBM  Markert 2009 22
2000~ Japan 1/ 3rdgenoHSY G47 & Oncolytic virus HSV Tomoki Todo  recniting GBM

2004 Japan 1 FN-§ Cytokine  Lipofection Jun Yoshida § MG  Yoshida 2004 46
2008 USA 1 IFN- B : AdhiFNbeta  Oncolytic, Cytokine  Adeno E. Antonio Chiocca " MG  Chiocca, 2008 &
2008 USA 1/1 REOLYSIN* Oncolytic vius  Reovirus Peter Forsyth 12 MG Forsyth 2008 &
2006~ USA i CEA: MV-CEA Oncolytic, Antigen Measles virus Evanihia Galanis  recruiing GBM ~ Myers, 2008 24
2009~ USA /1 CMV pp65-LAMP Antigen RNA transfer Duane A. Mitchell  recruiling GBM

2007 Intemational Ib TGF- 8 2 antisense Antisense Neked Antisense Phanma 145 MG Bogdahn, 2009 2
2008~ Intemational [l TGF- B 2 antisense Antisense Neked Antisense Pharma  recniting  AA

Pl=principal of investigator, Pt.=patients, HSV=herpes simplex virus, tk=thy kinase, F GBM

MG=malignant glioma, IL=interleukin, Adeno=adenovirus, gen=generation, oHSV=oncolytic herpes simplex virus, IFN=interferon,
AA=anaplastic astrocytoma

WANNY & — & LCHRRBI S0 &5 1%, phase I/ 1 study'™ #947HiL, 2008 42
1277z Bl~OB & L LTiE Ark Therapeutics phase T study 5% T L7 ™. 2009 4 (= Bk &
HASM S % M T & 72 Cerepro* % MV 7z phase  MdhIF (EMEA) ~Ethpige I iGasE & L <
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KRB AT > oA BRI L S 45
EHEEID FIFTwa,
B) REBETFAH
DARIEDOMMAHE 2B, DA BE GBS
BERIEIC D B L MR, fic o1 B D
A RS L EREDHENTVS Z &6
NBEH o GHEREFAREA Y 5 —
o4 %1284 v¥%—=7xarf (IFN- §) %
L O%IEE WiT 5T, e OHE O
% A B %o USTH AR LA L CL HUREHS
s BT HHMETH L. WHOHBREET
LR e\ DI B BRI A 7 A OV AN kO
TR A o 2o AR DA TR b AR L 0F
RN, ERREAITTDRATHS > ™Y
HATS, 2000 F2HHRAZCBOTHF
v s VR —LEXR7 Y- LTHHL,
IFN- B it {z % # % GBM B# 12457 5 phase
[ Oz THmsfrbhe
C) 74 ILAHE (oncolytic virus therapy)
EIRFUSHRAE T 2 I bk D 7 4 0V A DA
TEHMT D i< hLRbN TV, ve
WARLEE G, PAMBEBET S L EHMIC
HRHR Y AV R % VB ERIET, BRICHV S
A N ARIREEBPEY £ v A (oncolytic virus)
LIps, HALLBEZEFEREATIL AL,
A NABBIZPED T ANV AZFD L OOBRMBLE
I X o THNEERD R % 19 2 SUTREE 1218 {57
HW L IERLH0 (B, K¥OBZTHBIE
ACHELID I EHE L.
LA A NARZ 2—H 7 ANHD 4 VR (New-
castle disease virus: NDV) 7 &, AZfiFL i

802 m#MEATHEM vol 20 no.7 2010.7.

WAL VAERCRHEL, BRAVRAT AL
Z 1% (herpes simplex virus type 1: HSV-1), 7
FIIAWAR, D23 =TFToLNALE BHIZ
AEHEETHIANRAERHCLBERS L. &
Hik, WA N LT AR
EoTHEL, EWHMEHETLIZ &4
MEBHBED A T TE D L HIZFHA » shi:
METHABE Y 1V AF VA, 2005 41213,
EIB #E KRS METFHARZT 7/ 714
NA (HI01) 2AHESR@I s £ L AfkikdH & LT
FUSM AR RE L TP TR s T
B A5 2 LTI HSVAL R, TF/ VAL A,
NDV, LAY ANA, FREY 4N A% EDEIRR
&l:lﬂ'«\f‘oh'm\l,\ 1,6 8,912 21, 2 A 27 IB“
D) MEBEMRME HSV-1 BARDEH & MR
HSV-1id 4 v 2 EOM R %179 9 2 THli #
DAL DTS " " A m A
ko e T A Ll it Bl g Ao 2
L 724 VALY b BRI R L C i
RPN DOEELHD . ME AR
HSV-1 MBI S 5%, HERAS 2 ot 5 B
RRBRIZHV SN TWALDLELTIE, E0F /A
121 AR OHROLE R T 8 1 it HSVITIS,
CMEREATHE 2 R0 G207, ELTCERE
REFFOEIMATHLGATAD LB DD TH L.
HSV-1 OUCEIZ B> hOREN 2 Y 4V Ak
EFA R ENRS. p345 BIFIZIERMEAT
DA N ARBZLERBETTHY. HSV1 D
OB E 25 BEFChHD. IEHOMT
(& 4 L RS IFIE LT 2 A8 RNA K774 7
074 v¥&+—+€ (PKR) O Y Bt RSN,

—389—



B aEdEFEAVCREFEMEEEBEET A VZERVAY AV ARE

A AT S~ (ECEWAERY A NI - FAVSNS) Lo THHMRANSA S h i BRBET
GRGEFEMOBECEEL, SRMCHSEALTOFRS v 7 EHROICKN L TRRETEHHEA LT
{ea¢3. ZORMEDE gap junction €7 L TEEOBRALHY ) BEOBRTERELIZEFHD
# (bystander effect), EAICIHBETFBA ER\ BRI TERT 3.

B MBEOBRBERNEY 1V X GBH L AREREATANL, B 2o EREREREL LY SR
BOMWALY > TEUBHT 3. 22 TY 1L MM —~ISMIRHR— il — B0 & )58 L2 54
BHRERT. Lo LERBRATRBRLTHIVIVARBREI S5 20, EXREREEE L

HIANTO S 237 FRAENR SN D720 4
W ABBNHBENRD. T4 NAD y345 BIET
FEMIE ) BEL PKR ICHSHUY AIEH 2 A9 5. L
72T, p345 MIZF K HSV-1 IEH MM
THMTE LA, MEMIIES & b & PKR &M
HEV Tz, p 35 MIETFHARELCVDEIA N
ACTHOBBA AL 2B, F/2, ICP6 BIZTH2
— K421 KR 7 LA Nyt (ribonucleotide
reductase: RR) %, F3I¥ ¥ +—+¥ (th) &7
AL ADDNA AKICLHATHLLD, bk

= KT 2740 ABEFERE S5 L EHH
BTEERTELV. L LB TiEmEo
BERIEALAH C, KB L /2 4 b AR R LR
Bl A W ARBI LS.

HSVI1716 13 p 345 BIE FOAERK LW
BEAC HSV-1 T, HoBe 0 i) 7 Bl b S % w5
50, IEH BRI ORI b B B B RAT
LT\ 4. phase T study i1 ¥ A THREENE
AR 2 4T, 1 x 107 pfu (plaque
forming units) ¥ CORSWAMR SNz, BT
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phase T O#FAT2002 47 & 2004 4 ¥ (i S
L TANALGCHET 2B LA E RO
B3, BUE phase IAFTHR TV D, Hi
HEELL70H5TELI AN ZRIZMEADH
Y. FAH-OREFRIBLAFLE WD
ISR B EREY IR TE RV E VI RLADN D 5.
G207 13 p 345 @EZTFREICMZ, ICP6 # {51
ERTALT 5T L THAEKRIZEDH TR S
% L B (A SR A F D Lo E R L
7o¥, 2FETRAMRLSERBERH K
WY a—Y 8y REET T NRIREN-I L H A
BT 21 Pl ST A RE RSN A % % 49 812 phase
I study 2Fbirz 1x10°~3 x 10° pfu £C3
i 9150 B PRI L2 ARk L (0] 00 52 7 A G 48 P 45
G i iR KRUATWEINY, 72,
phase Ib study Tid 6 %D TF% GBM M #E (2B
1> G207 & 5AFbAL, 7 4 b A$% 4. & WA
OhGBRMAFEPRIIAON LD o7 BRI
LTIk, HRIKECTORRMIEITAT 10
A G- Hh H 0L WM OR YL 66 7 HTH -
7 INOOFE REMEHRZSNZbO0,
Z OISR R DV T IR RO RHATR- 72
GATAIE G207 0 2 AR DERDH S 612, 247
#iEFLFNICERD USH S uE—¥ —HiR%E
RESHLZREREATHH 3L HSV-1 TH
B ZOERICLY, BHHIlETO MHC Class
[ D$BLE WAL L THEREIC L 2 HEERIEL
HomEEnLLbI, pHUSBMIEFRIIEST
R U727 A v A 800l % AR AP L2 B> "C 18
FELY, Zhitk-> TREM LML IR
WL RE B HZ EATE, KBRS DM

804 mmBHIEM vol 20 no.7 2010.7

ML T G4T A 12 G207 D 10 f5 D7 £ Vv A HIBTE
TRT N, HSV-1IZEZMDDH D A/J <7 A0
PR G- SIS A LR eEE R LA

T4 33y ORI A ST, 2000 F 11 HIZ G47A
ORGSR FIC TGS e, o
DRI GBM BH AR E L7 phase 1 -1
study Té 1. first-in-man OBIRIETH 5. 1 1
P50 3 x 10° pfu A& 3HEHIFOERERYIZ 3 x
10° pfu  THel-Hik % W L TR 09(2 2 ol R
WNBG R, BYICREMEMET 5.
E) OO0 E O

FUERRH & i, TR A (ana-
plastic astrocytoma: AA) (2%t L T phase M A547
HI TS TGF- f @ antisense compound T %
AP12009 (trabedersen) i&, Wk#7% WK TOM(z
FHEMTIEL VD, HHERERGEE LTS E R
BTWS Y. 145 4O % AA, GBM BHITHL
THrd N7z phase b study O#§RIINEED T £ 1)
RIS (ASCO) THRESN, AA IZH-
Th% & trabedersen (4258 10 4 M) HFEBF L
X EEREE (FE/OIFEL@RTOANNT L)
(CHART2EEFHEDB33% vs 41.7% & A RICHE
RLAY. BRESTH I #ROFHEEITH
REh 5k vt EERTLE Rk TGF- p %
PETHIETHL WML kS L bish
T8Y 7, phase MO RAHGI B EZHTHS.

V. $bYL

AEAE RS |- D RS T R O WK BRI
W, BT A OV RERIC IR 4T TR
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SUMMARY

Despite aggressive surgery, radiotherapy, and chemo-

2004; Kundc et aI 2004 Hirschmann-Jax et al., 2004). GSCs
ion of I stem cell (NSC) anti-
gens and the abslity to gmw as nonadherent spheres termed

therapy, treatment of malignant gliomar formi-
dable. Although the concept of cancer stem cells
reveals anewframeworkof canoeftherapeuuc strate-

gies against malig itr ins L how
glioma stem cells could be eradicated. Here, we
d trate that au TGF-B signaling plays an

essential role in retention of stemness of glioma-initi-
ating cells (GICs) and describe the underlying mecha-
nism for it. TGF-B induced expression of Sox2, a stem-
ness gene, and this induction was mediated by Sox4,
a direct TGF-p target gene. Inhibitors of TGF-g
signaling drastically deprived tumorigenicity of GICs
by promoting their differentiation, and these effects
were attenuated in GICs transduced with Sox2 or
Sox4. Furthermore, GICs pretreated with TGF-B signa-
ling inhibi ibited less lethal p y in intracra-
nial transplantation assay. These results identify an
essential pathway for GICs, the TGF-B-Sox4-Sox2
pathway, whose disruption would be a therapeutic
strategy against gliomas.

INTRODUCTION

Glioblastoma multiforme (GBM), the most malignant form of

pheres” or “glioma spheres” when cultured in the pres-

ence of epidermal growth factor (EGF) and basicfibroblast growth
factor (bFGF) under serum-free condition. Thus, GSCs share
several characteristics with normal NSCs (Vescovi et al., 2006).

According to the concept of CSCs, failure to cure cancer may
be attributed to the current therapeutic strategies, which have
been aimed at the tumor bulk without significantly affecting
CSCs. Like other CSCs, GSCs have been reponed to be resls-
tant to col ional radi and ph
(Bao et al., 2006; Liu et al., 2006&). Although elimmmion of
CSCs has been regarded as a p for the di
of st sful th gies, it has not still been fully eluci-
dated how thelrste. is maintained. To therapeutic
strategies against glioma, in vitro and in vivo models that faithfully
r itulate the stem cell ponent of gliomas have been devel-
oped. Among these models, glioma spheres cultured in serum-
iree media supplememad with EGF and bFGF are considered
of primary glioma
tissues, have ability to self-renew and mimic original tumors after
intracranial transplantation (Singh et al., 2004; Lee et al., 2006).

Although transforming growth factor (TGF)-B suppresses
proliferation of certain carcinoma cells and is well known to be
a tumor suppressor, it promotes proliferation of tumors of non-
epithelial origin, including glioma and osteosarcoma, through
induction of PDGF-BB (Bruna et al., 2007; Matsuyama et al.,
2003) TGF-B binds to type | and type |l serine/threonine kinase

glioma, is one of the most aggressive human with a
5 year survival rate of less than one out of ten (Surawicz et al.,
1998). Despite past huge efforts, this statistic has not markedly
improved over the past years. Excessive proliferation, diffuse
infiltration into surrounding brain tissue, and suppression of anti-
tumor i sur tribute to the pheno-
type of glioblastomas.

Cancer-initiating cells (cancer stem cells, CSCs) are rare tumor
cells characterized by their ability to induce tumorigenesis and to
self-renew. Recent concepts for cancer suggest that a minority
population of CSCs may the biological and patholog
ical characters of tumors. Similar to other tumors, glioma-initi-
ating cells (glioma stem cells, GSCs) have been isolated from
human glioma tissues and several glioma cell lines (Singh et al.,

and i llular signals principally through
Smad proteins (Derynck and Zhang, 2003; Massagué, 2008;
Miyazawa et al., 2002). Upon phosphorylation by type | recep-
tors, recepmr-ragdated Smads (R-Smads; Smad2 and -3)
form heteromeric complexes with common-partner Smad (Co-
Smad; Smad4), translocate into the nucleus, and regulate
expression of various target genes. In addition to induction of
proliferation, TGF-f pathway has also been implicated in inva-
sion, is, and i of glioma.
These multiple roles of TGF-B in glioma progression have pro-
moted the development of therapeutic agents based on the inhi-
bition of the TGF-B pathway (Golestaneh and Mishra, 2005).
Here, we report that autocrine TGF-B signaling induces Sox2
expression, one of the crucial factors for maintenance of NSCs,
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“Differentiated” B

“Differentiated”

Figure 1. TGF-p Signaling Maintains Stem-

ness of Glioma-Initiating Cells
(A) Representative images of glioma spheres
TGS-01 and TGS-04 cultured in serum-free neuro-
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basal media with EGF and bFGF (“Sphere”), and
glioma celis derived from the same pathological
samples as spheres but cultured in media contain-

00T 0 10
106
0
16501

vestin
Nuclel

Number of spheres
°588888

E 58431542

] TGS-01

=

control Fc

16501

58431542

107 107 107 1o?
L0G

58431542

4% of psitive cells
22
82

2866
Musashi

% of Max
88 3

X
—

g0 ]
58431542 40
20

0

3
&3
3

and play olesin f the glioma-
initiating cells. We also demonstrate that another Sry-related high-
mobility group (HMG) box-containing gene, Sox4, is a crucial medi-
ator of TGF-B-induced Sox2 expression. Notably, glioma-initiating
cells pretreated with TGF- signaling inhibitor were less aggressive
and showed less lethal potency in intracranial transplantation
assay. These findings open the way to depriving GSCs of the
tumorigenic activity and will offer new therapeutic possibilities.

RESULTS

Inhibition of TGF-$ Si
Cells of Tumorigenic Activity

Deprives Gli

ing 10% fetal bovine serum (“Differentiated”).
Scale bars, 100 pm.

(B) CD133" ratio of “Sphere” cells (TGS-01) and
“Dif cells was by flow

cytometry.
(C) TGS-01 spheres were stained with Nestin.
Scale bars, 20 um.
(D) TGF-B inhibitor deprives glioma-initiating celis
of sphere-forming ability. Guoma-mmmq celis
were into single-cell and
cultured with TGF-B ligand (100 pM) or inhibitor
(SB431542, 1 uM) for 7 days. The data are pre-
sented as the number of glioma spheres formed
(means + SEM of five fields). Scale bars 100 pm.
i itiating cells were into
single-cell populations and cultured with human
TGF-B RIVFc chimera (1 pg/mi) or control IgG,
Fe (1 pg/mi) for 7 days. The data are presented
as the number of glioma spheres formed
{means + SEM of five fields). Scale bars, 100 um.
(F) Effects of TGF-p ligand (100 pM) or inhibitor
(8B431542, 1 uM) on CD133* subpopulation of
TGS-01 celis were determined by flow cytometry.
(G) Immunostaining of TGS-01 cells. Spheres were
disaggregated, seeded on poly-L-omithine and
fibronectin-coated slide glasses, and cultured in
serum-free medium with TGF-$ ligand (100 pM)
or inhibitor (SB431542, 1 uM) for 7 days. Quantifi-
cation of Nestin-, Musashi-, Tuj1-, or GFAP-posi-
tive cells was shown in the bottom graphs. Scale
bars, 50 um.

GFAP

and termed TGS-01 and TGS-04 (Fig-
ure 1A), both of which have the ability to
self-renew and mimic the original tumor
after transplantation into the brains of
immunocompromised mice (Lee et al.,
20086). Profiles of the patients and proper-
ties of the GBM cells are descrlbed in
Figure S1 (in Supp Data available online). E of
P and tensin (Pten) was lost in TGS—O1 and
TGS 04 “sphere” cells. CD133 (Prominin-1) was reported to be
a marker for GSCs (Singh et al., 2004). We confirmed that the
CD133" subpopulation is enriched in these glioma spheres
compared to cells derived from the same patient but cultured in
media containing 10% fetal bovine serum (“Differentiated” or
“Adherent”) (Sphere; 72.0%, Differentiated; 1.6%, Figure 1B). In
tumor spl fro h of ti ould
be serially and Nestin (neural precursor cell
marker), confirming that these are clonogenic and self-renewing
cells (Figure 1C). We also validated of glioma-initi
cellsin TGS-01and TGS-04 “sphere"” cellsby anintracranial trans-

Tujt

-

To study the of how of gl i g
cells is maintained, we have used glioma tissues obtained from
two patients with GBM. They were cultured in serum-free medium

assay (M.T,, Y I, and T.T., unpublished data).
To test a possible role of TGF-B signaling in glioma-initiating
cells, we first examined the effect of inhibition of TGF-f signaling
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on their bi h After with TGF-B type |
receptor (ALKS5) kinase inhibitor SB431542 (Inman et al., 2002),
glioma-initiating cells were drastically deprived of sphere-form-
ing ability (Figure 1D). Similar results were obtained using three
other glioma-initiating cells from patients with GBM (Figures §1
and S2). As SB431542 can inhibit TGF-B type | receptor (ALKS)
signaling, as well as activin/nodal type | receptor (ALK4 and
ALK7) signaling, we also examined the effect of TGF-B receptor
/Fc chimera (TBRII-Fc) on glioma-initiating cells to assess the
role of TGF-B signaling definitely. Glioma-initiating cells treated
with TBRII-Fc formed glioma spheres with lower efficiency
(Figure 1E). Similar results were obtained with other TGF-
B signaling inhibitors, A-78-03 (Tojo et al., 2005) or LY364947
(Sawyer et al., 2003) (Figure S3A), as well as infection of adeno-
virus carrying cDNA of Smad7, an endogenous negative regu-
lator of TGF-p signaling (Figure S3B). Moreover, preformed
sphere cells lost their spherical growth pattem and became
attached in the presence of SB431542 (Figure S3C). Decreased
number of glioma spl formed by i ing cells with
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for mRNA expression of Sox2, a

of HMG-box factors, was induced by TGF-B but suppressed
by SB431542 after 24 hr treatment (Figure 2A) and kept at the
low levels for at least 7 days (data not shown). In contrast,
expression levels of Oct4, Nanog, LIF, or other pluripotent
stem cell-related were not d by
TGF- ligand or inhibitor in our glloma-lnltlatlng oells in TGS-01
and -04 cells (Figure S7), although Nanog and LIF were reported
to be induced by TGF-p stimulation in some types of cells
(Xu et al, 2008; Bruna et al., 2007). Induction of Sox2 by
TGF-B was clearly suppressed in the presence of sSiRNA against
Smad2 and Smada3 (Figure 2B), g that Sox2 exp!

is regulated by TGF-B-Smad signaling. We also confirmed regu-
lation of Sox2 protein expression by TGF-f and SB431542 (Fig-
ure 2C). of Sox2 expl by siRNA (Figure S8)
resulted in drastic reduction of sphere-forming ability and self-
renewal capacity of glioma-initiating cells (Figures 2D and 2E)
and decreased size of CD133" subpopulation (75.1% to 29.3%
or 35.9%; Figure 2F). Drastic reduction of sphere-forming ability

TGF-p signali ired self- l. In

of Sox2 was also observed in four other glioma

agreement with the suggested effect of TGF-B signaling deple-
tion, treatment of glioma-initiating cells with SB431542 for
7 days prior to the sphere-forming assay without the inhibitor
also reduced the number of spheres (Figure S4). We also inves-
tigated the effects of TGF-B inhibitor on the CD133" subpopula-
tion. SB431542 decreased the size of CD133" pool in glioma-
initiating cells (Figure 1F). Next, to examine the expression of
neural precursor or differentiation markers in each cell, spheres
in serum-free medium were disaggregated and seeded on
poly-L-omithine and fibronectin-coated slide glasses. Inhibition
of TGF-f svgnalmg decreased the number of cells positive for

by

cells (Figure S9). Moreover, the number of Nestin-positive cells
was reduced and that of GFAP-positive cells was increased by
Sox2 knockdown (Figure 2G). These findings indicate that
Sox2 is an | factor for mai of of
glioma-initiating cells and that downregulation of Sox2 expres-
sion as early as 24 hr after treatment with SB431542 appears
to be the cause, rather than the result, of deprivation of stemness
of glioma-initiating cells.

Downregulation of Sox2 Is a Crucial Step
for Differentiation of Glioma-Initiating

Nestin or Musashi (neural p cell markers) and i

Cells Induced by TGF-§ Inhibitor

that for GFAP (astrocyte differentiated marker) or Tuj1 (Blll-
tubulin, neuronal marker) (Figure 1G). Taken together, these find-
ings suggest TGF -B maintains ige-
nicity and of glioma

cells. C hy

failed to observe striking effects of addition of TGF-f llgand on
sphere-forming ability, CD133" ratio, or marker expression of
glioma-initiating cells (Figures 1D, 1F, and 1G). It may be
because glioma-initiating cells express all the major components
of TGF-B signaling pathway and secrete TGF- Bl and -f2 pro-
teins (Figures S5A and S5B), pi

For further study of the role of Sox2 in maintenance of stemness
by TGF-B, we sxamlned the effect cf TGF-B inhibitor on glioma-
initiating cells i d with g Sox2 cDNA.
SB431542 only weakly deprived Soxz-ovevexpressed glioma-
initiating cells of sphere-forming ability compared to LacZ-over-
expressed cells (Figure 3A). Moreover, SB431542 failed to
reduce the number of Nestin-positive cells or to increase the
number of GFAP-positive cells in Sox2-overexpressed glioma-
initiating cells (Figure 3B). These data suggest that deprivation

TGF-B sig g to in their (F|gure S5C).
TGF-Bis reported to work as a proapoptotic or an antiapop
factor in a cell-context-dependent manner (Sanchez-Capelo,
2005; Ehata et al., 2007), but we failed to observe any significant
effect of TGF-p ligand or inhibitor on apoptosis of glioma-
initiating cells (Figure S6A). TGF-B is also known to control
cell proliferation via regulating p15™%*, p21"AF" p27%"" and
c-myc (Massagué, 2008), but in glioma-initiating cells, stimula-
tion or inhibition of TGF-B signaling did not markedly affect their
expression levels at 3 or 24 hr except for only a slight increase
of p21"47 24 hr after inhibition of TGF- signaling (Figure S6B).

Sox2 Expression Is Induced by TGF-f
in Glioma-Initiating Cells to Maintain Their

of of glioma-initiating cells by TGF-B inhibitor is due
to downregulation of Sox2, which maintains stemness of
glioma-initiating cells.

Sox4 Is a TGF-p Target Gene, which Is Highly Expressed
in Glioma-Initiating Cells
Induction of Sox2 expression by TGF- was observed 24 hr, but
not 3 hr, after stimulation (Figure 2A) and attenuated in the pres-
ence of cycloheximide, an inhibitor of protein synthesis (Fig-
ure 4A). These findings indicate that Sox2 is not
directly induced by TGF-B but regulated through other factor(s)
that are induced by TGF-B. We, thus, searched candidate genes
that TGF-p-i Sox2 expi to play important
roles in retention of stemness of glioma-initiating cells. For this
we used y data of public resources (Beier

To elucidate the hanism by which of gli initi:
ating cells is d by TGF-B si we next i
the effect of TGF-B or SB431542 on expression of various

e( al 2007; Bruna et al., 2007 Gnther et al., 2008; Lee et al.,
2006; Tso et al., 2008). Criteria for selection were as follows: (1)
genes with higher expi in gli initiating cells pared
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to bulk tumor cells; (2) genes directly induced by TGF-f and sup-
pressed by TGF-B inhibitor in glioma cells; and (3) genes whose
cpression levels are correlated with that of Sox2 in glioma cells.
Among genes highly expressed in glioma-initiating cells, we
identified a transcription factor Sox4 as a TGF-B target gene.
We observed higher expression levels of Sox4 in TGS-01 and
TGS-04 cells than in matched “differentiated” cells (Figure 4B).
We checked whether Sox4 expression is regulated by TGF-
B signaling (Figures 4C and 4D). Sox4 mRNA expression was
immediately induced after TGF-B stimulation and inversely
downregulated by TGF- inhibitor in TGS-01 and TGS-04 cells.
To examlne whether Sax4 is a direct target gene of TGF-B, we
i assay using y
agamst Smad2/3, DNA-binding mediators of TGF-B signaling.

. Sox2

slN( #1

Figure 2. TGF-f Induces Expression of
Sox2, an Essential Factor for Retention of
Stemness of Glioma-Initiating Cells

(A) Expression of Sox2 mRNA was determined
after treatment with TGF-B ligand (100 pM) or
inhibitor (SB431542, 1 uM) for 3 or 24 hr. Values
were normalized to that of GAPDH mRNA. Error
bars represent SEM.

(B) TGS-01 celis were transfected with siRNA
oligonucieotides and incubated for 24 hr. Cells
were treated with TGF-B ligand (100 pM) for 24
hr. Values were normalized to that of GAPDH
mRNA. Error bars represent SEM.

(C) Expression of Sox2 protein in TGS-01 celis was
determined after treatment with TGF-B ligand
(100 pM) or inhibitor (SB431542, 1 uM) for 24 hr.
a-tubulin was used as a loading control.

(D) TGS-01 cells were dissociated into single-cell
populations, transfected with control (N.C) or
Sox2 siRNA duplex, and cuttured for 7 days. The
data are presented as the number of glioma
spheres formed (means + SEM of five fields).

(E) Knockdown of Sox2 expression by siRNA in
TGS-01 celis resulted in decrease of seff-renewal
capacity in limiting dilution assay.

(F) Effects of Sox2 knockdown on CD133" sub-
population of TGS-01 cells were determined by
flow cytometry.

(G) Quantification of Nestin-positive or GFAP-
positive cells among total cells. Differentiation of
TGS-01 cells by Sox2 knockdown was analyzed
7 days after transfection of control (N.C.) or Sox2
siRNA duplex. Error bars represent SEM.

Sox4 Associates with the Sox2
Enhancer Region and Promotes

Its Expression

Next, we studied the effect of Sox4 on
Sox2 expression. Sox4 Xpressi
in glioma-initiating cells resulted in upre-
gulanon of Sox2 expression (Figure 5A).
In Sox2 was supp d by Sox4 knock-
down (Figure 5B). We confirmed that Sox2 mRNA expressed
under the control of cytomegalovirus (CMV) promoter was not
downregulated by siSox4 (Figure S10), indicating that Sox2
mRNA is not a direct target ol siSox4. These results indicate

slSon

that Sox2 expression is p gulated by Sox4 at the tran-
scriptional level. To examlne whether this regulation is direct, we
performed assay using antibody
against Sox4. It has been d that the

element located at the 3’ flanking region of Sox2 gene is impor-
tant for lation of Sox2 (Chew et al., 2005;
Tomioka et al., 2002). The region contains the consensus binding
motif for Sox4, “CATTGTA” (Liao et al., 2008). Recruitment of
Sox4 to the was i d 24 hr after TGF-$

Smad complexes directly bound to Sox4 promoter in resp

to TGF-B stimulation, and this binding was clearly suppressed
by SB431542 (Figure 4E). Moreover, induction of Sox4 by TGF-
B was not significantly affected by cycloheximide (Figure 4F).
These findings indicate that Sox4 is a direct target gene of
TGF-g signaling.

and such was clearly supp d by
SB431542 treatment (Figure 5C). These results appear to be
due to regulation of Sox4 expression by TGF-B ligand or inhibitor.
In addition, TGF-B could induce Sox2 expression only weakly
under the condition that Sox4 was knocked down (Figure 5D).
Altogether, we concluded that Sox4 directly induced by TGF-B
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