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FANE

SEFCOMEEEIEHTEILOCE>THD 15 FBZOMAFELE. 10 FBZENAL 2010 D
SIA1CE, HEENHVEINRICLTLVEDH DWCHORIDLICRERLET. EFENLETOFEEN S
FIFHEIVDBRGEIATONADLIC, BESDDEERLEIHNZNERRLUBNLBEILTNET.
SHEIE, COSERBMTAOLEHEOBNMNIERIDIENTELNGHER WG L, KEDEFIC
Quinquennial Report ELTEEHTHELE. CREADDHIAICIEEZEFEE D (BHTREEE 54 BEOXK
#EE 55 EDEAXEZ(IT) LBEHT, CERPIHMEFTFZVVEZITNEHINCRNET.

2013 EHRICEEMNBEMNES (F 24 AHEKRHEREREZSRS) FHELGLEIEF LA
(LA LELE. ChICOWT, it A (CETBEVMONS 15 FEHORRICIE, L. £RFTEHAK
HIERREEE 121 EHEX GRS 34 ABEFHESESE 10 AEMAELII—26ETS
Wb TR YUSETVEREZLEIMEE2). th A SV AL ERIBOE L BRFEFZOITERZER
HIEMELTT. FABH, 20F KBTI TCELHEBNABOFMATIERIZOE7ERTHY,
FRFEALD B AR ATER AR B F O EIRITH L SR B TRGANELLE. ENTHHERNAVORRFTE
HIERERBEOZEEDVLIGRIITELIENBHONTS, LBFFOILEIHENE ILKREEILSS
BENHZ BH-EXENORIBHISEELTILOLCEENFVEESEELEL. FAOVEDILE
EEZDEHINNIETHN, BEXBROVBHREZARZE . pARLHELEEUHESHICKZ T
ERWTRIENFENHRCENTEELE(K).

X EMBI AT B DFEEM R KICT.
AT &£ £ KB 1L K =2 BT BB fEE
SNEE . AREZEE (BBEHEE
= EED), R EHKXKE—HEL
FONEZE BRRBEE (SVFIY
tIr— ), 2IELDRIIE
A RERBEHIESENAR FE (S
ED) BITEREERRERMKFHEIE
HAREE FE BXE LTI
BEBER FEN).
2015 11 A78 (1)

COEMITNFTAERD, IR, ZE, FEBEBEXRBERITIZLNT, 2EOSFRIEESILBHD
MERREZZBHOBILTVNEYT. HEDLGT/NSBIIN-TTT. MREEEPLTESAE—H#EICL
FDAIVATEID LR ERITTHLIOIERNET. E3FLBLBREVLET.
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[#F7E5 B L IEB DBEE]

YBAWFFEST L 1998 B F 2O A TR SN TOL—BL T, Hlkai Az Iz
DA DRI AW He LS SVBH RO RFEIC DWW T, R LR R 2 B B ICBAR DI 5 5 WA T
WFEZAfelT TS, LT, ZEORMREEIRD A 0A D 03 A DIR REFRI LRI IS+ 528 %
BRETL TS RIGA A D53 IR BRERY RIS o 7 B IR Z S SISO R REEBE D AL
FeaREE L Cilkiee L g (1) .

1. Wnt BEIZEEODHT L Vo F R Rt Ot

Wt #REE E A OB AT 7T EBFES 2 BRIT, KD A OREG-18 E5E R OIEGER S T
LS ND B-AT = a il e 3 208 AR OIR B E R Z BN L Tz, &S B-HT
=V DREFEE 3% CRD-BP (coding region determinant-binding protein) {274 H L, KG2S A%
REEDRIEAZRFIL TS, DAICEITD B-IT = AEMHALDHFA DN T, D RES
FRHERR o2 T U R OFAHI R E 2 ONILTE. B-I T = OB AT ZE OGN
{BICZE THDDS, BTG FT2720 B-I T =2 DRI E 211 k3 DA T B 6
T, A% Wong HfEEEbIZ, E-MEM > B ELXHIEBELE SRR T
(nucleoporins: Nups) DFRERZ LD T, ZIVETIZ, KBV ATIEHALFED Nup 28 B-IT7 =2
Tef7L2 (Tef-4) DEENFEBLIATREIL T DLz /LT,

ZOBBUIKIG A Wit fBREEOFREEH OBRE, EIRF A8 SR A B g
DO FE~IEA BRSNS, ZIVETOMERB ARV IRD &, —H O BRI E R AT 23 5
WRHERSICHE RS TETZ. LinL, £ 05 B (4237 I3RS, BARIS i3y vk
WTHY, 5% OWFFEHkEED R FER F M2 HE TR T)D.

2. glycogen synthase kinase (GSK) 3p BHEIZL A ATREIED BRI LG

KIGDIANZET D Wnt/B-J1 7 = R B OMFFEImFR TRV T, RIRRE OIS - L TO
ARERS LT GSK3B MEA DOy TRREEFHEL T, BARMIROALE, R34l HEhEEHE
T HIEEH AL, LT, GSK3B FHE DR ) CHRER e AR A AL~ L LR
IRFABR CHEFELTZ. KB AMFIEEWATLU T, RPN, BB, 1 g - N -
FAESVEE, SRERRPIEENEY, G E IS L, GSK3B DINAMEEIER |
XEDS ASCIB SR IE, B HGH 72 & O ERE, A/ D3 AUCHBLER S, BRI & B ORI
ETRIE (U AH, HGHHR) A EZRE DM E 2 59522 R L. £LC, GSK3p [H
= 5= 3 5 O#5 A (repurposing/repositioning) EHT23 A K ZOF T2 03 ATREIEEZ ILRIBI %L, 5
FEIB I NE (AR MR AN RL) EHEATIEDS A (SR E R R FIBe) xR e T 5 EM 5
RIS IRIF R L0 2 D& LB 2h B2 3Bk L TV % (UMIN000005111, UMIN000005095) .

MANZEITD GSK3P DM FEBRT D120, NG O FLX — {5 (Warburg 2h3)
IO AREEEE S A B1EH (F—h7 7V —) 128 B U CTHEREMBIT 21D, BT WVE SN
DOB5. £, BAUXEZRND, FLRAAKIMTHEACBEDN A RCIRFE B IEIEARAT =7 2 X BT,
GSK3B (2L DA E OFIFENC DUV THFZEZ BRIA LT, HALER DS A DEGIRICBIL 7= 378
ELT, NREBEIZE— R ARG CRRERS N D BB R AR (RIS AR ) DI AR IR
T, DA ORENSA%RT 7 a—F Liu.
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GSK3B BHEIC LA ANEHRIER RO HARLL T, EWNEEEA MR T D EAR GSK3p
HilAEME micro-RNA OELHIES IR T RAMEL L PR EILFB 257 T v A4 VTR
DDIAREZNROfEHT, cell-based ELISA (ZLDFTHHERAZY —= T HIFOBF/2E DUE
fEEHED TND.

3. TEV=X T/ AEIREICT BBA BT - TR OBI%

RIGFEP IR Y 2 AT 47« TV 2 X T 4 7R BAIZ KOG il FH L, 2T 1aHE
(DG T2 BB, ARAR R A L3R RIBFSE B 25k L T,

4. ENHLE D AMBRARIR(LT oY=

S DEFRIRRT GBI SN DB G2 FEER O B THEEL TIL D T, A DERIRIZHE
ELTED. ZOBMT, WM& B ARSI FE D EEHEE IREL T 2008 DA FHEL B
BHL, 2010 AT OHEFER YHFTEFTE P AR S 21K L, BAEIZE>TWD. ZOHMik
EIRZDEIZENA OB L L FEFEIZED, BRARLKERAIZIITSH Wt fREEO 51
H5 M (Nature 2006, Cancer Res 2009) °L b2V, R 4 A /LR, RUNX3 728 %%t 5 c T
EV = RT A I EACDIMTIZ L DR D A, EEATO 53 FHAEZ SN L TE72(J Clin Invest &
EBFEH, Oncogene 2015, Gastroenterology 2011, Clin Cancer Res 2010, Gastroenterology
2010) . ZIHDOHFFEIZINAT 2014 F£LD, [WRLRZFEABIFE LIZ R REA A ALIE-E B firik
B2 HWT, RIBEBRIE D~ AART LT —Z = 2% IR HIEAT FIEIC LV IED A/
AR (GEI) & AT Dt EE L, LIRS F OSBRI+ 22 & THRAWNIEMRIA O ik %
WG D L% BROIS, AR A BRI LS - B5 « RSN R 2 L SR R FE A dneD 72

H

Ny v O 20 N X G5 OEEAe
LA DL 2015 (B &0y A IRERET) 201547 A 10 B
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[#F5E% ] (2015 621 3 DABRDHH, Mkise, /o L2 2 TSN E @D BR )

AL . PAsANS o]
%,%g 5 MW prepesen g%;;;g T R
o T GSK3p BRI LT B A
b (Lmmen) . DA e AOTBRIILIGNER SO KM 14,240,000 11
15H04928 wRHE P
20152016 10 1 Rt Wons g5, 351775 o7 = Es
o (B ) 85 25 PR FIRR Pu— EIMEH T HEEALE SRR O 3,510,000
15K 15493 ' Emg ORI
2015—2018 4F i
Bl 2 BF 98 & 4l Bh TR FIRE, KGR A B RELRE - BRET LD
b (EAERigEA) . I BRI B E L R opre 000000
15H04928
P i TBAANCEBHE A AO R
DO R s TN RS0 s RBORILSL 4810000
15K09051 . \ TR DIG
2014—2015 4F £ Devel ¢ of combined cellul q
NS g 2 cve oprnen OI combined cellular an
2%@%5 jf_@f]]\ Ilya V. Pyko mf)lecular target-directed therapies for 2,300,000 M
X4E) (25670572) glioblastoma
géﬁ%%%i o NTYYVRSY A= LB
& Gemrges) THIE e A=~ TR DHBUCFRIEORME 12,160,000 F
(25670572) e
2013—2015 4F i
Bt mMe L TR — R I S L 2
& (HFpE) AR B AR L ~ DR 3,770,000
(25860233)
2015 4 BE A IRK Rk KIGIWSINZEBTD BT =2Tef D
FRAMFEATIER] NR R ai 2 ’ ‘BEH) CRD-BP D455 T B e 700,000 [
e (—H&) LI HED AR
2015 A LA RK ; ‘ . e i
S )R B TR FIR, GSAISB ERER LT DH R E SR D 500,000 4
BFge (1) IEYR M REMRNT
2015 4F & 4R K A
SRR R R E & 2 ’ JEERR R AR 0D N i & FE A - oD i B 500,000
e (%)
2015 4F 4R K Rk KEJEA T AGIE-E & E vz
FISAAFFERT LR ERERER &75) ’ KIGM AW AT LORESLB LD 500,000 1
FIF5E (578 Jp3 REfiA BH
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BFEFEH - B BRI E ot

2015 4EE AR K . . . N

e N TR FIRKL, HRESAIIE D GSK3P ZAZ) &9 D8

NIRRT IR IARE R A N 200,000 4

e (%5 RS TIRIEOBRFE L5y T AN =R I

2015 AR K . . . N

AR w0 GRS RO TR 200000

P92 (— ) ’

SRR
0 s N Richd W Rk, KIBEECMSTOEBLE
ge( gny o Wong 1F7» BRER B O RE R L ORERERET ’

WFFE (— %)

2015 4FEARK . . .

R el VORI, RS S LA B S K5

%i/ulﬁzbﬁim R . GSK3p FE e B 200,000 [

WF5E (—Hi%)

2015 AFE A RK Wk The relationship between GSK3p

FEDAAIFZERTIER Xi Cheng lifc\ A ’ expression and chemoresistance in 200,000 [

B (—H%) ovarian clear cell carcinoma

UL A JE FIRR 2015423 A FRESBEME (1) 800,000 ]

prie ol W15 201543 FRIESEEEME (1) 400,000 M
HMO#EE 86,190,000 [




BRRZEDAERBIBBTFEET BB (R & 728 s E

[#F5EE#R]
I. fCHFE

- BEOKRER, EBE
L

- RE

1. Menheniott TR, O’Connor L, Chionh YT, Débritz J, Scurr M, Rollo BN, Ng GZ,
Jacobs S, Catubig A, Kurklu B, Mercer S, Minamoto T, Ong DE, Ferrero RL, Fox JG,
Wang TC, Sutton P, Judd LM, Giraud AS. Loss of Gastrokine-2 drives premalignant
gastric inflammation and tumor progression. J Clin Invest, in press.

2. Chikano Y, Domoto T, Furuta T, Sabit H, Kitano-Tamura A, Pyko IV, Takino T, Sai
Y, Hayashi Y, Sato H, Miyamoto KI, Nakada M, Minamoto T. Glycogen synthase

kinase 3[3 sustains invasion of glioblastoma via the focal adhesion kinase, Racl and c-
Jun N-terminal kinase-mediated pathway. Mol Cancer Ther 14 (2): 564-74, 2015.

3. Kurklu B, Whitehead RH, Ong EK, Minamoto T, Fox JG, Mann JR, Judd LM, Giraud
AS, Menheniott TR. Lineage-specific RUNX3 hypomethylation marks the pre-
neoplastic immune component of gastric cancer. Oncogene 34 (22): 2856-66, 2015.

4. Takino T, Nakada M, Li Z, Yoshimoto T, Domoto T, Sato H. Tip60 regulates MT1-
MMP transcription and invasion of glioblastoma cells through NF-xB pathway. Clin
Exp Metastasis 2015 Oct 13. [Epub ahead of print]

. 25R%K

1. Toshinari Minamoto. Biological basis of cancer treatment by GSK3f inhibition. 2015
Kanazawa University Cancer Research Institute and Fudan University Shanghai
Cancer Center Joint Symposium/International Symposium on Tumor Biology in
Kanazawa, September 11, 2015, Kanazawa University School of Medicine Memorial
Hall, Kanazawa, Japan.

- BN (2E) %22

2. Takahiro Domoto, Yuri Chikano, Takuya Furuta, Hemragul Sabit, Ilya V. Pyko,
Takahisa Takino, Yutaka Hayashi, Hiroshi Sato, Mitsutoshi Nakada, Toshinari
Minamoto. Glycogen synthase kinase 3 sustains invasion of glioblastoma via the
focal adhesion kinase, Racl and JNK-mediated pathway. A AEFEET L HRUT L I
[FIFI « 2 RBFFERL A 2 AN I3 AR G « (0 NBR B3 » 50 F- AR ) ~ 73 AUt e il 48]~ D
HEEE, 20154F 1 1 21 A OK), 22 B OR), AJIRSLEHEEL, 4R,

3. Ilya V. Pyko, Mitsutoshi Nakada, Hemragul Sabit, Lei Teng, Natsuki Furuyama,
Yutaka Hayashi, Kazuyuki Kawakami, Toshinari Minamoto, Aliaksandr S. Fedulau,
Jun-ichiro Hamada. Glycogen synthase kinase 3B inhibition sensitizes human
glioblastoma cells to temozolomide by affecting O°-methylguanine DNA
methyltransferase promoter methylation via c-Myc signaling. HAJEFRT AR T T L

-10 -
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e[RRI « SRR TR SV TR I8 AR « U NBR B « 45 R B ~ 73 A 2 £ 48]
~OPRER ], 2015451 H 21 H(OK), 22 H OK), )RS 5585, 4R,

N ORI, BT, KA, ARG EHEE, Tlia V. Pyko, TRFEES, KHEAE, R K,

TR R, KIGDAAZIITDH GSK3BHIHEM: miRNA DOIEHLIRREEORE,. H AR FEET
R L HLEF T  FERFTEHL S R KD s « i NBR B« 45 A A ~ 23 A
HERHIE~OHEL ], 20154 1 A 21 H (K), 22 BH OKR), AL H 585, 4R

. Takeo Shimasaki, Satoko Yamamoto, Yoshie Yoshida, Naohisa Tomosugi, Toshinari

Minamoto. Identification of secretory protein responsible for GEM-induced EMT in
pancreatic cancer cells. H A FE L RY YL/ SLRIFIH « L RBFFEILSE S VR 4
(23 A TR AINEL « B0 NBRER « 0 TR ~ D3 AU HE IR ARl ~ Dk, 2015 48 1 A 21 B OK), 22

HOR), AR 45, aR.

CRREBGT, AWERAT, ERAGE, IR, BOFEE A XA T DU nestin DX

BN L . AAE ST R L S FER A L RBFIEILS S R YT B DS AR
HHRE P8 R BE « 70 FEER ~ DS A R I~ Bkik |, 201542 1 H 21 H (OK), 22 H (K),

A INIRSEE R, 2R

 BSIEARTS, JTHERTA, TR ORI, KA EAL SUBANC IS MICICRE ESh D EMT 2k

K1 D[Rl 7 LS REARYT : GSK3B FLFIC L L4, 55 46 [Fl H REE T2 RE. R T T A
2: R B D4y 1-J5iHE —Basics and Applications—, 20154-6 H 19 H (42), 20 H (L), 4

o RERZES, 4R,

 RARETL, MUBEIRES, BEED 2, Tlya V. Pyko, TJR—8k, BEHME, ILATEL, IR FRL.

KIGDABERGIFFEIZI 1T D GSK3B D&EE]. 5 3 HINA LIS, 20154 7 A 16

HOR), 17 B (&), AINRSLERE, &R,

RN EE, WA, VERE 1, R FRE. GSK3P (% FAK-Racl-INK #8524/ L CIB 2E AR A

fa DR EZHEHET%. GSK3P sustains invasion of glioblastoma via the FAK, Racl and JNK-
mediated pathway. & 24 [A] H KRB ABER PR - fe2s, 20154 7 H 23 H (OK), 24

H (&), ¥ T47 TV KMk, KiK.

AR kb, B FEA, A &, )L B, feiE . Vinculin |X MEK/ERK #%#8%/L
72 MT1-MMP OiEEAAIZHIFEHT 5. 5 24 [0 H AP AR F2FITES RS, 2015 4F

7H23H(OK), 24 H &), T 47TV KRR, KIX.

WHEH, EEA~LTTE YN, B T, '® N, R THES, NILEZ, R BEE, AR 8, TR
Rk, HHE e, BEA 3R 200 L7 B 2RISR GSK3B fZATEHE. 55 16 I A AR
IR B2, 2015 4F 08 A 28 H (42), 29 H (L), 77bhvTyikfsar 7L aty

H—, Eha.

R, AR, BEEPREA, ek T, TP EDGE, TR ORI, GSK3p 13 FAK/Racl/ JNK
& 295 MMPs D38 BT H#E 2 K- TR ZEME M fE o 2 8 % HE # 3- % . Takahiro
Domoto, Takuya Furuta, Takahisa Takino, Hiroshi Sato, Mitsutoshi Nakada, Toshinari
Minamoto. GSK3f sustains invasion of glioblastoma by expression of MMPs via the
FAK, Racl and JNK-mediated pathway. ZF 74 [0] H A¥E 52 IR 2, 20154510 A 8

HOR)~10 A (1), 4 W RERSES, 452,

BIRSET, IWART-, AR, ARER, KAZEA, i R, 7528 A2 K0 e
FICFEEIND EMT (R K 1 O [F & & B RE MR T : GSK3B B FIC K A1l #1 . Takeo
Shimasakai, Satoko Yamamoto, Takahiro Domoto, Tomiyasu Arisawa, Naohisa
Tomosugi, Toshinari Minamoto. Identification and analysis of EMT-inducible factor by

gemcitabine in pancreatic cancer cells. &5 74 [A] B A 7 22l

-11 -

N AN
I A
7ﬁ‘D‘K)

2015410 H 8 H



BRRZEDAERBIBBTFEET BB (R & 728 s E

14.

15.

16.

17.

18.

- 7]
20.

21.

22.

23.

24.

(R)~10 B (1), & BERZE®S, 452,

WEEPFEA, PG, BAEE, VEREE. Tip60 IX NF-«B BEEA2 L CRBEMD MTI-
MMP & Hi 22 % #89%. Takahisa Takino, Mitsutoshi Nakada, Takahiro Domoto,
Hiroshi Sato. Tip60 regulates MT1-MMP transcription and invasion of glioblastoma
cells through NF-kappaB pathway. £ 74 [2] H A 7 2R 22, 20154F 10 A 8 H (OK)
~10 H (1), AT RER=ES, 45 E.

EARE, WA, SARETE, JIFF —, Fefki®. Vinculin |3 MEK/ERK #E#Z /L7
MTI-MMP D iz B % 44 |2l #1795 . Taisuke Yoshimoto, Takahisa Takino, Takahiro
Domoto, Syuichi Kawashiri, Hiroshi Sato. Vinculin negatively regulates transcription
of MT1-MMP through MEK/ERK pathway. %5 74 [A] H A #2202, 2015 4E 10
H 8 HOR)~10 H (), Ak BERRZEY, 45 2.

WA, BRAE R, AIRER, IR AR, KEEA. =7V —2 %3 S AAE
HHLn0EE &R 7L — M2 X 54T, Satoko Yamamoto, Takeo Shimasaki, Tomiyasu,
Arisawa, Toshinari Minamoto, Naohisa Tomosugi. Investigation of intercellular
communication in cancer via exosomes with a new special device NIKO-1. % 74 [f] H

AP FE IS, 20154510 A 8 H (OR) ~10 B (1), 4 HREBRESES, 45 R.

TS, (UARFES, PR T, RFER, NEEZ, ZimEm], feilE, 5 4, N
BSE, PR, AR R, RFEERE, 1 Flak, TEIAT. GSK3B HEELZHW-F R
il ~ 4y - HE 1 {5 % . Shingo Shimozaki, Norio Yamamoto, Katsuhiro Hayashi,
Hiroaki Kimura, Akihiko Takeuchi, Shinji Miwa, Hiroyuki Inatani, Yu Aoki, Takashi
Higuchi, Kensaku Abe, Takahiro Domoto, Takanobu Otsuka, Toshinari Minamoto,
Hiroyuki Tsuchiya. Therapeutic effect of GSK3[ against osteosarcoma via -catenin
activation. 5 53 [A] H AR 7T, 20154 10 A 29 H OR) ~31 H (1), E5Z
FEBEIRR A, mUES.

BSIRAR TS, AR T, I FIRR. FLs AR KRS AR IR B SN 5 T Lx Y — 1
AT UM B Of#MT. 55 26 [0l B ARH{La R AR R, VARV YL 409
L&A OB MR O /3 FFEAE. 20154 11 7 19 A OK), 20 A (&), K4 B Z%ERT
v, KT

= ERRE

Toshinari Minamoto. Session 1: Tumor Metabolism — central carbon metabolism and
anti-oxidant. International Symposium on Tumor Biology in Kanazawa (4R [EF723 A
HEEL Y ) & Symposium on Drug Discovery in Academics, January 23"~
24th, 2014, Kanazawa Excel Hotel Tokyu, Kanazawa, Japan.

LB E, IR L. International session 2. 55 23 [A] H AN AR F2FITHES, 2014 4E 7
H 10 B, 11 B, @RAT3bA—1, 4R

IR IR, P11-11. G (1) (Metabolome (1)), %5 73 [A] H AV A2 22 iTiE 2, 2014 4F 9 H
25 H~27 H, 737 ¢k, k.

Toshinari Minamoto. The 8" International Conference of the International Society of
Gastroenterological Carcinogenesis: Evening Seminar. November 13"~14" 2014,
Hotel Nikko Fukuoka, Fukuoka, Japan.

IR ARk, 55 25 I A ARTHILSS R E R R R A7 =07 830 —, 2014 42 11 A 13 H,
14 |, A7 /V e e, .

-12 -



MAEDHDAHEFERE 2015 (BHFFEDDHWDAH LR 2011-2015)

O GER, & - HREREE )
19. J7 Flpk. RADOZINAX—REF— DA HOEDLFX— . GRS SRR 5%
SSH ffiEak#%, 20154 1 A 23 H (&), AIRERKS:, FIALARP T

20. Ji Flp%. GSK3B PBLEICLD AN E OFIAE L 23 AARFRIED B3 - R IR IS . 4R E
B RFRZEFRE LM ZEEIT—, 2015 4E 11 A 27 A (&), &IRER KFELHER 4 %
E41 i##55, WALRRPNHERT.

0. AFZERR BT LA %N R B FEHE D BRI

1. RFFFHIRE
B2

V. 5, HE7es
A=Y
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[FtFE21] COSMO SCIENCE I NEWS

ploys pI0E@ @@

C0SMO SCIENCE T NEWTS

.4 1@‘ % @ \_/‘,e .ﬁ‘%\% BINRIERREEFFH SSH H#itE=E

HEEIAETFA AT PER2TE1A28H (&)
#HEQ : BRADTFRF—G]
RN SIRRED AR

i W ORI RAE
HHO: ITBWoZERL ) —IVE]
A RRERKRE

R Zim mE kA&
£ FH KELE V= Ial—valrkrg—)
% BT RIRERKRE

5 EHOEREMEITOCEREZOESDIOHICRAREIETH L. HERMEELL THAL

DEICDFITENELKTZESHEVWEEB LV VETHAEEZDLIAEELHIELN,

FINF TR REFEEEZDFRIIR RIS Z bES LN 2L TH D, M LT (Ul 47- 0 il
T2 [TEREE 9 720y EEEB A CCERRZEF O Z LSRR~ DN D L E 2D,
EEEE LS5 THEBRANDOTICHD LR LIT UV, BRI ko CIIREBEL 205, EETRTY,
REBDFETEDH LWVFAEHET DI, —DDB 2O NT AL Lo TIHIZ RO T X 72, BRFHE D A
UTIIHEDO—ANTE, ERNCE ORI ST, A0S H L7Eo7- v, BERICRT S
HDHMSEIENTZEWND Z LT, ZOEAE, AT /UL TED Y DAL BEEBSIZE Hbiizbid 725,
g, MR BE S & STV R,
B, a2 EOSEFREN Y720 HT DS TOVEN, b9 — 20 ANBE %, IO TN
1T NE 72— RO A TEA S
(8% =)
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L= BB & LT TIEIE L T 72012iE, BTl xa~ 87220, 7203, Bfegi38ai=em
I TR LOEY, DFY, RO R LA DE A REI TIIRNEA I,

BUED AARETIE, FEMSLOAOESE, ERsaR2 S0 DRk~ R EE L, R 7S
PR L TCND, 7228, AxITZo MERE) 28 5Icm bk ) LHi-aflstidiliz kb, 22 TEZ L&
Z &, ZOERO HEME ] OBRPEZCED LS IR 52 2008\ ) T EThD, fRiF R
JF-71, FEHERC X DIRROBIIER & W O B HIRC L 5 b0 TH D,

AT ZZT D L9 BRI IR D72y, ERES ) oflcEE 2R BTk, Hiffk v bklc, —
A& U TROREHEB DN TN DD TIIRNTES D Dy,

(2 3% )

BEAHE 72 DI, RN ETH D, IO L INTRD00, LWV I DRSEOIRIBIC SN D Z L1k
SETILE A2 B D,

FZOHT, TEIARAEYA AT TS VB EWIITEAITEERLZEOLDOTHD, iU, 4F TH
fif CETUVRNT ERH BN EMAT2 DN EEZEZHZ L ThD, T LT, TN XL~ TR - IS
TWRITE, F= 72 e DT —~ &% D 152 AIREMES = DT,

TRLET, ZOLOOREEZRLL S &L, TOFTHTEZFEICEKE DT 72, L, oz
FIETEZ S0\, ATDOIFRNOAEFIIFRET D, ZOAREF AU REBUT, FBFMEZROZ L, £
L CE DB EFAE ST DT ODIFA VR ERST, BFE0—BE LTBMTEDL LR D T ENGNHDHE
EThd,

(36%F #JP

Result of a questionnaire
~— q 7

o I HEE-FLAEEY FEkDSBIZHYELE=HN?
FL=M? OhE QhFEUSE
. YEEs [l A=Y v oY i
TEhvotz 5% DKE

3% BEIC
otz
45%

QL&
45%
OKE

EE-fz

52%
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[7e2] 5 121 [ HA(ERERLE IS, 31 BHAMES, 106
HPEY I —

H 7N HAL asm A = AL RESZHP
34 B F i WA
F121mM % 5 f =
10 M HMEER I F—
Tz 5L - P

BHEBES

B K :2015(Em27)F11A 8 H(H) FrI9~ 128

= 15 AlIRMSEREERES—ME  RHTBEA2-1
1Ea>~>>aih—N

bEESZ Rl =

B B:2015(E/RK27)511B 8H(H) F#%2855% ~

= B g—=18 1Ba>R>>ar -l
B-=I5 SHEE12IHE=R

BEfEEIF—

B B:2015E/RE27)5E11B 8H(H) F#&185~2K

= B . Eg—=18 1B KR>>a k-l

HBEaR FTRAEVFAERGBIEHARA R FIK

The Hokuriku Branch of

the Japanese Society of Gastroenterology
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BERITE S e

H IR 2015 CERE2T) F11H 8 HE) A4 9 IRF~ 121KF

2 5 IG5 pE SR B 4 > &2 — il
Ia>~_x>yaryh—L

9 :00~9 :40 THEIIE O NEBIEZ KT & 0% O B
JEE A WE SEE GRIRERERY: EENERS)
Afl o PURE & SR (EIREEREREE AN ELEY)

9 140~10:20 [EEEITREDANDIY (A
PEE ot BEN AR (BIRORSEMTERBE H S AMVED
ST PR BT e CRNDEAZHYuREBE bR ED

o100 20~11: 10 THFRIREAS A DFEDI A L IRHERICBE S 2 It DRI HL
JER A M e GRIRRSAMERBE IR - AR RS RD
aAE A HI e GREEREERIRY: oI5 R AR5 i)

110 10~12 100 THRSEIHAE A3 A © ENRISEE OIHE A3 A2 85501 )
PEE ¢ R E— e GRIRRY: BEEERMEEDITRIRESR  TBERREH )
aAl o ABR IEZ e CRBRHZRSERERE IS RL)

O HFMEHIOZ M THMEERH AR 9 R TE X7,
O Z/#1,000MH CH HEZEG AL DZAN TELZILO FE W)
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1. TR ONBLIELRZ W & 55 D i ]

9 :00~9 :40
GRERAY  Bbmissy gt % %

IEHI354 O [E AR R FRASFALA S 7P L . MIGHHFEL T & RV E 2 X Z ZHARRE
ROWEHRRA L LTZh -7 BB Z BRI S 1 e, ZOBET. HAAZ 38
FMNZTeUhDIz, HRHI N U LABEHIC K 2SR TH o e/ OEFRICB WV TIRIER
ZWVBENTh-o7z, L L, BPIESRMEOHMICKR SR VE AT OEHZK» 57 714
IN=AA—FTHEM D ZEICHEL. ZRUSBKD T ORI % $RET 2 BEEL 5 S 7z,
WEDBBGE S LTz HICT 7 A N— A — T OKBELV AL LIGHRH O A a— 7 S 1
720 77 AN—AA—FIEFAI—TORFIC LY RGRED I & PECIUEBERE & 1 L7z,

HARDNBEZHI A X, BHEBHPERE L > TEBY 7 7 A N— 23— FDORH 5iE4E
FTRELLEMN LTV A>T, IRNEHEOIEIC LY. FIEERE,. BHREECHE
TRENZE DR %200 LIRS I X 0 BB EIC LT 5 £ TICHEE LT,
TEIZ N8 ONBI (Narrow Banding Image) . BLI (Blue Laser Image) E— ROBFEIC L >T LD
BRI B, EREEZR T REE ko7, L L. WIEECE O TE, BB OW»T
3H7 O IREEZHNC AL T 2 LD E 5, H. pyloril55IC £ 2 BRDPEIC & 0 P
JEZWHIRARE LTHHEEKRICRKE S HMTE2RICHLL TS EEFVERCIRITH 5,

A TR, BIEHEZETHO STV 2 RUNEEONHEZK O T /54 A 2l &
ESDH3 i & 72 > T B NRBHRHHC DWW TR ARHGEE & O % 2§ IS N 81
MAERGYIRICDOVWT S E LT %,

NBI+ RN EZ T, MBS DRI HE L TR, 2RO BEE STV 505,
WTER S VM THIUGR XX 2l 2 2 NFE Y50, NEEREL RGO
FIW AR D 502 FIEIED 9 HSMBE i OVEZELZ N IV Tk, RIENBI+HEA N LS T
SLCHEEN R WOBSRRINEETH 2 L EDI 22/ L0, TRDLERSMEZHICALNS
& S b N binterrupted sign(d, SMIZIIIIIREZ DR AR, G4 & D7z OB DN HE 2
ZEDZ, MATHRTZ B 2 VIR R OWE TG 2 ZEVBNETH 2., SHROMETR
BMThsLlEbhs,

BEICDWTIE, LB B TR N S0 B i O IERE 2 BRIEEZ D 2 S fuiuld, FifE(bo
HUOIEFI 72 & ZBRIFIXIE & A EENESDIREL B> TE . BEDKRERGFICHFG T2 L
RThsd b, HLU, REOWMETIAEYIYIBE, 34 bbHIEENIZEOZ K IC TESD
RO ~13% D SMEFETH 7L D & THRZEZMOHEEL S 2WEi>Twv 5, &k
B IC IO TR, HEIERDED SN TV EBURTH 205 20mAN DR E ST, YIBRZROFE
AT, KRR TREYIRR. U 28 IRERERMEDHEE S LEHBBIEETH S 9,

—7J7. PIHEEEEOKI30% % 15 5 SMBEE IC B\ Tid. BUEDORBHER 2 BB (XS R T
MiThsd, LrL., EIRT0%REZEDY DRHIEE L1k nESbh Tl Thazifiiici
T & AU EE D R UIRE 2 T O BRI A A BE & 72 %, BN DD D REWBEDS Y — X —
) SKODTTTETHEPES N F 30 DoSHEIAM 210, Y DOSEIE N T H 4.
N RLET YIS 42 g UIBR (EFTR) %2 1T D iHED 5T 3,

H. pyloriBR B I % 3 2 7= BN B O WAL ETZ W - iR GRS OB L ICHICHKIE T 2
boLtillbhs,
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i BEBWES EB3)

B EE:
19824F (S57) 31 EIRIERERFAR AR 2R
19864 (s61) 3 A BIREERIRPARFEBER AR BT
19864 (S61) 4 H  BIRAREDAWFIHRMBE S

115 RS
19884 (S63) 5 A FE L3 A 2 > & — TR RL (N R =) .
19884 (S 63) 10H  GIRREBAWIEI M EREE S8R -
19904 (H 2) 1 H FENLIR bR A s SMRHE R
19929 (H 4) 4 H SIRKREDSAWEIMEREE SR
19944 (H 6) 4 A SRERIRY HESENE BT
19954 (H 7) 4 H [
SIRERR AR NS > 2 —RIEE
20014E (H13) TH  &RERLRS Soismfl i
20014E (H13) 8 A ®iRERLRZE MOl B
20044F (H16) 4 A SRERLRZE  BEWERE REEEED B (GElo7z0)
20074E (H19) 4 A &RERLRFREE NEEERL BHE - MEZEUR
20084FE (H20) 4 A &RERLRZAHEE N 2 — HE
20084 (H20) 10H SRERPR AW NSRRI ER
20124F (H24) 1271 SRERLRZE MBS NS  BRZIZ
20134E (H25) 6 &RERLRY BB EES:  #d% GRETAT)
B
MER( Ak Tk
FIB®S :

HAFA b N BT A S (M, 75K - MRS R
HAH b a A (PR, 58 ER) - SZar R
HASE 2 GRAER)

HA M ba SR GRRERR)

HAWRFES GRERK)

HARE R

HA® A=

ZE(EHZS)
HAH b ar N B A2 NOGEM R R B 2 B Fi &% B CPR124F 4 H ~)
I RAAEY 77 x—F MRS CERI3E 1 H~)
HASH AL e N LB 2 MERE OGRS CF 184 4 A ~)
H A AL s N B 2 Bl P 2 2 B CPIk244¢ 7 H ~)
HA ML N B A X R R L R A AR H CPR264E T ] ~)
HAH LGN B A2 A RAFLZRRZE CPI264E T H~)
AL MAN HAT bl B A S L B CPR2T4E 1 A ~)
— AL MAN HASH A b B 2 S e B i 2 B AR B CPR2TH 1 H ~)

-19-



BRRZEDAERBIBBTFEET BB (R & 728 s E

2. TREEITREDBANDIY A

9 :40~10: 20
RIS A T (- C S E S < S

RE AR OE NS AAAE L FPRICHRR, EIHICBIRR LIc a1 H 5, 2Dz
TIHFHE L VD, BRIV EDHLZEIHTHL, Tl bhbhd MFEEL A KT

L0 A ZHENT 5, AIPIE ARSI
1. JIMAFEIC DWW T i 4
FFMEICR2DERIMOEETH S, KIZHLMED — : R

i 2 7R, 19804FARIE 02 & #5720 E DEA T,
L Y 25 15 5] 58 356 | %% (Herrmannig) T O W) 5 H3 0] fE
7t o7z, & 5 ICSchiessel R 5 (2 & O NALMFE R & YIER
L. SHITERNTOYIFRLIRIBS i/, %
1) 1EXBBIER ’ .-;-,_ 3
DAL PG 540 70 L TEL S D INRPIR Al DS IETE L 72 & D T
SEETHTH S, LEHRFICHIM 24D 2B &2 LT 5%, YRITH ZOMADEACLYHE
GO AR 1 ~ 2 B> 7z L L. iDL TH S, HFEETIE L ~
2HEOREM THMRRE X TGS L. HEAEWTHEZK ST 2 & 3D hvb, S TlFE
BEEL <. I RATHhT. KAMALIMZERL T 5, ZRTHALMZEN 2 UL &
Wwicw, oS EAIOGIHED 2. AHZTETH 5.
2) RAIFIRIIRER T FiT
EE 4 emD MFE Od B 2PN A L, WHLEE T 8 CTIEE %2 R Uik 4 2 8T
b5, ek, HEIDAIITORT &2, HERE2EEYIRTE 2720, YR TR ERT.
ADLOAX T U728 S AZ DTGICEMANC i T L T\ 5, BE. RTUIRREIC. gy
TR RRBEE 24T O B IRFABR D3 T TH 5,
2. JRFTHEITE Y A DR HE
1) MiRIEZ M EHREA
HARTRERED AT 20T T —EIRTH 205, WK TR L ABEN G
# (CRT) HEHETH B, TS X Y. FI20% DIEHIT. JREL2EINEREBINDE LD, K
KTIRERRMN LTI L. Fili% L %\ T (non-operative management) . %3 % 1l %
(Watch & Wait) il B33 T %, TEE Ofi/NIR IEHETE D, iR ICRGAEORED
JEIE . IS G O BkAE &3, URFTIIEERRIC L > TR,
2) firgifbZ2EE
CRT(ZRTHIEZMZ 203, EREER WD, EFERQIHM ELEVWEIRTV 5,
—7i. PIDSAFIRIEOMERIC L O . AL FREED A ZIT OB I TV S, JRITIE
FXRHY TS FEHOTO S, MEM/NIRIICRTICH 2 DD, s & OHED M
. SR TEsElbhb,
3) RIEEE /NEERE
AR ARG R L 0. ITERY S OREIEEPERTE 2 L0 WMEVBH S, L.,
MBHE & LTRARDE L THIUT, FINTHBELIZEFEZ TV S, ARHED T Tl
RAE, BHE S ARSI 22T 2 8. T, BR300 TH S,

T
1
23
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e BiT(BAES VA0 X)

B EE:
19604F 2 71 &R ZH
197843 1 AL ETUR ERFER AR
1979424 A GIRRARTER A%
198543 71 Il b Ze3¢
o4 Wk B LAREEL O - RESED AR
198545 A fJIISZrhduiibe  /hNRAVEE BHERR
o8 H EIRRAERE R b BHED:
198647 4 H  BIRARFRFBERAIIER A
19864F 5 )1 &L ORETRMEE  SFRHIER
1987425 A &L EAESEREEE SRR R
19884 5 H  EINE  dekehydumbe SR E
1989411 AR RNL7UKESEWEE SRHER
19904 5 71 &I RSZER RS TR EE SRR R
moo9R BRREREBLR AR RS
1992425 4 A IR be —Bar b SRR R
19954E 4 F1 BEIR WAL B b SMRHER
200344 A NIRALHRRE —BAF bR SN RIS REE R

BigF
HASBEESAREEE, HATERI R SRR, ARG NS A SARER, HA
bR AR HM . HANBIBIIRL A2 Bl Rl ik
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3. (S ADIENA L RHICBT 2 mbT ORI

10 : 20~11 : 10
HOREERHERIC RS S riEEEy I o BH

IR A (FFD3A) D2 IZBTENTRE 21 5m & LTRAE L. RIBREITE. SIIFSA D
B fE T, Wb 5 - ARMLRIANEEIT T2 0WDhW B ZEERENAD Tat A%k
W2, T, AFDARREEZ 7 ) AERORTh#EA, ZOEFICNIET 2 5k% &
HESFRPHL IS B> T &,

FEDA DR R 2 MR ENT 2 AL LT 7/ LT A FBEFET (genome-wide
association study ; GWAS) 2WEHA STV %, GWASE (37 /) LA LDOWAEZ RS A
(single nucleotide polymorphism ; SNP) % X 2 - v — 7 —& L THIH L. REDMANEN D
B2 MBI O TEDOTHY . BEITR YA WVARCRNTR Y A VA L B8 1EIT
R BN ANDOBARNERA ¥ & LT, g (B R, 41 X —7 a2, NKIf
M) TRr—2A, KR EICEDESNPAHMEINTV S,

SHIEKMNR =7 Y —DHFEICL>T. &7/ L - &ExFY UihED S, iR
FEROEFVBHLDLICK Y DDODH S, HDADY ) LERTE 1 JTLL L OEE PR
DHNDBH, EEEICHEICHTGT T2 RIAN—EREZO—FTHY. ZLEF Sy
Tr—EHREEZEILNT VS, ROFEDRO RN TAN—ELRIT O AT —Bilg 5%
(telomerase reverse transcriptase ; TERT) O 72 E— X —ThH Y, ZFDH vy b ARy B
C228T/C250T (3T A3 A DHIB0% 278D 5 A, TERTHIEB Z > T2 5, BFZ O P ERGHi%
BB IEAGETIC BT S, 26%ICTERT /0 — X —ZH 2 M L TH Y. M AL T HBHIC
T LEEPRE O TV I EEZRTIARLE LTHRETRETH S,

TIBERERT R IAN—EBEFE. TPATEDRILEL3IDDOT7 7 I —I258:H
INd, ZD1DEFp53(TP53) TH Y. 30%LL LD AN % 386D 5 I 24 h3 AT
BIZFTHE, 5 1 DD KT A 38— B -catenin (CTNNBI) TH V. Axin’k E 1% 5
OIeWntY 7 FIVRIET7 7 1) — R TIR20~30% IC A RHE I N T %, ZLTHID
77 IV LTHRIEIEH SN TV 2 DH SWUSNFZR~YF -V ETY Y TEHEKRTHY .
EHELTH20%ICERZEDSE, EL AN B AFIULTEIMLLY 7 3 — % 8285 L
7 a~xF VAR F OBARF AR T2 A DKIS0%IC & 70 . GREIELEN 2 )0 L 7ciagE
VIR I N TV 5,

F727 ) LA R BARTRBURN ORI, IEDATORBUEL T a7 7 A VT FEH
ARTEIEDWR N THNA A~ —H—L 2 2D FERSOEZERICHH»E S -
TWa, BARMROEE= Yy FMEMEMNRRET = v 784 2 MHEA =R L~ 7O
HEAR G EDREDVMHRE. MBAETERIGD 3 > b a— V&2 & U7HBlin ks
WCHIH D> T 5,
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mHr B (ks LAL)

2R - BREE
19884F: TUM R FEFERAEZE. BB ARIAR
JUPN R 27 2“7 B D s o«
JS B R U BE SRR THHE
1990-934F JUMRFBE 7 Rt
KFBE (7 A IV AE) FATHUAS (BT )
1993-944 JUNRZEZE AR BT (D A4 VA%
1994-964% IN—IN— R KRR
v Fa—t v VRGN WEE
1996-994 JUNR2E  AARBAT S 2AWFSEHT BT (B RL
1999-20044F  JuMRZAEE AR BT GEZ4MRD
2004-054F: JUND AL > Z— kAR
2005-064F Wt ERNRRERY B (FFIEEESLRD
2006-094F W ERIRERIR Y FHMEUERER (SR M ER 2 > 2 —)
2009-144F W ERIERER . Bz (TR - #E 4R
20144 W ERIRRER Y Bd% (O Tl 5 5F)
AR W2 5

B oA .

HASEI A (BR8P, BMEE, BEEK) . HAHESRSARIES GRER. 5, HM K,
AERR) . HANFIHPE MRS GRER. REEEEIREDS) . HA I 2 GRgE. 5
PR) . HAM bR A2 GOl R, SR, AREHEER) . HAEYE GRER) .
HAH DR () . DA A TEIEHES GRER) . TR A0 TEEGR
WEFE 2 (EEN) o KREDE S, RESRIERIES B (FACS) & &

RERE :
19964F 7 A A I3 Young Investigator Award
19974F FUAS B2 il 2 = 2 T e 52 i &
19994 H A 2 2 B
20044 ISCRT Subsidy Award for Cancer Research
20064 LA 27 il e B 2
20074 IRPC “Gold Medal”, Eminent Scientist of the Year
20124F HAE A=Al T{ICA-Mauvernay Award
20134 HASH L a2 B GR— 11220578 ) ISGS Science of the Year 2013
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Chikano Y, Domoto T, Furuta T, Sabit H, Kitano-Tamura A, Pyko 1V,
. Takino T, Sai Y, Hayashi Y, Sato H, Miyamoto KI, Nakada M, Minamoto
T. Glycogen synthase kinase 3 sustains invasion of glioblastoma via the
focal adhesion Kkinase, Racl and c-Jun N-terminal Kkinase-mediated
pathway. Mol Cancer Ther 14 (2): 564-74, 2015. doi: 10.1158/1535-7163.
MCT-14-0479.

la

The failure of current treatment options for glioblastoma stems from their inability to control tumor
cell proliferation and invasion. Biologically targeted therapies offer great hope and one promising
target is glycogen synthase kinase-3p (GSK3p), implicated in various diseases, including cancer. We
previously reported that inhibition of GSK3 compromises the survival and proliferation of
glioblastoma cells, induces their apoptosis, and sensitizes them to temozolomide and radiation. Here,
we explore whether GSK3[3 also contributes to the highly invasive nature of glioblastoma. The
effects of GSK3 inhibition on migration and invasion of glioblastoma cells were examined by
wound-healing and Transwell assays, as well as in a mouse model of glioblastoma. We also
investigated changes in cellular microarchitectures, cytoskeletal components, and proteins
responsible for cell motility and invasion. Inhibition of GSK3p attenuated the migration and invasion
of glioblastoma cells in vitro and that of tumor cells in a mouse model of glioblastoma. These effects
were associated with suppression of the molecular axis involving focal adhesion kinase, guanine
nucleotide exchange factors/Racl and c-Jun N-terminal kinase. Changes in cellular phenotypes
responsible for cell motility and invasion were also observed, including decreased formation of
lamellipodia and invadopodium-like microstructures and alterations in the subcellular localization,
and activity of Racl and F-actin. These changes coincided with decreased expression of matrix
metalloproteinases. Our results confirm the potential of GSK3f as an attractive therapeutic target
against glioblastoma invasion, thus highlighting a second role in this tumor type in addition to its
involvement in chemo- and radioresistance.

Kurklu B, Whitehead RH, Ong EK, Minamoto T, Fox JG, Mann JR,

Judd LM, Giraud AS, Menheniott TR. Lineage-specific RUNX3
&':“‘3%7—‘ hypomethylation marks the pre-neoplastic immune component of gastric
“SS cancer. Oncogene 34 (22): 2856-66, 2015. doi:10.1038/onc.2014.233.
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Oncogene

== Runt domain transcription factor 3 (RUNX3) is widely regarded as a tumour-
Ml suppressor gene inactivated by DNA hypermethylation of its canonical CpG

(cytidine-phosphate-guanidine) island (CGI) promoter in gastric cancer (GC). Absence of RUNX3
expression from normal gastric epithelial cells (GECs), the progenitors to GC, coupled with frequent
RUNX3 overexpression in GC progression, challenge this longstanding paradigm. However,
epigenetic models to better describe RUNX3 deregulation in GC have not emerged. Here, we identify
lineage-specific DNA methylation at an alternate, non-CGI promoter (P1) as a new mechanism of
RUNX3 epigenetic control. In normal GECs, P1 was hypermethylated and repressed, whereas in
immune lineages P1 was hypomethylated and widely expressed. In human GC development, we
detected aberrant P1 hypomethylation signatures associated with the early inflammatory,
preneoplastic and tumour stages. Aberrant P1 hypomethylation was fully recapitulated in mouse
models of gastric inflammation and tumorigenesis. Cell sorting showed that P1 hypomethylation
reflects altered cell-type composition of the gastric epithelium/tumour microenvironment caused by
immune cell recruitment, not methylation loss. Finally, via long-term culture of gastric tumour
epithelium, we revealed that de novo methylation of the RUNX3 canonical CGI promoter is a
bystander effect of oncogenic immortalization and not likely causal in GC pathogenesis as previously
argued. We propose a new model of RUNX3 epigenetic control in cancer, based on immune-specific,
non-CGI promoter hypomethylation. This novel epigenetic signature may have utility in early
detection of GC and possibly other epithelial cancers with premalignant immune involvement.
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Glioblastoma via the Focal Adhesion Kinase, Racl,
and c-Jun N-Terminal Kinase-Mediated Pathway

Yuri Chikano'?, Takahiro Domoto', Takuya Furuta®, Hemragul Sabit®,
Ayako Kitano-Tamura'?, llya V. Pyko"3, Takahisa Takino?, Yoshimichi Sai?, Yutaka Hayashi®,
Hiroshi Sato®, Ken-ichi Miyamoto?, Mitsutoshi Nakada®, and Toshinari Minamoto'

Abstract

The failure of current treatment options for glioblastoma
stems from their inability to control tumor cell proliferation
and invasion. Biologically targeted therapies offer great hope
and one promising target is glycogen synthase kinase-3[3
(GSK3B), implicated in various diseases, including cancer. We
previously reported that inhibition of GSK3f compromises the
survival and proliferation of glioblastoma cells, induces their
apoptosis, and sensitizes them to temozolomide and radiation.
Here, we explore whether GSK3 also contributes to the highly
invasive nature of glioblastoma. The effects of GSK3f inhibition
on migration and invasion of glioblastoma cells were examined
by wound-healing and Transwell assays, as well as in a mouse
model of glioblastoma. We also investigated changes in cellular
microarchitectures, cytoskeletal components, and proteins
responsible for cell motility and invasion. Inhibition of GSK3f

Introduction

Glioblastoma is the most frequent and lethal type of malignant
primary brain tumor (1). The mainstay of current treatment for
patients with glioblastoma is maximal tumor-reduction surgery
where this is safe, followed by chemoradiation therapy (1, 2). The
pathologic triad of this disease includes the highly proliferative
capacity of the tumor cells, their borderless invasive ability, and
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attenuated the migration and invasion of glioblastoma cells in
vitro and that of tumor cells in a mouse model of glioblastoma.
These effects were associated with suppression of the molecular
axis involving focal adhesion kinase, guanine nucleotide
exchange factors/Racl and c-Jun N-terminal kinase. Changes in
cellular phenotypes responsible for cell motility and invasion
were also observed, including decreased formation of lamelli-
podia and invadopodium-like microstructures and alterations
in the subcellular localization, and activity of Racl and F-actin.
These changes coincided with decreased expression of matrix
metalloproteinases. Our results confirm the potential of GSK3[3
as an attractive therapeutic target against glioblastoma invasion,
thus highlighting a second role in this tumor type in addition
to its involvement in chemo- and radioresistance. Mol Cancer Ther;
14(2); 564-74. ©2014 AACR.

tumor neoangiogenesis (1). The invasive nature of glioblastomas
prevents complete surgical removal and renders them resistant to
temozolomide-based chemotherapy, radiation, and a combina-
tion of both (2). Consequently, the median overall survival of
patients following diagnosis is just 15 months and has not
improved significantly over the past 30 years (1, 3). Recent clinical
trials using pharmacologic inhibitors of epidermal growth factor
receptor (EGFR) and HER2 and therapeutic antibodies against
EGEFR failed to show significant clinical benefit (4). This is probably
due to extensive heterogeneity at the cellular and molecular levels
and the complex interplay between different oncogenic signaling
pathways in tumor cells (5). Clinical trials using the antiangiogenic
agent bevacizumab, a monoclonal antibody to vascularendothelial
growth factor, demonstrated some improvement in progression-
free survival in newly diagnosed and recurrent glioblastomas, but
failed to show an overall survival benefit (4). An undesired con-
sequence of this therapy is the enhancement of tumor cell invasion
in the resulting hypoxic tumor environment due to a metabolic
shift toward glycolysis and upregulation of other proangiogenic
factors (6, 7). The effective targeting of biologic mechanisms that
facilitate tumor cell invasion will be crucial for the development of
more successful treatment strategies (8).

Glycogen synthase kinase-33 (GSK3) is a serine/threonine
protein kinase that has emerged as a key enzyme in a number of
chronic progressive diseases, including diabetes mellitus, neuro-
degenerative disorders, and cancer (9, 10). We and others have
demonstrated that inhibition of GSK3p attenuates the survival
and proliferation of glioblastoma cells by modulating specific
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molecular pathways (11, 12), thus sensitizing them to chemo-
therapeutic agents and radiation (12, 13). It has also been
reported that GSK3f inhibition with lithium and indirubins
reduces the invasive potential of glioblastoma cells (14, 15).
However, a recent study indicated both pro- and anti-invasive
roles for GSK3B depending on its subcellular localization in
glioblastoma (16). Despite the increasing number of studies
showing its participation in cell polarity and motility (17),
relatively little is known about a putative role for GSK3p in the
migration, invasion, and metastasis of tumor cells. Here, we
demonstrate that inhibition of GSK3p attenuates the invasion of
glioblastoma cells via effects on the proinvasive cellular micro-
architectures and on a pivotal pathway involving focal adhesion
kinase (FAK), Racl, and c-Jun N-terminal kinase (JNK).

Materials and Methods

Cell lines

The human glioblastoma cell lines U87 and U251 were
obtained from the American Type Culture Collection, whereas
A172 and T98G were obtained from the Human Science Research
Resource Bank (Osaka, Japan) and Biomedical Cell Resource
Center, Tohoku University Geriatric Medicine Research Institute
(Sendai, Japan) in 2009. These cell lines were characterized by the
respective resource bank/institute by short tandem repeat profile
analysis, and passaged in our laboratory for fewer than 6 months
after resuscitation. They were maintained at 37°C with 5% CO, in
high-glucose Dulbecco's modified Eagle medium (U87, U251,
A172) and RPMI-1640 (T98G; Sigma-Aldrich). All medium was
supplemented with 10% fetal bovine serum (FBS) and antibiotics
(100 U/mL penicillin-G and 100 pug/mL streptomycin; Gibco).

Western blotting

Protein was extracted from cultured cells and mouse brain
tissues using lysis buffer (CelLytic-MT; Sigma-Aldrich) containing
a mixture of protease and phosphatase inhibitors (Sigma-
Aldrich). A 30-ug aliquot of protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and analyzed by Western immunoblotting for the proteins of
interest. Electroblotted membranes (Amersham) were blocked
with 5% bovine serum albumin before detection of phosphory-
lated protein fractions. The source and working dilutions of the
primary antibodies are listed in Supplementary Table S1. Signals
were developed using enhanced chemiluminescence (ECL; Amer-
sham). The amount of protein extract in each sample was mon-
itored by the expression of B-actin. Immunoblot signals were
measured using the CS analyzer (version 2.0; ATTO).

Assays for cell migration and invasion

Glioblastoma cell migration and invasion were examined by
wound-healing assay and Transwell assays, respectively. Confluent
tumor cells grown in the presence of dimethyl sulfoxide (DMSO;
Sigma-Aldrich) orthe GSK3p inhibitor AR-A014418 (Calbiochem)
dissolved in DMSO at the indicated concentrations were scratched
with a 20-UL micropipette tip to create a cell-free zone (wound). For
each condition studied, the gap distance between the wound edges
was measured at three fixed reference points for 12 to 48 hours
using a phase-contrast microscope (Axiovert 40 CFL; Zeiss). Cell
migration at each time point was calculated as the mean distance of
the gap measured at the three reference points. This was compared
between cells treated with DMSO and AR-A014418. AR-A014418
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does not inhibit the activity of 26 closely related kinases and is
therefore considered highly specific for GSK3p (18). Because no
subsequent information is available for the effect of AR-A014418
on activity of kinases other than those reported previously (18), the
effects of GSK3p RNA interference (RNAi) on cell migration and
invasion were examined for cells transfected with either nonspecific
small interfering RNA (siRNA; Stealth RNAi Negative Control Low
GC Duplex; Invitrogen) or GSK3p-specific siRNA (GSK3 Validat-
ed Stealth RNAj; Invitrogen). The effect of RNAi on GSK3[ expres-
sion was determined by Western blotting using an antibody against
both GSK30. and GSK3p (Supplementary Table S1). The specificity
of GSK3p-specific siRNA was confirmed in our previous studies
(12, 19).

The Transwell assays used a 24-well double-chamber system
(BD BioCoat Matrigel Incubation Chamber; BD Bioscience) to
examine cell migration and invasion by applying cells to uncoated
and Matrigel-coated upper chambers, respectively. Cells were
suspended in serum-free medium containing DMSO or AR-
A014418 at the indicated concentrations and applied to the upper
chamber. The paired lower chamber was filled with medium
containing 10% FBS (as a chemoattracting agent) and DMSO or
AR-A014418 at the indicated concentrations. The cells transfected
with nonspecific or GSK3B-specific siRNA were also subjected for
the Transwell assay. Cells were allowed to migrate or invade the
Matrigel toward the lower side of the upper chamber. After 22
hours of incubation, cells on the upper side of the chamber were
removed with a cotton-swab. Cells on the lower side of the
chamber were fixed and stained with the Diff-Quick Kit (Symex).
In each assay, the total number of cells per high-power micro-
scopic field on the lower side of the uncoated or Matrigel-coated
chamber was counted and scored for migrating or invading cells,
respectively. The mean number of cells in five high-power micro-
scopic fields was calculated.

Cell morphology and immunofluorescence cytochemistry

Glioblastoma cells grown to 50%-60% confluence on a
cover slip were treated with either DMSO or AR-A014418 at
the indicated concentrations for 24 hours and then observed
under a phase-contrast microscope. The cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton-X
(Sigma-Aldrich) for immunofluorescence and fluorescence
staining. They were incubated with mouse monoclonal anti-
body to Racl (BD Bioscience; diluted 1:200) at 4°C overnight
and then with Alexa Flour 488-labeled anti-mouse IgG (Invi-
trogen; diluted 1:1,000) at room temperature for 40 minutes in
the dark. After washing off excess antibody, cells were stained
for filamentous (F-) actin with Alexa Flour 546-labeled phal-
loidin (Invitrogen; diluted 1:40) for 20 minutes at room
temperature. Following Racl and F-actin staining, cell nuclei
were counterstained with Hoechst 33342 (Molecular Probes)
for 20 minutes at room temperature. The cells were observed by
fluorescence microscopy (Keyence) for expression and subcel-
lular localization of Racl and F-actin.

To quantify effects of GSK3f inhibition on lamellipodia for-
mation, lamellipodia-positive cells were scored for the same cells
treated with DMSO and 25 pmol/L AR-A014418 and for those
transfected with nonspecific and GSK3B-specific siRNA. The cells
were stained for F-actin and observed under phase-contrast and
fluorescence microscopy, respectively. In each assay, the mean
percentage of lamellipodia-positive cells in five microscopic fields
was calculated with standard deviations.
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Racl activity

Protein was extracted from cells treated with DMSO or AR-
A014418 for 24 hours with 25 mmol/L Tris-HCI buffer (pH 7.5)
containing 150 mmol/L NaCl, 5 mmol/L MgCl,, 1% NP-40, 1
mmol/L dithiothreitol, and 5% glycerol. Active Rac1 was isolated
from the protein sample by the pull-down method using GST-
human Pak1-PBD (Thermo) and resins (Glutathione Sepharose 4
Fast Flow; GE Healthcare) according to the manufacturers' instruc-
tions. The fraction of Racl bound to guanosine triphosphate
(GTP; Rac1-GTP, an active form) was eluted from the resins and
detected by Western blot analysis using rabbit polyclonal anti-
body to Racl (diluted 1:1,000; Thermo). Separately, whole cel-
lular protein was probed for total Racl using the same antibody.
The relative level of Rac1-GTP was quantified by densitometry and
normalized to that of total Racl in the same cells.

Expression and secretion of matrix metalloproteinases

Expression of matrix metalloproteinase 2 (MMP-2) and mem-
brane type 1 (MT1)-MMP mRNA in the cells was examined by
quantitative reverse transcription-PCR (qRT-PCR) as described in
our previous report (12) using SYBR Premix Ex Taq II (TaKaRa-
Bio) and specific primers for the amplification of MMP-2, MT1-
MMP, and B-actin (Supplementary Table S2).

MMP-2 expression was analyzed by gelatin zymography (20).
Glioblastoma cells were seeded on 12-well plates for 48 hours and
then treated with DMSO or AR-A014418 (10, 25 umol/L) for 24
hours in serum-free medium. Conditioned medium or treated
cells were incubated with SDS sample buffer for 30 minutes at
37°C. Samples were separated on 10% SDS-PAGE containing
0.005% Alexa Fluor 680-labelled gelatin. After electrophoresis,
gels were washed in 2.5% Triton X-100 for 2 hours at room
temperature to remove SDS and incubated in substrate buffer
overnight at 37°C. The gel was scanned using the LI-COR Odyssey
IR imaging system.

Expression of guanine nucleotide exchange factors and
integrins

Guanine nucleotide exchange factors (GEF) shown to activate
Racl and promote migration and invasion of glioblastoma
include ELMO1, Dock180, Trio, Ect2, Vav3, and SWAP-70
(21). Among integrin family, integrins 0.2, o3, a5, aV, B1, B3,
and (8 are associated with glioma invasion (22). Changes in the
mRNA expression of these GEFs and integrins in glioblastoma
cells were examined after treatment with AR-A014418 by qRT-
PCR (12) using specific primers for these GEFs, integrins, and
B-actin (Supplementary Table S2). The expression of GEFs pro-
teins was analyzed by Western blotting with the respective specific
antibodies (Supplementary Table S1) and compared between
cells treated with DMSO and AR-A014418.

Invadopodia formation

The ability of glioblastoma cells to invade three-dimensional
extracellular matrix (ECM) was assessed by observing the formation
of invasive "feet" (invadopodia; ref. 23). Glioblastoma cells were
cultured on cover slips coated with either poly-i-lysine (Sigma-
Aldrich) or type I collagen gel (Nitta Gelatin). The cells were fixed,
serially stained for F-actin, cortactin, and nuclei, and observed by
fluorescence microscopy as described above to evaluate invadopo-
dia. To examine the effect of GSK3 inhibition on the formation of
invadopodia, cells seeded on glass-bottom dishes coated with
Oregon Green (OG; Invitrogen)-labeled gelatin were treated with
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DMSO or 25 umol/LAR-A014418 for 12 hours. After staining for F-
actin, cortactin, and nuclei, the cells were observed by confocal
laser-scanning microscopy (LSM5 EXCITER; Carl Zeiss). Area of
degradation of OG-labeled gelatin mediated by invadopodia was
measured by using the Image ] Software.

Animal study, immunohistochemical and biochemical analysis

We generated a mouse brain tumor model of human glio-
blastoma by retrovirus-mediated introduction of mutant K-ras
gene (K-ras®!?Y) into neurospheres derived from the brain of a
p16™ A=/~ /p192™/= mouse. These were then transplanted
into the brains of wild-type mice, as described in our previous
study (24). Brain tumors developed in this mouse model as
early as 20 days after transplantation, with most mice dying
within 40 days. Histologically, the tumors showed dense pali-
sades of tumor cells around areas of necrosis, the presence of
bizarre giant cells and the proliferation of microvasculature, all
of which are characteristic of human glioblastoma (1). The 12
mice were treated by intraperitoneal injection of either DMSO
(n = 6) or AR-A014418 (2 mg/kg body weight; n = 6) three
times a week, as described earlier (19, 25). All mice were
euthanized at the end of 2 weeks of treatment. At autopsy, the
brain (with tumor) and vital organs (lungs, liver, pancreas, and
kidneys) were assessed histologically and biochemically. All
animal experiments followed the Guidelines for the Care and
Use of Laboratory Animals at Kanazawa University that covers
the national guideline (26).

For histologic and immunohistochemical examinations, mice
brains were fixed in 4% paraformaldehyde. Before fixation, the
parts of fresh specimens were immediately frozen and stored
at —80°C until use. Tissue sections were stained with hematoxylin
and eosin and immunostained with the following primary anti-
bodies: anti-nestin (BD Biosciences), anti-glycogen synthase (GS)
and the fraction phosphorylated at the seine (S) 641 residue
(pGS*®*!; Cell Signaling). The staining signals were visualized
with peroxidase-conjugated secondary antibody (Dako) followed
by the avidin-biotin complex method (12). The sections were
counterstained with hematoxylin. Images were acquired with a
BZ-X700 microscope (Keyence) and digitally processed with the
Keyence Analysis Software. To evaluate the irregular-shaped
tumor size, we calculated the surface included by the contour of
the region of interest in coronal section showing the maximal area
of each tumor. Nestin-positive tumor cell clusters were scored to
evaluate the degree of invasion as described previously (27). Level
of pGS***! in each tumor was analyzed by Western blotting as
described above. Tumor size, degree of invasion, and pGS*®*!
levels were quantitatively compared between the mice treated
with DMSO and AR-A014418, respectively.

Statistical analysis

Statistical significance was determined using the Student ¢ test
for comparison of two groups and analysis of variance (ANOVA)
followed by Bonferroni/Dunn post hoc test for comparison of three
groups in wound-healing and Transwell assays. A Pvalue of <0.05
was considered as statistically significant.

Results

Effect of GSK3f inhibition on tumor cell migration and
invasion

In the wound-healing assay, treatment with 5 to 25 pmol/L AR-
A014418 reduced the migration of all glioblastoma cells in
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response to mechanical stimulation (Fig. 1A). The selective effect ~ Changes in cell migration phenotypes following GSK3

of AR-A014418 on cell migration is supported by our previous  inhibition

observations that the same concentrations of inhibitor did not Among the different cellular microarchitectures involved in cell
affect cell survival after 24 hours of treatment, although 25 umol/L  motility and invasion, we focused here on lamellipodia (28)
AR-A014418 slightly attenuated cell survival at 48 hours (12). The  because these structures were frequently observed in glioblastoma
use of RNAi for GSK3f produced the same result in this assay as  cells growing in nonconfluent conditions (Fig. 2, Supplementary
AR-A014418. The Transwell assay showed that AR-A014418 and  Fig. S2). Racl, a member of the Rho-GTPase family, is involved in
GSK3B-RNAI inhibited the migration of glioblastoma cells and  the formation of lamellipodia and membrane ruffling, thus
theirinvasion of ECM constituents (Fig. 1B and C; Supplementary ~ promoting cell migration (21, 29). Immunofluorescence staining
Fig. S1). of glioblastoma cells showed preferential colocalization of Racl
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Figure 1.

Effect of GSK3p inhibition on the migration and invasion of glioblastoma cells under mechanical and chemoattractant stimuli. A, top, representative time course of
glioblastoma cell migration in the wound-healing assay in the presence of DMSO or AR-A014418 (AR). The assay was performed by scratching confluent

cells followed by serial observation of the same reference points at 24 and 48 hours under a phase-contrast microscope. Bottom, the relative widths of wounds at the
indicated time after treatment with DMSO or AR-A014418 were measured and expressed as a percentage of the initial gap width at time zero. Values shown
are the means + SD of three separate reference points of observation. B and C, effects of GSK3p inhibition on three-dimensional migration and invasion of
glioblastoma cells. Migrating cells through a Transwell chamber (B) and invading cells through a Matrigel-coated Transwell chamber (C) were scored for cells treated
with DMSO or AR-A014418 for 22 hours. In each assay, the mean number of cells in five high-power microscopic fields was calculated with SDs. Representative
photomicroscopic findings from the assay are shown below each column. *, P < 0.05, statistically significant difference between cells treated with

DMSO and AR-A014418.
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Effect of GSK3p inhibition on the
lamellipodia formation and the
subcellular localization and activity of
Raclin glioblastoma cells. A, U251 cells
were treated with either DMSO or AR-
A014418 (AR) for 24 hours and
processed for immunofluorescence
staining of F-actin (red fluorescence)
and Racl (green fluorescence). Cell
nuclei were counterstained with
Hoechst 33342. Merged images are
also shown. Scale bars in the left 6
panels represent 100 um and in the
right 6 panels represent 10 um. B, the
effect of GSK3p inhibition on cell
morphology and motility was
reversible. U251 cells were treated
with AR-A014418 (AR) for 24 hours,
then washed by PBS, and immediately
replaced with medium containing
DMSO alone (AR 10 umol/L—DMSO)
and cultured for 24 hours.

Cells were then processed for
immunofluorescence staining of
F-actin and Racl. Cell nuclei were
counterstained with Hoechst 33342.
Merged images are also shown. Scale
bars, 100 um. C, effect of DMSO (DM)
and AR-AQ14418 (AR; 25 umol/L) on
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glioblastoma cells scored under
phase-contrast and fluorescence
(F-actin) microscopy, respectively.
*, P < 0.05. D, GSK3B inhibition
decreases Racl activity in
glioblastoma cells. The cells were
treated with DMSO or AR-A014418
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with actin filaments at the site of lamellipodia. Both proteins
are involved in the organization of lamella structure. Treatment
of glioblastoma cells with AR-A014418 inhibited lamellipodia
formation and the colocalization of Racl and F-actin, and the
effect was reversible (Fig. 2A and B; Supplementary Fig. S2A and
S2B). Treatment with AR-A014418 and GSK3f-specific siRNA
significantly decreased the incidence of lamellipodia-positive
glioblastoma cells (Fig. 2C, Supplementary Fig. S2C). Associ-
ated with these changes, the pull-down assay showed decreased
Racl-GTP (active fraction) in cells treated with AR-A014418
(Fig. 2D).
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GST-PBD (middle and bottom). The
value below each lane shows the
relative amount of Racl-GTP
quantified by densitometry and
normalized to that of total Racl in the
same cells. The panels in the bottom
showed phase-contrast microscopic
findings of T98G and U251 cells
treated with DMSO and AR-A014418,
respectively.

Racl cycles between the active GTP-bound and inactive
guanosine diphosphate (GDP)-bound forms (29). Of the
three classes of protein that regulate Rho-GTPase activity,
GEFs activate GTPase and participate in tumor cell migration
and invasion (30). Among the GEFs previously shown to
promote glioblastoma invasion via the activation of Racl
(21), four (Dock180, SWAP-70, ELMO1, Trio) were consti-
tutively expressed but this could be reduced following treat-
ment with AR-A014418. Inhibition of GSK3p also decreased
Vav3 expression in T98G and U87 cells (Fig. 3, Supplemen-
tary Fig. S3A). Thus, decreased Racl activity following
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inhibition of GSK3 is partly due to the downregulation of
specific GEFs.

Changes in the invasive phenotype following GSK3 inhibition

The ECM degrading enzymes MMP-2, MMP-9, and MT1-MMP
play amajorrolein glioblastoma invasion (31) and Rac1 has been
shown to enhance their expression and/or activity (29). Treatment
of glioblastoma cells with AR-A014418 decreased the expression
of mRNAs for MMP-2 and MT1-MMP and inhibited the secretion
of MMP-2 in the glioblastoma (Fig. 4A and B) other than A172
cells (data not shown). Together with the changes in Racl activity
(Fig. 2D), these findings indicate a mechanistic link between
GSK3p and Racl in the dysregulation of MMP expression and
secretion in glioblastoma cells.

It has been reported that FAK is regulated by GSK3B and
interacts with Racl to promote cell motility and tumor cell
invasion (32). Phosphorylation of the tyrosine (Y) 397 and

www.aacrjournals.org

Y861 residues of FAK is crucial for its kinase activity and its
signal transduction to Racl, respectively (33). In addition, the
enhancement of cell motility and invasion mediated by the
FAK-Racl axis is associated with JNK activation through phos-
phorylation of its threonine (T) 183 and/or Y185 residues (34).
The phosphorylated fractions of FAK (p-FAK**°7, p-FAK*®¢")
and JNK (p-JNK"'83/Y185) in all glioblastoma cells tested were
reduced following treatment with 25 umol/L AR-A014418 (Fig.
4C and D). Together, these results suggest a pivotal role for the
GSK3B-induced molecular axis mediated by FAK, Racl, and
JNK in sustaining glioblastoma cell invasion (Supplementary
Figure S4). It is known that integrin-mediated signaling plays a
pivotal role in activating FAK phosphorylation and invasion of
tumor cells (33). Of integrin subunits associated with glioblas-
toma invasion (22), GSK3f inhibition decreased expression
of integrin 8 in three of four cell lines tested (Supplementary
Fig. S3B), suggesting an involvement of integrin B8-induced
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pathway in GSK3f-mediated FAK phosphorylation and inva-
sion of glioblastoma.

Although lamellipodia are important for cell motility, the cell
surface microstructure known as invadopodium is critical for
stromal degradation and invasion in several tumor types, includ-
ing glioblastoma. MT1-MMP is one of the key molecules in the
formation of invadopodia and is highly active in invasive tumor
cells (23, 31, 35). Consistent with previous studies (reviewed
in 35), glioblastoma cells in the type I collagen gel formed
innumerable invadopodium-like microstructures where F-actin
and cortactin colocalized (Fig. 5A). Treatment of cells with 25
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umol/L AR-A014418 decreased the number of invadopodium-
like microstructures and inhibited the degradation of OG-labeled
gelatin mediated by invadopodia (Fig. 5B, Supplementary Fig.
S5). This is in line with the negative effects of GSK3p inhibition on
FAK, Racl, and MMPs described above.

Effect of GSK3B inhibition on glioblastoma cell invasion in an
animal model

As described in Materials and Methods, the histology of tumors
from our animal model showed several features that are charac-
teristic of human glioblastoma (1). Inhibition of GSK3p by
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treatment with AR-A014418 was confirmed by the decreased level
of phosphorylated GS observed in the tumor cells (Supplemen-
tary Fig. S6). Tumors were smaller in mice treated with AR-
A014418 compared with those treated with DMSO but no sig-
nificant difference was found between the two groups (Fig. 6). The
number of diffusely infiltrating tumor cells that stained positive
for nestin was significantly decreased (Fig. 6B). This resulted in a
clearly demarcated border between the tumor and adjacent nor-
mal brain tissues in mice treated with AR-A014418 (Fig. 6A).

Similar to our previous studies (19, 25), no detrimental effects
were observed in mice treated with GSK3 inhibitor. There was no
significant difference in body weight between groups treated with
DMSO and AR-A014418. At necropsy, gross observation and
histologic examination revealed no pathologic findings, primary
cancers, or metastatic tumors in the major vital organs, including
the lungs, liver, gastrointestinal tract, pancreas, and kidneys (data
not shown).
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Figure 5.

Effect of GSK3 inhibition on extracellular matrix degradation by invadopodia
formation. A, fluorescence and immunofluorescence microscopic findings
of glioblastoma cells cultured for 12 hours on poly-L-lysine-coated

(left 3 panels) or collagen gel-coated (right 3 panels) cover slips and stained
for F-actin (red), cortactin (green), and cell nuclei (blue). B, U251 cells seeded
on OG-gelatin (white)-coated glass-bottom culture dishes were treated with
DMSO or AR-A014418 for 12 hours. The cells were fluorescence-stained

for F-actin and nuclei (Hoechst 33342) and observed under confocal laser-
scanning microscopy. The magnified image from the area within the square is
shownin the right corner of each upper panel. Arrow heads, cellular structures
responsible for degradation of OG-gelatin and accumulation of F-actin,
corresponding to invadopodia.
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Effects of GSK3p inhibition on the glioblastoma animal model. A,
representative histologic and immunohistochemical sections of brain tumors
treated with DMSO or AR-A014418. After 2 weeks of treatment, the tumor
bulk was smaller in mice treated with AR-A014418 compared with those
treated with DMSO. Tumor cells (positive for nestin) invaded adjacent normal
brain tissue in control mice, whereas mice treated with AR-A014418 showed a
well-demarcated border between the tumor and normal brain tissue. Scale
bars, 200 um. B, effects of DMSO (DM) and AR-A014418 (AR) on the
maximum tumor area (mmz) and the number of nestin-positive cell
clusters. *, P < 0.05.

Discussion

The highly invasive nature of tumor cells is one of the most
challenging hallmarks that prevents cure of refractory cancers,
including glioblastoma. In the present study, we have shown
that inhibition of GSK3p attenuates the migration and invasion
of glioblastoma cells in vitro, as well as the invasion of malig-
nant glioma cells in an animal model that recapitulates human
glioblastoma (24). These effects were associated with altera-
tions in molecular pathways mediated by FAK, GEFs/Racl, and
JNK. In addition, changes were observed in the cellular micro-
structures of lamellipodia and invadopodia, which coordinate
to influence the motility and invasion of glioblastoma cells,
respectively. We have previously reported that deregulated
GSK3p is important for the survival and proliferation of glio-
blastoma cells and confers them with resistance to chemother-
apeutic agents and radiation (12, 13). Taken together, these
results establish GSK3P as a therapeutic target with multiple
functional roles in glioblastoma.

An earlier study of glioblastoma cells showed an inverse
association between cell migration and transcriptional

Mol Cancer Ther; 14(2) February 2015

Downloaded from mct.aacrjournals.org on February 22, 2015. © 2015 American Association for Cancer Research.

-390 .

571



Published OnlineFirst December 10, 2014; DOI: 10.1158/1535-7163.MCT-14-0479

Chikano et al.

coactivation of B-catenin following treatment with indirubin or
lithium chloride (15). However, no data were presented to
suggest how activated B-catenin might inhibit cell migration
and the results are inconsistent with other studies demonstrat-
ing a role for the oncogenic Wnt/B-catenin pathway in pro-
moting tumor cell stemness, proliferation, and invasion of
glioblastoma cells (36-38). In our previous study, the fraction
of B-catenin phosphorylated at its GSK3B phospho-acceptor
sites (S33, 37 and/or T41 residues) was frequently detected in
clinical samples of glioblastoma at elevated levels compared
with adjacent, normal brain tissue (12). Furthermore, we did
not find constitutive activation of B-catenin in glioblastoma
cells following GSK3p inhibition. The role of B-catenin-medi-
ated signaling in glioblastoma cell motility and invasion there-
fore requires further investigation.

The proinvasive phenotype of cancer cells includes an epithe-
lial-mesenchymal transition (EMT) state (39) and distinct cellu-
lar microstructures such as lamellipodia and invadopodia
(23, 28, 35) responsible for cell migration and invasion. In
contrast with its role in cell migration (17), GSK3p was shown
to inhibit EMT in normal cells by phosphorylating and stabilizing
snail, a repressor of E-cadherin transcription (40). This suggests
that EMT may not be involved in the mechanism by which GSK33
inhibition suppresses the migration and invasion of glioblastoma
cells. As previously reported (28, 35), we observed the formation
of lamellipodia and invadopodia in glioblastoma cells grown in
nonconfluent conditions and on gelatin-coated slides, respective-
ly. Treatment of cells with GSK3f inhibitor decreased the forma-
tion of these cellular microstructures and altered the subcellular
colocalization of the cytoskeletal molecules F-actin and Racl,
resulting in their redistribution throughout the cytoplasm. Coin-
ciding with these structural and functional changes in the cell, the
inhibition of GSK3p reduced the phosphorylation of FAK and
JNK. This in turn reduced their activity as well as that of active
Racl, the expression of GEFs responsible for Rac1 activation (22)
and the expression and secretion of MMP-2 and MT1-MMP.
Previous studies have shown these molecules (FAK, JNK, GEFs/
Rac-1, MMPs other than GSK3p) interact to facilitate cell motility
(32-34) and are involved in glioblastoma cell migration and
invasion (22, 31, 41, 42). With this in consideration, our findings
indicate that a GSK3B-mediated pathway involving FAK, JNK,
GEFs/Rac-1 and MT1-MMP/MMP-2 plays a major role in pro-
moting glioblastoma invasion (Supplementary Fig. S4) and sug-
gest a novel therapeutic approach to control the invasive nature of
this lethal disease.

It is becoming increasingly recognized that the invasive
behavior of tumor cells and their resistance to therapy may
not be separate properties and could in fact be interconnected
processes (43). This notion is particularly relevant for glioblas-
toma in which a strong association is seen between invasive and
therapy-resistant phenotypes (44, 45), leading to dismal sur-
vival outcomes (1-4). These two major cancer hallmarks share
distinctive molecular pathways with several signaling hubs that
include Racl, FAK, and JNK (reviewed in 43). Racl has been
reported to sustain stemness and the invasive ability of glioma
stem-like cells, thus rendering them resistant to radiotherapy
(46). It is also implicated in the radiation-induced enhance-
ment of the invasive potential of primary glioblastoma cells
(47). Similar to observations made with gene-manipulated
fibroblasts (34), Racl has been shown to mediate phorbol
12-myristate 13-acetate-induced migration of glioblastoma
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cells via phosphorylation and activation of JNK and its trans-
location to paxillin-containing focal complexes (42). A previ-
ous study also showed that Racl-mediated enhancement of
glioma cell invasion in response to radiation was associated
with activation of JNK and p38 MAP kinases (48). Moreover, an
inhibitor of FAK autophosphorylation (Y15) reduces the via-
bility of glioblastoma cells, induces their apoptosis, inhibits
their invasion, and synergizes with temozolomide to increase
survival in a murine glioma model (41). We previously
reported that glioblastoma cells depend on deregulated GSK3[3
to survive, proliferate, and resist chemotherapy and radiation
via the inactivation of p53- and/or Rb-mediated pathways (12).
We have also demonstrated that a specific GSK3f inhibitor
(AR-A014418; ref. 18) synergizes with temozolomide against
glioblastoma cells by silencing O°-methylguanine DNA
methyltransferase expression via c-Myc-mediated promoter
methylation (13). GSK3p is, therefore, heavily implicated in
the two major pathologic characteristics of glioblastoma cells,
invasive activity and therapy resistance, through pivotal onco-
genic pathways.

We are currently undertaking a phase I/Il clinical trial of
recurrent glioblastoma patients treated with temozolomide in
combination with drugs known to inhibit GSK3f activity and
which are already in clinical use (UMIN:00005111; ref. 49). Our
preliminary results show that the repurposed drugs inhibit GSK3[3
activity in the tumor cells, enhance the therapeutic effect of
temozolomide and reduce invasion by the residual tumors,
resulting in significantly longer patient survival times compared
with patients treated with temozolomide alone (Nakada and
colleagues; unpublished data). There is increasing evidence to
show that GSK3fB has neurodegenerative effects and that its
inhibition has neuroprotective consequences (9). This has been
observed for example with cranial irradiation-induced neurocog-
nitive dysfunction (50). Therefore, the inhibition of GSK3p can
provide dual benefits for the treatment of patients with glioblas-
toma by first reducing tumor invasion and therapy resistance, and
second by protecting the host brain tissue from injury.
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ORIGINAL ARTICLE
Lineage-specific RUNX3 hypomethylation marks the
preneoplastic immune component of gastric cancer

B Kurklu'?, RH Whitehead?, EK Ong’', T Minamoto?, JG Fox?, JR Mann'>, LM Judd'?, AS Giraud'*® and TR Menheniott'*®

Runt domain transcription factor 3 (RUNX3) is widely regarded as a tumour-suppressor gene inactivated by DNA hypermethylation of
its canonical CpG (cytidine-phosphate-guanidine) island (CGI) promoter in gastric cancer (GC). Absence of RUNX3 expression from
normal gastric epithelial cells (GECs), the progenitors to GC, coupled with frequent RUNX3 overexpression in GC progression,
challenge this longstanding paradigm. However, epigenetic models to better describe RUNX3 deregulation in GC have not
emerged. Here, we identify lineage-specific DNA methylation at an alternate, non-CGI promoter (P1) as a new mechanism of RUNX3
epigenetic control. In normal GECs, P1 was hypermethylated and repressed, whereas in immune lineages P1 was hypomethylated
and widely expressed. In human GC development, we detected aberrant P1 hypomethylation signatures associated with the early
inflammatory, preneoplastic and tumour stages. Aberrant P1 hypomethylation was fully recapitulated in mouse models of gastric
inflammation and tumorigenesis. Cell sorting showed that P1 hypomethylation reflects altered cell-type composition of the gastric
epithelium/tumour microenvironment caused by immune cell recruitment, not methylation loss. Finally, via long-term culture of
gastric tumour epithelium, we revealed that de novo methylation of the RUNX3 canonical CGI promoter is a bystander effect of
oncogenic immortalization and not likely causal in GC pathogenesis as previously argued. We propose a new model of RUNX3
epigenetic control in cancer, based on immune-specific, non-CGl promoter hypomethylation. This novel epigenetic signature may

have utility in early detection of GC and possibly other epithelial cancers with premalignant immune involvement.

Oncogene (2015) 34, 2856-2866; doi:10.1038/onc.2014.233; published online 4 August 2014

INTRODUCTION

Gastric cancer (GC) has the second highest rate of cancer-related
mortality worldwide, accounting for >700000 deaths annually.’
Late diagnosis is a major challenge to GC management, with
disease presentation typical at advanced stages when treatment is
ineffective and prognosis is poor.? Chronic inflammation after
infection with Helicobacter pylori is a primary risk factor for the
most common or ‘intestinal-type’ GC,® but definitive mechanisms
remain elusive. GC is believed to be of epithelial origin, deriving
from gastric epithelial cells (GECs) or their progenitors.*”
Elucidation of molecular events underlying the inflammation-
related preneoplastic transformation of GECs® will be critical for
the advancement of GC management, allowing earlier disease
detection and improved survival.

Aberrant DNA methylation is one of the earliest molecular
alterations in cancer and has been linked to GC pathogenesis.®”
Hypermethylated sequences become hypomethylated on a global
scale. Conversely, unmethylated CpG (cytidine-phosphate-guani-
dine) island (CGI) promoters, including those of some tumour-
suppressor genes (TSGs), become hypermethylated leading to
their repression.® Hypermethylation of TSGs has been traditionally
viewed as a persuasive mechanism of cancer pathogenesis, as well
as providing a target for cancer detection.® Nonetheless, recent
evidence that de novo hypermethylation in cancer mostly affects
CGIl promoters already repressed in normal tissues argues that
methylation is not always required for their repression and

therefore is not necessarily a driver of cancer.'® Cell-type
composition of the tumour microenvironment has gained
attention as an alternative influence on cancer methylation
profiles.”’ In this context, CpG-depleted or ‘non-CGI' promoters,
which show considerable variation in lineage-specific methylation,
may offer complementary clinical utility to CGl promoters.'*"?
Indeed, the prognostic value of methylation signatures corre-
sponding to non-neoplastic tumour lineages, such as cancer-
associated fibroblasts or cytolytic T-lymphocytes, has recently
been demonstrated.'*'®

Runt domain transcription factor 3 (RUNX3) belongs to the
family of conserved ‘runt-domain’ transcription factors that have
diverse roles in hematopoiesis, neurogenesis and skeletal
development.’®'® RUNX3 transcription initiates from two cis-
regulatory regions designated the P1 (distal) and P2 (proximal)
promoters. Expressed predominantly in hematopoietic lineages,
RUNX3 regulates several aspects of immune function, including
T-cell differentiation,'®?® dendritic cell (DC) maturation®' and
natural killer (NK) cell activation.?*?3 In contrast to these definitive
immune roles, the RUNX3 locus (located on human chromosome
1p36.1) has been controversially linked to a TSG function in GC.
In 2002, Li et al** proposed that RUNX3 inactivation via
hypermethylation of a large CGI overlapping its P2 promoter is a
pivotal event in GC pathogenesis. Subsequent studies have
confirmed the association of RUNX3 P2 hypermethylation with
GC incidence (reviewed in Fan et al.?> and Subramaniam et al.?®).
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However, fresh evidence that RUNX3 is never expressed in the
normal GEC from which GC originates®’ casts doubt not only on its
proposed TSG function, but also on the role of P2 methylation in
RUNX3 silencing and its associated utility as a functional marker of
GC. Limitations of this widely disseminated epigenetic model®* are
further compounded by paradoxical observations of RUNX3
overexpression in GC and other cancers®®3° where P2 is
reportedly hypermethylated.3’ Although RUNX3 continues to
feature in the literature, models to better explain its deregulation
in cancer have not emerged. With its TSG function now
disputed,”” unravelling the inconsistencies of RUNX3 epigenetic
control in GC will lead to an improved understanding of its
broader role in cancer biology.

In focussing exclusively on the mechanistic importance of P2
methylation, researchers have overlooked a role for the alternate
‘non-CGI" RUNX3 P1 promoter. Here we address this gap in
understanding, showing that lineage-specific P1 methylation
constitutes a novel and unexpected mechanism of RUNX3
epigenetic control in GC. We find that, in normal GEC, P1 is
strongly hypermethylated and repressed. By striking contrast, in
immune lineages, P1 is hypomethylated and widely expressed.
Through studies of human and mouse GC progression, we
uncover a preneoplastic P1 hypomethylation signature reflecting
altered cell-type composition of the gastric epithelium/tumour
microenvironment via immune cell infiltration. Finally, we reveal
that de novo methylation of the P2 CGI promoter in GEC, argued
previously as a driver of GC pathogenesis, arises as a bystander
effect of oncogenic immortalization and is unlikely to exert any
significant impact on GC progression. These results delineate a
novel, more parsimonious model of RUNX3 epigenetic control with
emphasis on lineage-specific P1 methylation as a marker of
preneoplastic tissue remodelling. The strong translational rele-
vance of our findings to GC, and potential application to other
epithelial cancers of inflammatory provenance, is discussed.

RESULTS

RUNX3 P1 hypomethylation correlates with human GC progression
To date, all RUNX3 methylation studies have targeted the CGI
overlapping the P2 promoter, but none have interrogated P1
methylation in GC (Figure 1a). The P1 sequence falls short of the
minimum CpG density criteria to qualify as a CGl (CpG observed/
expected ratio >0.6; >200bp>?) and is therefore ‘non-CGl'-
associated. In contrast to CGl promoters that generally resist
methylation, non-CGl promoters are very likely to be regulated by
methylation if CpG dinucleotides are present.'>*® Indeed, this is
the case for the human and mouse P1 sequences (Supplementary
Figure S1). We therefore investigated RUNX3 P1 expression and
methylation in human gastric epithelial tissue collected from
individuals displaying early-, intermediate- or late-stage intestinal-
type GC development: H. pylori-infected/gastritis,>* intestinal
metaplasia (IM) and GC, respectively,® together with normal
(disease-free) controls  (Figure 1b). Quantitative reverse
transcriptase-PCR (QRT-PCR) revealed increased total RUNX3
MRNA  expression in H. pylori-infected  (4.05 + 0.60-fold;
P < 0.001), IM (8.47 £ 3.04-fold; P < 0.01) and GC (2.54 +0.73-fold;
P < 0.01) tissues relative to normal controls (Figure 1c). Specific
measurement of PT mRNA similarly revealed increased expression
in H. pylori-infected (8.77 £+ 1.74-fold; P < 0.001) but not in IM or GC
tissues. The high GC content of the P2 transcript 5’ leader exon
precluded its direct interrogation by QRT-PCR. These results show
increased RUNX3 P1 expression, particularly during preneoplastic
stages of GC. We next examined RUNX3 P1 methylation levels
using Sequenom EpiTYPER assays. EpiTYPER quantifies the ratio of
methylated to unmethylated cytosines at individual CpG dinu-
cleotides at specific loci®* Although P1 hypermethylation
predominated in normal gastric epithelial tissues, a P1

© 2015 Macmillan Publishers Limited

hypomethylation signature was significantly associated with H.
pylori-positive, IM and GC tissues. Consistent with its CGI status, P2
remained unmethylated in H. pylori-infected and IM preneoplastic
tissues, showing modestly increased methylation only in a subset
of tumours but not exceeding 15% (that is, methylation ratio 0.15)
of strands in any individual tumour (Figure 1d). Hierarchical
clustering showed a clear association of P1 hypomethylation with
early inflammatory, preneoplastic and tumour stages of GC.
Conversely, P2 was less vulnerable to epigenetic perturbation,
showing weak hypermethylation in a subset of tumours
(Figure 1e). RUNX3 P1 and P2 are thus oppositely methylated in
normal gastric tissue, respectively showing uniform early loss and
variable late gain of methylation in GC progression. These results
identify RUNX3 P1 hypomethylation as a novel epigenetic
signature with potential utility in GC risk prediction.

Conserved Runx3 P1 hypomethylation following H. pylori infection,
genetic induction of gastric inflammation or tumorigenesis in
mice

Human and mouse RUNX3/Runx3 are highly conserved with
respect to their genomic organization, dual promoter structure
(Figure 2a) and tissue expression profile. Therefore, mouse genetic
and infection models recapitulating H. pylori-related preneoplastic
and tumorigenic stages of human GC progression (Figure 2b),
offered the most stringent approach to pinpoint the origin and
significance of RUNX3 P1 hypomethylation in vivo. Accordingly, we
first determined Runx3 transcription and methylation in stomachs
of C57BL6 (wild type; WT) mice infected with mouse-adapted H.
pylori SS1 for either 3- or 12 months. QRT-PCR showed that P1 and
P2 transcripts were progressively upregulated in 3-month
(4.10+1.08; P=0.036 and 12.58+3.00; P=0.008) and 12-month
(8.22+1.43-fold; P=0.005 and 66.59+12.28-fold; P < 0.001)
infected mice compared with uninfected littermate controls
(Figure 2c). Similar to our observations in H. pylori-infected
humans, aberrant P1 hypomethylation was evident in H. pylori-
infected mice, showing progression from a moderate to a strong
signature in 3- and 12-month infected mice, respectively.
Conversely, P2 methylation was unaltered with H. pylori infection
(Figures 2d and e). To discern effects of H. pylori-dependent
inflammation versus bacterial presence on P1 hypomethylation,
we utilized transgenic mice with stomach-specific overexpression
of the pro-inflammatory cytokine, gmcsf, (gmcsf'®). Gmesf'® mice
develop spontaneous gastric inflammation independently of
H. pylori infection® Runx3 P1 transcripts were upregulated
(2.58+0.31-fold; P < 0.01) in gmcsf'® compared with WT stomachs
(Figure 2c) and correlated with P1 hypomethylation (Figures 2d
and e). P2 was not differentially expressed or methylated (Figures
2c and e). Therefore P1 hypomethylation correlates with gastric
inflammation, not with H. pylori's presence per se. To determine
whether P1 hypomethylation persists later in GC progression, we
utilized the gp1307F GC model.>” Gp1307F mice develop tumours
of the distal stomach with similar histopathology to human GC.
Though epithelial in origin, gp730¥" tumours are strongly
infiltrated by cells of the innate and adaptive immune system.
Increased P1 transcription (9 + 1.46-fold; P < 0.05) (Figure 2b) and
P1 hypomethylation were clearly correlated in gp1307F tumours
(Figures 2c and d), further supporting a link with gastric
inflammation. Conversely, P2 transcription was increased
(23.19+6.10-fold; P <0.01) independently of its methylation
status (Figures 2b and d). These results show that aberrant RUNX3
P1 hypomethylation is a conserved, inflammation-associated
process correlating with the preneoplastic and tumorigenic
stages of GC.
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Figure 1. Epigenetic regulation of RUNX3 P1 in human GC. (a) Mapping of methylation amplicons within human RUNX3. Genome browser

output for human RUNX3 on chromosome 1p36 (GRCh37 Hg19; http://genome.ucsc.edu/) shows relative locations of P1 and P2 promoter
regions and intron/exon structures of the derived transcripts. Browser tracks show locations of RUNX3 methylation amplicons (from previously
published studies, black bars; from current study, red bars) aligned with the human genome using the ‘Blast Like Alignment Tool’ (BLAT).
(b) Schematic showing progressive alteration in cell-type composition of the gastric epithelium during human GC progression. (c) QRT-PCR
analysis of RUNX3 mRNA expression in human GC progression. Box plots show mRNA fold change relative to GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) internal reference gene expression for normal (N; n=6), H. pylori-infected (HP; n=16), preneoplastic adjacent to
tumour with intestinal metaplasia (IM; n=28) and gastric cancer (GC; n=28) mucosal tissues. (d) EpiTYPER analysis of RUNX3 P1 and P2
methylation in tissue samples analysed in panel (b). Box plots show combined CpG methylation values for P1 and P2, respectively.
(e) Heatmap showing two-way hierarchical clustering of methylation data presented in panel (c). CpGs are shown on the horizontal axis; tissue
samples are shown on the vertical axis. Tissue identities are indicated to the right of the heatmap. Asterisks show statistical significance:
**P < 0.01; ***P < 0.001.

RUNX3 localizes to infiltrating immune cells and not to epithelial
cells in gastric preneoplasia and cancer

RUNX3 was localized in H. pylori-infected (n=16) and uninfected
(n=6) human gastric tissues by immunohistochemistry. RUNX3-
specific staining was detected in nuclei of immune cells infiltrating
the lamina propria of H. pylori-infected but was not detected in

novel and critical distinction of showing absence of RUNX3 in
normal, preneoplastic and tumour gastric epithelium in both
humans as well as in mice. Therefore, RUNX3 overexpression in
gastric preneoplasia and cancer is likely dependent on immune
cell recruitment.

uninfected tissues (Figure 3a). RUNX3 was not detected in GECs of
infected or uninfected individuals. We similarly analysed the
stomachs from gmcsf'® and gp1307F mice. In gmcsf'® mice,
RUNX3-specific staining localized to the nuclei of immune cells
infiltrating the gastric epithelium but was not detected in GECs
(Figure 3b). Similarly, in gp130™F mice, RUNX3 was detected in
immune cells infiltrating lamina propria of antral tumours and in
submucosal lymphoid pockets but was not detected in GECs
(Figure 3c). Earlier work showed absence of RUNX3 in normal
mouse intestinal epithelium;>’ however, our results make the
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Differential Runx3 P1 methylation in GECs and immune lineages
Runx3 is known to be highly expressed in immune lineages
(Supplementary Figure S2). Localization of gastric RUNX3 to
infiltrating immune cells suggested that altered P1 methylation
could similarly reflect immune cell recruitment. To address this,
we isolated immune lineages known to have high Runx3
expression: NK1.1+CD3 — NK cells, CD8+ T-cells, CD11c+ DCs, or
low/absent Runx3 expression: CD11b+ macrophages, Gri+
neutrophils, and CD45R+ B-cells from the spleens of WT mice by
fluorescence-activated  cell sorting  (FACS) (Figure 4a;
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Figure 2. Conserved Runx3 P1 hypomethylation in mouse gastric inflammation and tumorigenesis. (a) Genome browser output for the mouse

Runx3 locus on chromosome 4qD3 (GRCm38/mm10; http://genome.ucsc.edu/) shows relative locations of P1 and P2 promoters and intron/exon
structure of their transcripts. (b) Schematic showing the mouse genetic and infection models used to recapitulate key stages of human GC
progression. (c¢) QRT-PCR analysis of Runx3 P1 and P2 transcripts in stomach tissues collected from C57BL6 (WT) mice infected with H. pylori
SS1 for 3 months (Hp 3m) and 12 months (Hp 12m) in Gmesf'® and gp130F/F mice. Histograms show mRNA fold change relative to uninfected or
WT controls. (d) EpiTYPER quantitative DNA methylation analysis of Runx3 P1 and P2 promoters of gastric tissues analysed for mRNA in panel
(b). Histograms show the combined CpG methylation levels for P1 and P2, respectively. Error bars+s.e.m. Asterisks show statistical
significance: *P < 0.05; **P < 0.01; ***P < 0.001. (e) Heatmaps show two-way hierarchical clustering of P1 and P2 individual CpG methylation

values for data shown in panel (d).

Supplementary Figure S3) and characterized their Runx3 mRNA
and methylation profiles relative to primary GECs. Runx3 P1
transcripts were detected in all immune cell types except B-cells,
being most abundant in NK cells, CD8+ T-cells and DCs.
P2 transcripts were abundant only in NK cells, showing modest
levels in other lineages and were absent in GECs (Figure 4b).
Strikingly, P1 was hypomethylated in all immune cell types
irrespective of their Runx3 expression level. This suggests that P1
hypomethylation is permissive but not sufficient for transcription.
Conversely, P1 was hypermethylated in primary GECs and
mouse embryonic fibroblasts, which lack Runx3 expression
(Figure 4c). By reference to the public domain transcriptome
data, mast cells (MCs) were noted for abundant Runx3 mRNA
expression (Supplementary Figure S2) but have otherwise not
been formally described to express Runx3. Analysis of spleen-
derived, c-kit/CD117+FceR1+ MCs (Figure 4a) confirmed Runx3 P1
hypomethylation and transcription at similar levels to CD8+ T-cells
(Figures 4b and ).

Our results showing universal P1 hypomethylation in immune
cells suggested that its specific epigenetic state might originate
before, or during, hematopoiesis. To address this question, we
tracked P1 methylation levels during MC differentiation from
mouse bone marrow stem cells (BMSCs) cultured with interleukin
(IL)-3. Correct MC differentiation was verified by the acquisition of

© 2015 Macmillan Publishers Limited

a ckit/CD117+FceR1a+ surface phenotype (Figure 4d) and
induction of carboxypeptidase (Cpa3) mRNA (Supplementary
Figure S3). Bone marrow-derived MCs showed strong induction
of Runx3 P1 mRNA relative to BMSCs showing only marginal
expression, while P1 was equivalently hypomethylated in BMSCs
and differentiated MCs (Figures 4e and f). Similar results were
obtained in bone marrow-derived DCs (B Kurklu, unpublished
data). These results argue that immune-specific P1 hypomethyla-
tion is inherited from BMSCs, further suggesting the existence of a
developmental mechanism that protects P1 against de novo
methylation in certain contexts.

Immune cell recruitment accounts for Runx3 P1 hypomethylation
in gastric epithelial tumours

We next examined P1 methylation in GECs and immune cells
isolated directly from gp130F gastric tumours. Dissected tumours
were non-enzymatically disaggregated, and the following cell
types were recovered by FACS: e-cadherin+ GECs, CD8+ T cells,
and CD11c¢+ DCs (Figure 5a). EpiTYPER analysis of these tumour
cell fractions revealed that P1 hypomethylated alleles were
enriched in CD8+ T-cells and CD11c+ DCs. Conversely, P1
hypermethylated alleles were enriched in e-cadherin+ GECs. P2
was unmethylated in tumour-derived immune cells and GECs
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Immunolocalization of RUNX3 in human and murine gastric preneoplasia and tumorigenesis. (@) RUNX3 immunohistochemistry in

human gastric mucosal tissue collected from H. pylori-infected and uninfected individuals. (b) Runx3 immunohistochemistry in Gmcsf'® gastric

fundus. () Runx3 immunohistochemistry in gp130

gastric antral tumours. Tissue sections were counterstained with hematoxylin (blue

staining). Magnifications are indicated (x20, x40, x100). Arrows indicate highly discrete Runx3 nuclear staining. Ip, lamina propria;

ep, epithelium.

(Figures 5b and c). That is, hypomethylated P1 alleles reside
predominantly within the immune, but not the epithelial compo-
nent of gastric tumours, supporting immune cell recruitment
as a key mechanism underlying a RUNX3 P1 hypomethylation
signature in GC progression.

Runx3 P2 hypermethylation triggered by immortalization of GECs

RUNX3 P2 hypermethylation clearly has no direct role in RUNX3
repression or as an autonomous driver of GC; however, its
significance remains unexplained. Cancer-related de novo methy-
lation targets repressed CGl promoters,'®*® and this global
deregulation of methylation may arise as an effect of cellular
immortalization.®® Immortalized cell lines often show more
extensive CGl hypermethylation than corresponding primary
tumours.>® Accordingly, we compared P2 methylation levels in
immortal human GC cell lines and primary GC tissues. Five out of
the six cell lines showed near complete (>90%) P2 hypermethyla-
tion (Figure 6a) contrasting with much lower levels (< 15%) in
primary GC tumour tissues. The single exception was the slow
growing NCI-N87 line, which showed only marginally increased P2
methylation levels. P1 methylation levels were similar in both
normal, tumour and cell lines. These results reveal a specific
correlation between hypermethylation of the P2 CGI and GEC
immortalization. To explore this concept, we next quantitated P2
methylation levels in mouse GECs both before and after their
immortalization in vitro. Immortalization, defined as the inap-
propriate acquisition of indefinite proliferation, was induced b)/
serial passage of cultured primary GECs isolated from gp1307F
gastric tumours (Figure 6b). We cloned five GEC lines showing key
features of an immortalized phenotype, including a high level of
aneuploidy and the capacity to proliferate indefinitely in culture.
Additionally, two of the lines displayed anchorage-independent
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growth in soft agar, yet all of the lines retained expression of key
epithelial marker proteins, including cytokeratin (Krt)8 (Figures 6¢
and d; Supplementary Table S1). Though derived from primary
GECs lacking P2 methylation, four of the five GEC lines had
acquired high-level P2 hypermethylation after immortalization
(Figure 6e). P2 methylation levels were the highest in the fastest
growing lines (clones1, 3 and 5), whereas only minor gains in
methylation were observed in the slowest growing line (clone 2).
Conversely, P1 methylation in the immortal GECs was unperturbed
relative to normal GECs (Figure 6e), consistent with evidence that
de novo methylation in epithelial carcinogenesis may specifically
target repressed CGl promoters. Therefore, P2 hypermethylation
can be induced during GEC immortalization, likely in concert with
de novo hypermethylation of other CGI promoters on a global scale.
The over-representation of P2 hypermethylation among GC cell
lines argues that CGl hypermethylated GEC clones may have a
growth advantage, resulting in their preferential expansion in
culture.

DISCUSSION

This work is the first to reveal a role for RUNX3 P1 promoter
methylation in regulating lineage-specific RUNX3 transcription in
the stomach. We specifically showed that P1 methylation is
established differently in GEC and immune cells and that
increased recruitment of the latter underlies aberrant P1
hypomethylation in GC progression. Finally, we showed that de
novo methylation of the P2 CGI promoter in GEC/tumour cells,
argued previously as a driver of GC progression, likely arises as a
bystander effect of oncogenic immortalization and is unlikely to
have a causal role in the disease. We surmise that an in vitro
growth advantage, associated with global CGI promoter hyper-
methylation, leads to an over-representation of hypermethylated

© 2015 Macmillan Publishers Limited
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Figure 4. Differential Runx3 P1 methylation in GEC and hematopoietic lineages. (a) Isolation of immune cell populations from splenocytes by
FACS: NK1.1+ CD3 - NK cells; CD3+CD8+ T-cells; CD117+ FceR1a+ MCs; CD11c+ DCs; CD11b+ macrophages; Gr1+ neutrophils; and CD45R+
B-cells. (b) QRT-PCR analysis of Runx3 P1 and P2 transcripts in FACS-sorted immune cell types. Histograms show mRNA fold changes relative
to levels in primary GEC. (c) Quantitative DNA methylation analysis of Runx3 P1 and P2 promoters in FACS-sorted immune cell types, primary
GECs and primary mouse embryonic fibroblasts. Heatmap showing two-way hierarchical clustering of P1 and P2 methylation data. (d) /n vitro
generation of bone marrow-derived MCs. Flow cytometric analysis of murine bone marrow stem cells (BMSC) cultured with IL-3 (BMSC+IL3) or
untreated (BMSC —ve). MC differentiation is shown by the acquisition of a CD117+ FceR1+ double-positive phenotype (one representative
experiment of four replicates is shown). (e) QRT-PCR analysis of Runx3 P1 and P2 mRNA in BMSC+IL3 and BMSC control cultures. Error
bars + s.e.m. Asterisks show statistical significance: *P < 0.05. (f) Heatmap showing EpiTYPER quantitative methylation analysis of Runx3 P1
and P2 promoters corresponding to the samples analysed in panel (e).

P2 alleles in immortal GC cell lines. Our novel findings are hypermethylated and repressed. By contrast, in immune lineages
summarized in Figure 7. P1 lacked methylation and was widely transcribed. The fact that

More than a decade has passed since Li et al?* initially not all immune cell types have Runx3 expression, despite their
described RUNX3 as a TSG repressed by P2 hypermethylation in universal P1 hypomethylation, argues that trans-factors are also
GC. Then recognized as a significant advance, the findings required for full activation of transcription. This mode of
engendered a long-standing paradigm of gastric tumorigenesis differential methylation was highly significant in the context of
via TSG epigenetic loss. Frequent P2 hypermethylation in GC and human and mouse GC progression. P1 hypomethylation (and
other cancers remains undoubted, having been verified by increased transcription) signatures reflected evolving cell-type
hundreds of subsequent studies seeking to replicate and extend composition of the preneoplastic epithelium and/or tumour
the pioneering work of Li et al. (reviewed in Fan et al?> and microenvironment due to immune cell recruitment. Moreover,
Subramaniam et al.*®). However, the demonstrable absence of localization of RUNX3 to immune cells infiltrating the preneoplas-
RUNX3 from normal GECs, the progenitors to GC, casts doubt tic and tumour epithelium as shown here excludes the possibility
upon its much vaunted TSG function.?” By inference, the existing that preneoplastic epithelial lesions, such as atrophic gastritis or
model of P2 hypermethylation as a driver of GC is also inadequate mucous cell metaplasia, may have influenced P1 transcription
given that RUNX3 is repressed by default in normal GECs and is and/or methylation. In breast cancer, DNA methylation profiles
often overexpressed in GC and other cancers. reflecting the tumour immune component have been used to

We propose an alternative model in which differential great effect for clinical prediction.'® Presence of T-cell ‘methylation
methylation of P1 dictates lineage-specific RUNX3 expression. This biomarkers’ in breast tumours correlated with better prognosis,
novel modality was evident from observations in normal GEC and suggesting a link with anti-tumour immunity. We postulate that
mesenchymal  (fibroblast)  lineages,  where  P1 was RUNX3 P1 hypomethylation, as a marker of cytotoxic lymphocytes,
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may have similar prognostic value in GC, a postulate supported by
the fact that cytolytic properties of CD8+ T-cells and NK cells are
Runx3-dependent.?®

A second major conclusion here is that P2 hypermethylation is a
phenotypic feature of transformed, or immortal, GECs and has no
causal role in RUNX3 repression or GC pathogenesis. Our findings
are reminiscent of recent work in hTERT-immortalized fibroblasts
showing progressive accumulation of P2 hypermethylation as a
function of increasing generations in culture, without affecting
transcription.”® However, our findings make the key distinction of
showing evolution of immortal P2 hypermethylated clones from
primary GECs ostensibly lacking P2 methylation. Whether P2
hypermethylation can arise de novo in culture, or amplifies clonally
from rare aberrant cells in primary tumours, remains to be
elucidated. Resonant with our findings, repressed CGI promoters
are more vulnerable to de novo methylation in cancer than active
CGl promoters'®*® based on polycomb-mediated premarking by
repressive histone (H)3-lysine (K)27 tri-methylation.*' Together
with evidence that the polycomb repressor complex 2 can
promote RUNX3 P2 repression in GEC,** these studies illustrate
how a program of DNA methylation-independent repression
might promote de novo P2 hypermethylation in immortal GECs.

Oncogene (2015) 2856 - 2866

Nonetheless, it is increasingly apparent that CGl hypermethylation
is less frequent in cancer than initially hypothesized.** We indeed
observed lower P2 methylation frequencies here using quantita-
tive EpiTYPER analysis than reported by earlier studies using non-
quantitative methylation-specific PCR (MSP).2>® The propensity of
non-quantitative MSP to overestimate low methylation levels**
may explain this discrepancy. In agreement, recent work found
that P2 methylation levels of <10% can be reported as
‘hypermethylated’ by MSP.**

With its TSG function now in doubt,?” alternative roles for
RUNX3 in the stomach must be considered. It has not escaped our
notice that gastric epithelial hyperplasia in Runx3~’~ mice may
arise by a non-autonomous mechanism. This phenotype was
attributed to Runx3 deficiency in CD8+ cytolytic T-cells and
consequent impairment of anti-tumour immunity.46 An immune-
specific anti-tumour role was similarly implicated by spontaneous
colitis and tumour growth in mice with lymphocyte-specific Runx3
deficiency.”” It may be significant that Runx3 expression is
particularly abundant in immune lineages with known roles in
anti-tumour immunity. Runx3 is essential for the cytolytic
functions of CD8+ T-cells and NK cells,'®* but if either of these

© 2015 Macmillan Publishers Limited

- 49 .



RUNX3 hypomethylation in gastric cancer
B Kurklu et al

240 P1 P2

3

Q20 :
Qg N Il GCecelllines

0 0.61 |:| Normal

Methylation 1 Tumor
ratio

AGS
MKN7
MKN28
| sNut
KATOIII

NCI-N87

b

gp130F/F # Gastric Tumour # Disaggregate # Immortalise by » Isolate and expand
Serial Subculture Immortal GEC Clones

P1 P2

Il 'mmortal GEC
|:| Normal

’J_T’—_IF_‘ |:| Tumor

Methylation
ratio

! |Clone4

Clone 1 | Clones
d | Clone 1
o 159 4 Clone 1 IC'°"65
S L} Clone 2 | Clone 2
x 4 Clone 3
2 109 & Clone 4
% i Clone 5 -
=
g ,?5359_99&8899
F 07 . . 05085288828 ¢

0 48 96 §° 8038000090

o
Hours 0o

Figure 6. RUNX3 P2 methylation is triggered by immortalization of human and mouse GECs. (a) EpiTYPER analysis of RUNX3 P2 (and P1)
methylation levels in human GC cell lines, primary GC tumours and normal gastric epithelial tissues. Heatmap shows two-way hierarchical
clustering of individual CpG methylation values against cell line or tissue type. (b) Flow diagram showing the derivation of mouse immortal GEC
lines from gp730F/ F primary gastric epithelial tumours. (c) Immunofluorescent detection of cytokeratin (Krt)8 in immortal GEC lines. Representative
staining for one of the lines (clone 1) is shown. (d) Growth curves of mouse immortal GEC lines in monolayer culture. Viable cell count data are
shown as the mean of six replicate wells for each clone. (e) EpiTYPER analysis of Runx3 P1 and P2 methylation in immortal mouse GEC, primary
gp1307F tumours and WT gastric tissue. Heatmaps show two-way hierarchical clustering of individual CpG methylation values for P1 and P2.
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Figure 7.

Schematic showing effects of cell-type composition and tumour clonality on RUNX3 promoter methylation in GC progression and

cell line establishment. In GECs, P1 is hypermethylated and repressed. In immune cells, P1 is hypomethylated and expressed (1). These lineage-
specific differences in P1 methylation underlie P1 hypomethylation in GC progression (2). Immune cell recruitment triggered H. pylori infection
(3), leads to altered cell-type composition of the gastric epithelium leading to decreased P1 methylation. Conversely, P2 lacks methylation in
both GECs and immune cells, thus its methylation level is unaffected by altered tissue cellularity. In gastric tumours, P2 becomes aberrantly
hypermethylated (in concert with other CGI promoters on a global scale) in a subset of highly immortalized/transformed GECs (orange
shading), leading to a modest increase in P2 methylation in tumour tissue (4). P2 hypermethylated clones have an in vitro growth advantage
over non-hypermethylated clones, allowing their preferential expansion during cell line establishment from primary tumour tissue (5), leading

to a significant over-representation of P2 hypermethylated clones among GC cell lines (6).

modalities might extend to restrain gastric tumour growth
remains to be proven.

Here we have proposed a new model of RUNX3 epigenetic
control based on lineage-specific hypomethylation of its (non-CGl)
P1 promoter in immune cells. Furthermore, aberrant RUNX3 P1
hypomethylation derives from the mobile immune component of
the preneoplastic and tumour epithelium during GC development.
The significance of this new data lies in the potential clinical utility
of P1 methylation in identifying ‘at-risk’ individuals during the
preneoplastic stages of GC, before the emergence of malignant
adenocarcinoma. P1 methylation may therefore offer superior
clinical potential to P2 methylation, which appears later in GC
progression and, reportedly, has no predictive value in staging,
prognosis, recurrence or survival.”®

MATERIALS AND METHODS
Human tissues

H. pylori-infected and uninfected human gastric epithelial tissues, GCs and
preneoplastic adjacent to cancer tissues with IM were obtained
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endoscopically as described.® Ethics approvals were obtained from the
Royal Melbourne Hospital Human Research Ethics Committee (approval
number 2004.176) and the Kanazawa University Ethics Committee for
Human Genome Research (approval number 174.2008). Written informed
consent was obtained for all study participants.

Mice

H+/K+ATPase-gmcsf transgenic mice®® were maintained on a Balb/C
genetic background. Gp130’™F co-receptor knock-in mice®” were main-
tained on a C57BL6/J genetic background. WT littermate controls were
used in all the experiments. Mice were housed under specific pathogen-
free conditions. Experiments were approved by the Murdoch Children’s
Research Institute Animal Ethics Committee (approval numbers A693 and
A713). WT (C57BL6) mice were infected with the H. pylori Sydney strain (SS)
1 as described.®

Mammalian cell culture

Human GC cell lines AGS, MKN7, MKN28, NCI-SNU1, KATO Ill and NCI-N87
were cultured in RPMI 1640 Glutamax medium supplemented with 10%
fetal bovine serum (FBS); 2 mm non-essential amino acids; 50 IU penicillin;
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50 ug/ml streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a
humidified incubator with 5% CO/air. To derive mouse primary GECs,
stomachs from 3-week-old mice were chopped into ~1-mm?> pieces and
digested with 2 mg/ml collagenase A (Roche, Mannheim, Germany) at
37°C for 1h. Digested tissue was resuspended in Dulbecco's modified
Eagle's medium Glutamax medium supplemented with 20% FBS, 2 mm
non-essential amino acids; 50 IU penicillin; 50 ug/ml streptomycin (Invitro-
gen), disaggregated by repeated pipetting, seeded into 24-well plates and
incubated at 37 °C with 5% CO./air for 48 h to allow for culture maturation.
To derive immortal mouse GEC lines, freshly dissected gp130™F gastric
tumours were surface sterilized by incubation in 0.04% sodium hypo-
chlorite in phosphate-buffered saline (PBS) for 20 min at room tempera-
ture, rinsed in PBS, chopped into ~1-mm? pieces, resuspended in sterile
PBS and allowed to settle for 1 min. Supernatants were aspirated, and
tissue was collected by centrifugation, resuspended in 1 mg/ml collage-
nase and 11U/ml neutral protease (Sigma, St Louis, MO, USA) in PBS and
digested at 37 °C for 60 min. Digested tissue was collected by centrifuga-
tion, resuspended in growth medium*® seeded onto collagen-coated
24-well culture plates and incubated undisturbed for 7 days. Rapidly
expanding epithelial clones were isolated from contaminating non-
epithelial cells by limiting dilution.

Generation of bone marrow-derived cultured MCs

Bone marrow stem cells were extracted from femurs of 6-8-week-old
C57BL6 mice and cultured in Dulbecco's modified Eagle's medium
Glutamax medium, supplemented with 10% FBS, 50 IU penicillin, 50 ug/
ml streptomycin and IL-3 for 6 weeks as described.*® IL-3-enriched medium
was sourced from murine WEHI-3 myelomonocytic leukaemia cultures and
added to growth medium at 20%v/v.>® MC differentiation was verified by
cell surface staining with CD117-FITC (fluorescein isothiocyanate; 1:300)
and FceR1a-PE (1:300; BD Biosciences, San Jose, CA, USA). Stained cells
were analysed on a LSR-Il flow cytometer using the FacsDiva software (BD
Biosciences).

Immunohistochemistry and immunofluorescence

Immunohistochemistry with peroxidase detection was done essentially as
described.”’ A well-characterized rabbit polyclonal anti-Runx3 antiserum
(poly-G) was used at a dilution of 1:1000.>* Bound immunocomplexes were
detected using Vectastain ABC reagents (Vector Laboratories, Burlingame,
CA, USA), and staining was visualized by incubation in 3, 3'-diaminobenzi-
dine tetrahydrochloride buffer (Sigma). Immunofluorescence in cultured
cells was performed as described.®' A FITC-conjugated rat polyclonal anti-
mouse cytokeratin (Krt)8 antibody (Sigma) was used at a dilution of 1:100.

FACS

Splenocytes were prepared from 12-week mice, erythrocytes were
removed by incubation in lysis buffer (1:9 v/v 0.17M Tris: 0.16 M
ammonium chloride) for 5min and enriched splenocytes were resus-
pended in 2% FBS and 1 mm EDTA in Hank's Balanced Salt Solution. For
isolation of tumour lineages, dissected gp1307" gastric tumours were
chopped into ~3-4 mm? pieces and disaggregated non-enzymatically by
incubation in dissociation buffer (5% FBS, 1 mm dithiothreitol, 1 mm EDTA in
PBS) for 1h at 37°C with agitation. Digested tissue pieces were passed
through a 70-um strainer, and the cells were resuspended in 2% FBS and
2mm EDTA in Hank's Balanced Salt Solution. Splenocytes and gastric
tumour cells were stained with CD11c-APC (1:500), CD8a-APC-Cy7 (1:500),
CD45R/B221-FITC (1:500), CD11b-PE (1:500), Gr-1 (Ly6-G/C)-PerCP-Cy5.5
(1:300) (all from BD Biosciences) and NK1.1-brilliant violet 421 (1:300)
E-cadherin-PE (1:300) (from BioLegend, San Diego, CA, USA). Cells were
sorted (at low pressure with a 100-pm nozzle) on a MoFlo sorter (Beckman-
Coulter, Brea, CA, USA). Cells were not cultured in the period between
isolation and sorting.

Gene expression and DNA methylation analysis

QRT-PCR was performed as described.>® Primer sequences (Supplementary
Table S2) were designed using the primer3 tool (http://frodo.wi.mit.edu/
primer3/). Relative gene expression was normalized to the reference genes
GAPDH (glyceraldehyde 3-phosphate dehydrogenase; human) or Rpl32
(mouse) using —2AACt=ACt sample —ACt calibrator. Quantitative DNA
methylation analysis was performed by EpiTYPER (Sequenom, San Diego,
CA, USA) as described.® Primer sequences for methylation amplicons
(Supplementary Table S3) were selected using EpiDesigner (http://www.
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epidesigner.com). Data cleaning and hierarchical clustering were performed
in R script using the gplots package (http://www.r-project.org/).

Statistical analysis

Data were analysed with GraphPad Prism V5.1 software (GraphPad
Software, La Jolla, CA, USA). Data were expressed as meanz*s.e.m.
Statistical analysis was performed by one-way analysis of variance and
the appropriate parametric or nonparametric post test. P-values of <0.05
were considered statistically significant.

ABBREVIATIONS

CGl, CpG island; CpG, cytidine-phosphate-guanidine; DC,
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RUNX, runt-domain family transcription factor; TSG, tumour-
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Bin Zhang (5 %) 2003 4= 5 H ~2003 4F 8 A (Bl:IRVFZKF)
Mingji Jin (4B 4) 2007 4= 6 H ~2008 4F- 3 A
Wei Mai (% %) 2007 4 4 A ~2009 4 3 H
W SCEHEER & GEK) B+ 1998 45 4 H ~2003 4£ 5 A
ek (i) 7 1998 4E 4 A ~2007 4 3 H
FEER 2004 4F 4 A ~2007 4= 3 H
HAEEF 2008 4= 4 H ~HifE
A H: A 2009 4F 11 H ~2013 4 3 H (B ARk S 2)
HHED 2011 52 4 H ~2012 4E 9 A (DAl ~7)
BRTE0 1 F 2013 4F 4 H ~HUE (DB AAERE S 2)
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WHFEEBA R LR, WFIEFRE, JLEBFIECHIIEH /172 E 2 WIZT2WIZZENA DT <2 DY
ZRFTY. 5O0FIET, WAL HIFEIIELE Lz, R AOBIIEERTWEEA.

4, T R s B

FHE B iR R K T R SR

T FOECHL S — TR

Bk 5 SR R RN B

T e N A AR 5 — e

R BriR KRR 2 AT B 45 T B

e A SR KB AT E

KA iR RS BRI 2 TR A A R WL SR

KB {E =] YL ST AT 7 L VX — B S 9E o # —(RCAID)

L B iR KRS 2 R TR D N RE I/ s 5

% SR BRI LSS R

W5 A LR ER

TR 2 BriR KR T AAR R

4 B3R EA K2 et e e B AR T

AN BRI R R — - LSS R 2

5 BRI S TR 5 TR/ FERMR AR

T BRI TR BB

Vi o SR KB AT N 85

B R LR

I 1% 7 GRS AT S ST

R R T AR

EEIE B3 T S S B A T

i B R L 2

R A SR KB AR N 825

e LB S

5 AR BRI IE R - A A

LR NS AT 5 — B BESRERIR I e ¥ — T AL —3
AP LY T4

LR BrR KRR R R A B A

LY AN N

K SRR KA T R TR

L e G iR IR KR

ik BRI - PR SR 27

R Gl K S RIS RN BRI RS 27

P T LR AR
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FA, AR

B iR R R R 27 T R A 2
5 (0) G iR K AR R R R 27 T R A2
HossT RS o e Y S

REER Gl R L WA - P SR

FEFI 75 A LR ER R - 1L SRS 27

TR e GRS K SRR AR TR T S
o G iR K R BB I/ TR iR S
BEGHE 3% (i) SRR TN AR (2405)

AT SO I T S — R

=T PN N [ T !

BRI iR L5 WA - P SR

A G iR R TR S

= LR bR R SRR LA BT A 27
SRR LR IER KN PR

LT 3 GRS TS A

LA T GrRTER KA O B AT

LIRS Gl KT TS R R R BTN 27
I B KB SR

AR MEPN = e

s ) GRS TR R D RIS W & A
P g LR T3 KA TR

Daniel D. Billadeau
Peter V. Danenberg
Serge Y. Fuchs

Andrew S. Giraud
Francesco Graziano
Barry Iacopetta

Louise M. Judd
Trevelyan R. Menheniott
Ze’ev Ronai

Vladimir S. Spiegelman
Timothy C. Wang
Richard Wong

KEAASZY = 7 F8 AL I FE 55 B
KEFE AT =T KFEF
KEA T NT =T KA

Se PN A —ARNZYT EN /NI RE
SN — 9 B R I R

SN PA — ATV T KLY

SN A —ARNZYT EN7/ NI RE

SN A —ARNZYT E/NEIRERE
KEN—TF 2GR

KE T ¢ AT R R L
KETR T RFPANT TIN5 —
BIRKRFRKFPEEH IR AT LR
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MAEDHDAHEFERE 2015 (BHFFEDDHWDAH LR 2011-2015)

(352 S0 4]
2011 FELLEDZ AN DOHE
X 4y fi %A % B 90 1% 2
(A3 Bafse & 9 93, 81 0TH
Z DA, 1 500FH
N F 10 94, 310FH
gy Blrafr e 6 72, 920TH
Z DA, 25 19, 700 TH
AN 31 92, 620TH
RFE+ g 41 186, 930TH
B T 14 7, 2707TH
W 55 194, 200TH
*EEA A T
2011 FELLAEDSZ AFVIRSL

[1]2015—2017 - Bl iFJo e #fi Bh i (BARAFSEB) (AREZE 5 15H04928
P Flpk ((R3R), & T oS (), KHEEA, SWNE, 15 RHE GEE)
PR . GSK3B R IR ZEE &3 D KDY A DI HEME B &RV B R O FA T ik
fFZERE 2 . 14,240,000

[2]2015—2016 - BlLopt 7o w4 (PRERAOHE 2F) 3R 5 15K15493
U5 Fp% (£%3%), Wong Richard, fHEyE A, KHEHAE, & 5 GHEE)
AR KIS AN D B-1T7 = R iR A E R DR FLAE G R IR 1~ D R SR LR RERRAT
FgEREEr : 3,510,000 H

[3]12015—2018 F=J& B At 70w Bh 4 GERAFZEA) (3R 5 15H04928
RGIEM (RF), 130 (43 40) , IR Flk GHLE)
SR A A H SRS « B3 7L 00 B 1 LA B (L AR OB 7%
et % : 41,000,000

[4]2015—2017 - B F0F TR A B4 GHRAFZEC) AR5 15K09051
SRR TS (RER) , AEsE AN (534, TR Filpk (GEH5)
AR  FLDS AN LD IEDS A KRR D= B T T 1 45 0D 43 TR AE O & D3 AU TR IR~ DI
7R84 4,810,000

[5] 2015 A8 AR K203 A il AN ATF 20 A 46 [RIAFF T (— %)
NSRS (1RFR) , TR FIEK, 132> (7 4H)
PR KGN I D B-1T7 =2 Tef DEREHER) CRD-BP D43 1B AR E LR RE DR
i3
ffFgEREE : 700,000 M

[6] 2015 A AR5 AU e il A 40 i SL [RIATF 28 (— %)
IRFAE TS (FR3R) , TR IR, 132> (434H)
AR : GSK3B AARE Y & DR BLZ IR = SE O B R A7 AT
fFgE#E % : 500,000 [

[7] 2015 AFJ&E AR OK 5203 Aot R AT 92 BT 2[RI 9T (— %)
FAEBG (83, P FIAL, 130> (4340)
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FRLRE « AR B 0D IS & SRR e D R R
Fge sy . 500,000 M

[8] 2015 4FJ&E 4R K508 A i AT 9T AT 3 R 9T (— %)
ERMEEARR (1R3%), W Flpk, 130> (4r4)
L RKUEA A ACE-E B A T KB A2 AT L ORENT. 36 SOV REfE A
A FER% 2 - 500,000 [

[9]1 2015 A28 IR T3 AUt e il A ZE i Sk [RIATF 28 (— %)
IIARES (RFR), TR FIRk, 130> (4r4)
AR  HRES AR GSK3B ZAZ L 2 HT TG RIEDBIR Ly T A=A A
WFZER% 2 : 200,000 [

[10] 2015 478 4R R SEH3 A0 R il FEIATF 5T AT 26 [RIF 7 (— %)
Richard Wong (fX3%), I FIik, 137> (434H)
AR : R HEAT I B -3 DAL A R EE B D[R] 8 3 L O REARAT
WFFER%E © 200,000 M

[11] 2015 G AR AR08 A TRV 22 BT 2 R AF 22 (— %)
wNEE (3R, J7 FIEkL, 132> (43H)
FRRE : GSK3P PRI L% BB 569 D T &2 DR T D iR
WFZER% 2% : 200,000 [

[12] 2015 A28 4IRS A3 A0 e il A ATF 72 A 25 [RIATF 78 (— %)
dr R (R, TR R, 132> (434H)
L IR A SRR LD BRI 635 GSK3B FEHIR D Bl %
AFFER% S : 200,000 [

[13] 2015 A7 GRS AU F il A agF 42 i 2[RI 28 (— %)
Xi Cheng (1X38), & Flpk, 132> (43H0)
il : The relationship between GSK3B expression and chemoresistance in ovarian clear cell
carcinoma

TFZef% g+ 200,000 M

[14] 2014 —2016 F- £ B F0FEE A B4 (FHENIZEB) i 5 26293322
WD (R, TR Bk GEHE)
M R T o7 VR YT a=s T LD BT VA — <\ k3 2 8B L R L O S A 4
AFgeReE : 12,160,000 F

[15] 2014 —2015 4 BHEFIER )G (FHFEIE B AL — R 3cHR) 8% 7 26893096
v’ AU7 (Ilya V. Pyko: 1% )
i : Development of combined cellular and molecular target-directed therapies for
glioblastoma
WFZERSE: : 2,300,000 M

[16] 2014 4F-F &R R SEH3 A0 R il FEIATF 5T AT 26 [RIF 78 (— %)
NIRRT (FRER), TR FIER, 132> (434R)
AR KAGD AN I D Wt R FRAZE R 537 CRD-BP D451 Ji LR R S IR RE O fii B
fFgERE 2 700,000 M
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[17] 2014 HE 8 AR A3 A0 Ji il AEATF 42 A 2L [RIATF 2 (— %)
SRR (FR3R), J7 Rk, 132> (434)
R FER A XYY — AE GSK3B DOAHEHIIRERNEFH OB E N AR IEIEAT ) — =7
~OJEH
fIFE#E % : 500,000 [

[18] 2014 4F B AR K203 At I Il IR 22 AT 2 [RIAF 22 (— %)
B (18FR), P FIRR, 132> (4340)
FRRE : Nestin DOV LHIENC XD, Mafa sy TR TRIR DB %
WFFER% 2 : 500,000 [

[19] 2014 A58 AR A3 A0 Ji il A AfF 72 A 2L [RIATF 28 (— %)
ERMEERER (FRFR), TR FIRL, 132> (534H)
AR B AT ARG A AU TS AT W TS KRGS A D B2 W oD BRI &6 3 A A
F1 =R LOFE
fFFER% 2 : 500,000 [

[20] 2014 A28 AR5 A0 e il A ATF 42 A 2L [RIATF2E (— %)
IWARES (RFK), T FIEL, 122> (53H)
AL B IS D GSK3P ZHEAE T DB BIRIRIE DB L) F A =K L
WF7ER% 2 : 200,000 [

[21] 2014 A2 AR F3 AU R A 20 i SL [RIAF 28 (— %)
BREE (R, IR IR, 132> (434H)
AR GSK3B FHLFEIC LD RE T8I O T B & O O fR
fFgE#Re % © 200,000 [

iy

[22] 2013 —2014 4FJ BL@mF 782w B4 (FREk A a5 2F) -
PR R (IRFR), #2 1LE=E ()
AL R Y AR O BRI I D KBS A 0D 95 REARBA L4~ i
ffFFER% % 3,770,000 1

R 5 25670572

k=1

[23] 2013 —2015 4R BLopaf s e i B4 G FAF4EB) 8% 5 25860233
HAREE (RFR)
AR = L — R L S B S AL B S AR RERR IR LI~ it F
FFER% % 3,770,000 [

[24] 2013 A= AR K23 A B AR 22 AT SL [RIATF 28 (5 7E)
SRR (3R, TR FIIEKR, 132> (43 4H)
AR : GSK3P FHE IS K DIED ATBIEIE D 431 Kol D fift B LG AR B~ Jis
WFZER% 2 1,250,000

[25] 2013 478 4RO H3 A0 R il AEIATF 5T AT 36 [RIF I (— %)
NIRRT (1R3%) , IR AL, 13 (4340)
AR HTR O Wit 1Ry 7 & O ST DRIG A D5y TR ER R RE SR RE O I
fFZEREE: 700,000 M

[26] 2013 47 4IRS AU e il A ATF 42 i 2L [RIATF 98 (— %)

T (1K), I FIRL, 132> (434H)
AR < Nestin O AN I 2 A6 i A ks L OB 5807 A= 1L A5 L oeh 3 2 8T - 2R TR JRE ks
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SR KRFNBAERBIEBTZERT SR (8 B T2w mEess
FZetEr : 500,000 M

[27] 2013 A28 AR5 AU JE il A ATF 42 i 2L [RIATF 2 (— %)
KHEEFA (R, T FIRL, 130> ()
AR : GSK3B FHEIC KD RTE FHE D T B &2 DR O iRt
WFFEREE : 200,000

[28]2012—2013 - A IRK P H AAFZER A (BL AT A
FAARFRR (RF) , TR Flpk, 132> (43FH)
A T T IT DARIERALETERL D T2 D AM L DR JEER T 1T
FZEReE: : 4,000,000 M

[29] 2012 —2013 4FJ & ROKFH RAFZER R (MLSTE AY)
Richard Wong ({%3%) , T Fllpk, 132> (43FH)
AL B R R 5 ) 1R OB BERY 6 KL UM & RO B RE DA AT
WFFER% 2 4,000,000 [

[30] 2012 4FJE 4R RS2 H3 A0 R il FEIATF S0 AT 26 [RIF 7 (— %)
JUHERIE (RER), P FIRK, 132> (434H)
FRE : GSK3B PRI LD HTHAEDS AL 22981 0D B 3% L PR 5
fFZERE 2 : 500,000 M

[31]2012 H=E A RK 2N A R I 7T AT S [RIAF 28 (—Ak%)
NIRRT (FR2R) , TR IRk, I EFnz, 132> (43FH)
AR KIS A D53 IR BRI R E O FRHT S22 W, TR DT80 D43 1-FRFE DRI
WFFER% 2 : 750,000 [

[32]2011—2013 4R Bl 20202 4 Bh 4 (GEEMFZE B) AR 5 23390321
JIEFnZ ((R38), I Flpk (5r4H), B3k AR (i)
PR ) DDIEAF AL EL bRy s OTEMAL & R & 9D KRG A DLW - TR IR B3
et 16,340,000 M

[33]12011—2013 =& FL2Af 50 wili Bh < (AT C) A E 5 23591955
JEWRED A ((RFE), I FIpk, I EFfnz (4340)
P : GSK3P FHEIC LD THAL SRS AR IE D B FE &4 115 DO fift 7
WFZER% 2 4,550,000 [

[34] 2011 —2012 4= B2 se 2 AL 4 (FRERAO B ZEMFT) GREER 5 23659643
PR Fpk (1R32), Il Efnz (Or4R), S iHFE ()
AR : DS AURE A RV — AR ) & T DI 2R S ATR IR TE D B 3%
WF7ERe % 3,340,000 [

[35] 2011 —2013 4~ Bloeaffse & i 4 (GEEE4E ©)
B (1RFR), R Filpk GEHE)
FRRE ) A — < DRI 7 TV BTy AR DO HENT.
W9 E : 4,550,000

cul
>3

R

[36] 2011 —2013 4 B2 7t 2 i B4 (BSEWEZE C) AR ZE 5 23590898
S AR (), TR Rk, 132> (54)
FRRE : DS AREFVE D HTHL S -~ — 71— {5 FAM107 7 73V — & HE O 8L - BEREARAT
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MEDHOHLERE 2015 (FFFEDH DA LERR 2011-2015)
WFgEReEr . 5,200,000 4

[37]1 2011 —2013 4 Bt st i B4 (BHEAFZE C) - iRERE 5 23591016
B IRAR T (FR3R), TR Ak, 132> (54H)
AR AL FRIEICIVFBE I ESND EMT #58IK 1 D[R E &2 O LD AR R LD B
3§
WFgeReE . 5,200,000

[38] 2011 4R RS AE R HI A 2 P 36 R IR (— %) HEEEE 5012
JUiE IR (X3, T FIRL, 130> (4340)
ARE : GSK3P FHE N L2 8T DS AL 0 15 0D BR % LG AR 7k B
WFgERe#E 1,000,000 M

[39] 2011 4FJE AR RS20 AE R HI A 7 T 36 R I8 (— %) EFE 50 12
AN (RF8) , TR Ak, I EFnz, 135 (43)
R KIS DS AAB BB ERR DT DA T~ — T — 1 TR
FZEREE : 1,000,000

[40] 2011 AFHE AR NS PG BT gt 2 — i Se B a4
TR FIE, N EFnz, 1&0»
AR DS AR ORI A AR R & D D3 ARSI L D B 5
TR 2 : 500,000

[41]12010—2012 4F- £ B FHFEE A B4 GRAEITIE A) (AREZE 5 20890086
P Flplc (3R, ) EFnz, KEHAE (), KREpHEE] GEHE)
FRRE : B A R E AR B 0 B R R 3 B VAL AR 03 A0 D I3 BEFR A & 23 AUl ~ D) H
FZEREEr 41,990,000 M

[nrORA EERE D HiRE]

HAESRFFHE 2013454 H 25 H

HHRES 7=« FFlfE 2013-093072

U - BIRAESS, HHEYEER, TR ORI

A FIRIE NS RER RS, BN REEANESIRKT
LR RN TR
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[ 54ER (2011 ££~2015 £E) DHd 7]
HHH 2011 £

2011 £3A 11 BICRAEULZRBAXREXKBERERINT KEFLLNELE. TNICEEANE/NR
BTEHNELIEN, 2007 £3A 26 HORRZF EMETHENEKX LB S (HROHOHEXR
2007 £=ZHR)IFB A, WESNEESTOCEREHD, SREEBVERLLIFFICELONEEA.
BMNFSEFTHE, EEFBEORXIERESHGSN, BETIEESITEIMDITEONELE.

2011 7 RICE, B0 B EFORZNLELHE10EFDNZFELE. HWEIERKXENN
MEHERE (ERTRXRRFrVNR) D—ETEAAR-AGLL, BEAIYIEFA— ALK
RTUE. ETHDMLVENT, 10FLE2ERBHRELTVERATLE. 2L OTEHDEFTHA RN
EEETIHENIMER, ARAPREOCKEICINSGEITRETELEDL, HOHTEL>TNET.
7R28I2(3, :nitluﬁutwrL\H'EE?:'MPFEEJG) SShE— I, EIRMULLDEFDEELET
‘Et%i\%Aﬁmﬁbibf LT, BIE7ROHRESEDLRELTY -1:9@ ARV ERRE,

ETHHMLLELE. E80 £ TRIBICREFREL, HqJF'aEHIL\L\l,\?B%Jt%”zL;TUtt%'CLﬂ"

BIRLETH, 1MEBOHRELEISEH, (ChOBEMRBEENLEEELE. ARAK, &7
8B, EEEEDETHRICOEENMFIRSNEILL. FALBOETAICHRENENLLASHELST
ETRBE INTFe—RICHRDIERToNZELVIELSEMBDESAERNEE TVET. BS
[FLBLBHNETH, £LIEKGDRFEERITTHEOETT.

£5—, BEFCHHLBLEVIELRHDET. 11 A 26 BICIEE THRESNEE 22 BIAAHEIE
%%ﬁ%$$ DEEREFTBFRERT, FAEE0OMELFNE 24 B AKXHEHILFJEREFZSR
SERLTRIENRIDFELUE. BICRIEFHETT. FB/INEREBICRESFMEEEL TS RIR
EEEER(MAMREHIEFRENEZE HIR)DLDERICIHAONDLIICOEHFT. FER
2013 £9HA5—6HNDF¥ECTY. é/R_CEﬁ*IEa?EE(Eﬂk)b‘%ﬂﬁﬁ""‘“"é:_?ﬂééﬂfh‘b 20
FBHICHENET. FACBEREERBENBLOE 20 3850T, CNETHBHIBERNET.

FEEDEFEA DD LEHBESN S LOICH 2 TELDOD, 2011 FRINFRKFERIELREDEE
MREGENRKRTUNBLICHNFELE. CTICHMOB LV ODDIERFATZBICEDTIEETERIHE
BNFET. 10FFIERNIRZ LR, VWOLRTER T, VDR PARICENDLD, HBEICHEEE
FIHEVERNFET. 10FZHICPHIIEB > TWVREROAHEEZEILEoERTEHIEICL
FL. BFEATREDOLL, EEDBNEHPHEIEIS. 2, BEHROZEILBNIE
ROIHETeet(C, THEEVEEINEENTT. I ot CHREECIEELA KBV LET.

2012 1R

R R
T920-0934 2] NESRHTERT 138 12 Division of Translatignal and Clinical Oncology
2R K EZEN A L B 2R R - }E 9 10 Eancer Reslcjar.ch In.itltut(ei Eld Qilnlcer Center
ERKZHBREEL A L SAEEYA— (BHE) : 33.1?323.1;231? ¥ and Hospita
EREMKXFRENRER GEFEE) Kanazawa 920-0934, Japan
EEE 076-265-2792 (Eif), 2798 (%5, BIRE) Phone 81-76-265-2792 (office), 2798 (secretary)
FAX 076-234-4529 Fax 81-76-234-4523
e-mail: minamoto@staff .kanazawa-u.ac.jp e-mail : minamoto@staff.kanazawa-u.ac.jp

HP: http://www.kanazawa-u.ac.jp/~ganken/shuyoseigyo/index.html
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2011 FEDTET L

201141 H 19 H

20114F1 H 23 H

20113 A 11 H

201143 H 31 H

2011 4-5 H 14 H
201147 H 01 H

201147 H 02 H

20114F7 A 27 H

201148 H 19 H
20114F10H 1 H
20114F 11 H 1 H

20114511 A 25 H

2011411 H 26 H
2011412 A 16 H

2011412 A 16 H

A D% 2015010 FEESR)

MREOHPHEXER 2015 (FFFEDOHWDH LERR 2011-2015)

S PR RS TAAICBT 2 EOmWEEMARNMES ] THEE CRFMER

Be) R BT, DAUERE L BN AER—ESRN A Z I —

- PR RUR AN LR A7 w T RAPHRRE  (GRATRPIAR—/L) TRl

AR - EERD AR DT 7 A TRRER B R~ DE
1A 248 &2 A 27 BOALBEHR B FliciBd

S HESN S 25
- B BB I R AR A T

PR - ARRRBEEIEIC 3 1T 9 GSK3B DIRHIVER ORI & RS o aTREME

» REFEHEA (@RRDASEIM) - AEmbee Rt EoE =
» GREFRERFGEH LSS - B REBEFENZECSE Wi

AR KRGS A DAERZERRRIE ORI & 2217, TR~ OIEH

- SEISS IR IE 70 BFBRRR 10 JAFRL& WFER RS « L OKRIEE (&I

LI DAL ¥ L ATV AMAR [BE]

- ERFZER - MR CA)IRSZPRIRBEH LR 2R LT 501%E

F— A ALEDS A ST FEIEEN B & 2 E
ZEE L WERL, REZEAT (RIS YR RS R
Pkt — (BIRRHTREBEAA D, N Efne, IR FlEk
AR ¢ RIS AFRRR R I TRIEAC K DAY A E B0 R OO KRBT &
DX AV E A~ B
WoE - 7 A 28 A OALEHEE B Tl HE#

- RERREREEAE | - RBERT AMERES ST BN
KRB OREARS T & A & IR EWES R 43 4 30F S % B A4
C BRKERFBRE LRI BIA RS P ARSI B

A © GSK3B Z AR & 58 « WEREEIEIS O R AR I & 15 HRE O B 38

- 55 22 Bl ATELEHER A PSR OB FES LA RIZBWT, TR Rk

MAFEOE 24 MMERIOBRH I N2, FEIE 20134 9 A 5-6 BicA)
PN TR T E

< BIRKTFD AR RIF e 2 « AT /0 AR
o IR ST A RUR i 25 4% SSH (Super Science High School) 7' & 7' A Cili s

e (SRERREH SRR ) © 83T 5 092
PR RURL © AR ADORF: & ERR

- JEGHIE - SRERRAEGNRSFREFES - & &R SRS

LEFOMFGEAL 73—
201147 H 2 H
ATV HBAIR
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HPH 2012 &

MESE, BNICENTHRERRF 10 AERL SRR RKENAVARTESHIEHHES T HEOD
HYHEELE 2001 —2010 F 1% “Downstream, Present & Upstream”EFRULTHEFILELE. BLD
BCEGR B G TEHNDTLE. NTH, FNEENELHEITHMEEN 10 FZFBLEETH
D, BELRTEHNET. 10 FEERUINICPHIIEBH>TIWVEMIEARDARREELZEFERKITL, B
SEICMAULELE. BEFEATIISOFKHohELBWAEEDEBDRNEHPHEHTA LR, SEF
HiRELELE.

FhOWMEIEIE— ADIUARMFEELIARFZERESNZHE, RETEEDIZvDERHBESN,
I ERICRSNTOET. DOLDLIICTRERRFST, KRise 10 FFRLZFHmeELLIELL
ECB, DEDLOIBIRBERFELOS LI ETHR LELE. LLTRIRX:

B 3% FE. EMESFHFD 10 AERSHE. themBEEOEEESRICHINES T NELE, B
ERIGDRGERBOBEERLET, SJGEELNLERVNET,

BEFREBVENT., CORZHEELNEDTIIHBVTLLID, EFFE -FAD BB S5 E1KEE
FEREUNMIETESTPDELE, - (FFBR) - - - TULEN, AINEZEHTLONBIFELE, FAOE
BRI ZEERTEDA YIS IERZEAICREFK I TIONFELE, THEDE, DB R SZ0HEN
FICEEZFFELEN, FEE(OOVWTE. THZDEEENEOHRETHENN TV LU L., ZENER
(A E LN ERRERE L TR LU TH(CERBERICH TR EF THD 1L EFEDEEFH A B FEE
BWTESTEELE, 2T REDIOVOTEMREELTOERBICEKRE ., HRERTIEANHNET,
FENESHRZEEEERRDMINFTELTHENET . BEHFAD - - - (HER) - - - #ZBLTLFET,
(FhEg) - -3 CEICERBENDBE 2 TY, [2012 F£94 11 H]

EUNCEBE, ABOBELCERSDIRNF-EEDLLTLENET. ENTE, ISWEHALLBER
EEELIIBOEZFOLIICHLRELET. COLIBHENETANVZHETINDT, FHEIEELIC, ESE
DIAROHPHERIE 2012 FIEEDLIICRTEHHWZSEDON B & -LBBRLEHNL, BEITTS
CEICLET. BSFOZREOBVIER, CHFLCHE VLN EENTTY.

SEN 11 AICEAEFANEBEEENERESNELEZIMEE1]). AR (2008 & 11 A 27 B, XD
HHEELE 2008 SB)DNLEDPSENRBL, COMICENFEDIENTELMNI B S THEEHIZE
#TT. TNTH, EAKRK(DHICL #5H) EELBHEEEEDS ZAIFETEENITHMECE
SWFELE. HINNCETT. ARDBEERFBRTEZIEAN, LEDKUBOILER, K2, REP
HMEITHREEHLOEHTRELTVNET. —MEDHFICRELVEEBAXELREVFULHKRERE
REZINTKEELLEDD, KWNEEUTIOEDRE IOKTISEFLBICEIVNGEITTOET. Theld
RIEFEBNETH, ARETEENEUGBIEILODHFENER NET.
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{BITHAE (Bl ERERAKFHEHEENFS) ZEF4E News Letter (2013, No. 1) TRDESITH/RABN,TLY
F9---FAMBRSEEFRLE, £ 14 ARSE=HR— K 4E (£RKXKENVEFFIEZ) H 4
LTKESWELEDT, £RTORSBERSEBICHNFET. CNEFTCR—H#TH CORRELIEEDN3
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MEEPHARELEIBODTTLEENELRELHNFELE. BT LEEERTIEIFRLDEBULA
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FEDFTLIVAEEDBASL, drug repositioning (BRI ERERA) (CL BB F IR B DER KRBT ZE (UMIN:
000005111) B L TR SO TR RENDETLE. INEFTEEL, EE, HAEEFVVTIIARE
LTOEZFARIOVWTHLEMEZTELE. BATIERERNET. EORSFHERNODTECE
DR &I TEFEAN, AEFENMETUEIEEBAL, BIREICR(TIEHTVET.

FVBIEIL, COFCIFARFBELINTEZE, BRARZLREZNARZREDOIEICEBEHR
EEREVERE, FEOULI O ECHULTEFRA—YavEIELTERLSICRELTVET. Fak5
O RIFETE/NSHEBETTN, 2012 FOFHREHEDLEECS, WM KZFH LR -RENFE
DA BERENORODLIIBHENEEH LELE - ARZHRDERROLKIBTIG Lo VET H
O BAEEDBEECN/NKEL, STPNTE, BREDTEEFLDIIOMBIFELY. JELOXENHNE
T AL KRFELBOTTN, SL4ED GSKIB OHEEFEFRL, BOHLELE---ELVDEDTT. &T
LENMIRET, TRIToNFUE. BEFCFIND o CHEEECTIEFHREL\LET.
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ABICREELEMER VDI VFADR FEFEE D ULIF TN EHVTT.
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&RV I SRR - SRR GRS S L IR I HS AR - U NBR B - 4 F R Y
~NAHERFIE A~ |, 201542 1 H 21 A (K), 22 A OR), A)IRSZF 54, &R,

5. Takeo Shimasaki, Satoko Yamamoto, Yoshie Yoshida, Naohisa Tomosugi, Toshinari
Minamoto. Identification of secretory protein responsible for GEM-induced EMT in
pancreatic cancer cells. H AR ARU T L/ LEFH « LRAFIEILE S VR A
(73 ARG « 0 NBR B » 53 F AR ~ 23 A R B~ D BRER 1, 201548 1 A 21 A (K), 22
HOR), AIRSEE R, 4R

6. MXHEFG T, AIEETT, SAAGE, R Rk, FHEA. BERAIZBIT DY EE{E nestin D%
BN 2R, BAREFRE TR T L IFERA R RFZEILE S AR A AR
HERE « P80 NBRBE - 0 FARR) ~ DS AR I ~ DKL ), 2015 4F 1 A 21 B (K), 22 H (K),
AW SE B 5 AR

7. ESWREESR, JeHERTR, TR FIRK, A EA. SUEANC L BERE MR CFE SIS EMT (i
K- DR & A REARAT : GSK3B FHEIC L O, 25 46 [0l H APER TR, v rhyy
L2 ER B D4y 1€ —Basics and Applications—, 201546 A 19 H (%), 20 H (L),
4 RERRS S, 4R,

8. AEAETE, MLEEVRER, BEMEED A, Tlya V. Pyko, TR —#k, BTN, 1LMUEL, B F
%, KEGDSAMEGHFREIZIIT D GSK3B D&E]. 4 3 mIAALIHIFZES, 2015 4 7
A 16 HOR), 17 B (&), A 15 5%, 4R,
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AT, WA, R 18, JR FIEK. GSK3B 1L FAK-Racl-INK #&#& %/ L CIBIENE
AR ZHERE T 2. GSK3P sustains invasion of glioblastoma via the FAK, Racl and
JNK-mediated pathway. 55 24 [F] H KB AMRSFERFAMES RS, 2015 4 7 H 23 H
(R), 24 B (&), v T47 7P Rk, K.

A TR, FEE PR, AR EE, JIIFL F—, ek 1. Vinculin |3 MEK/ERK #2 &
L7= MT1-MMP O#EGZGIZHIET 5. 5 24 [0l H A AIERE S FIES R 2, 2015
F£7H23HCK), 24 H (&), > T47 TV KK, KIK.

wHEH, BEEA~LATYE YN, T, B NS, K THESR, WILMZ, MR FEE, Ak 8,
JRFIER, HEYEE. BEAFSRES 25 L2 B 23RS I3 972 GSK3B AERYTR#E. & 16 a1 H
RO BRI B2, 2015 42 08 A 28 H (&), 29 H (1), 7Z7h T oilfrar 71L&
s —, IR,

WA, AR, B, R 1, DB, TR R GSK3P (X FAK/Racl/ INK
R A I35 MMPs O % BLTLHE (2 & o TR EF A im0 12 1/ & HE it 3 % . Takahiro
Domoto, Takuya Furuta, Takahisa Takino, Hiroshi Sato, Mitsutoshi Nakada,
Toshinari Minamoto. GSK3[ sustains invasion of glioblastoma by expression of
MMPs via the FAK, Racl and JNK-mediated pathway. &5 74 [a] H A P2 2k 23,
20154E 10 H 8 H (OK)~10 H (1), 4 BERSHS, 40 E.

RSIRAE TR, 1A Y-, MARE, AIRERE, AEZEA, i R, 75020 A I
MARICFEE SIS EMT (28K 1 O [F & LR REMEAT : GSK3B FHE 2L A4, Takeo
Shimasakai, Satoko Yamamoto, Takahiro Domoto, Tomiyasu Arisawa, Naohisa
Tomosugi, Toshinari Minamoto. Identification and analysis of EMT-inducible factor
by gemcitabine in pancreatic cancer cells. 5 74 [A] H A F 2 228 2, 2015 45 10 A
8 H(R)~10 H (L), 4 F BEFREEY, 45 E.

TP, HDEHE, EAETE, fik 1. Tip60 |3 NF-«xB #E#Z /L CIB2FIED MTI-
MMP 3 H1. 112 21445, Takahisa Takino, Mitsutoshi Nakada, Takahiro Domoto,
Hiroshi Sato. Tip60 regulates MT1-MMP transcription and invasion of glioblastoma
cells through NF-kappaB pathway. 55 74 [5] H A9 P2 72, 2015410 H 8 H (OK)
~10 H (1), A T REERS®ES, 40 E.

HAR, R, BT, )RS —, i . Vinculin |3 MEK/ERK #2472
MTI-MMP D iis B % 4 |2l #1795 . Taisuke Yoshimoto, Takahisa Takino, Takahiro
Domoto, Syuichi Kawashiri, Hiroshi Sato. Vinculin negatively regulates transcription
of MT1-MMP through MEK/ERK pathway. %5 74 [A] H AR #2202, 2015 4E 10
H 8 HUR)~10 B (1), Ak BERRZES, 452,

AR T, Byldshoe, AIRE R, IR Flk, AEA. =7 —2 %03 2 Mia i A
TER : HTLWEER 7L — N2 LA MEAT. Satoko Yamamoto, Takeo Shimasaki, Tomiyasu,
Arisawa, Toshinari Minamoto, Naohisa Tomosugi. Investigation of intercellular
communication in cancer via exosomes with a new special device NIKO-1. % 74 [f] H

RIEFEFIREE, 20154E 10 H 8 H (R) ~10 H (1), 4 A REEESEY, 4 &=,

TRFEE, (UARES, Ak 78, RFNER, KNEEZ, —mEm], el 5K 4, il
M, PR, SRS, KIEEE, 1 Rk, TEIT. GSK3B PHEIEZ Vo
W IE -~ 75 T HE )75 % . Shingo Shimozaki, Norio Yamamoto, Katsuhiro Hayashi,
Hiroaki Kimura, Akihiko Takeuchi, Shinji Miwa, Hiroyuki Inatani, Yu Aoki, Takashi
Higuchi, Kensaku Abe, Takahiro Domoto, Takanobu Otsuka, Toshinari Minamoto,
Hiroyuki Tsuchiya. Therapeutic effect of GSK3[3 against osteosarcoma via -catenin
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18.

activation. 2 53 [F] H AFEIREF 2 TS, 20154 10 H 29 H OK) ~31 H (L), E7
HERE B, FUAD.

BIRAETS, 1A, JE IR, FiSAANC KON A FESND Sy F Lo ) — A
A U7 AR IR FLVEH OfRAT. 55 26 Bl A ARTE(L e AEFESRE. DR VUL 4:
AL SRR O NBRBE O 43 F-HERE. 2015 4F 11 3 19 H (OK), 20 H (&), kF4£ HZE
AT, KF
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19.

20.

21.

22.

23.

24.

25.

26.

Toshinari Minamoto. GSK3[ in cancer metabolism. International Symposium on
Tumor Biology in Kanazawa (iR [E =N A AW 7 0 RY D L) & Symposium on
Drug Discovery in Academics, January 234-24™ 2014, Kanazawa Excel Hotel
Tokyu, Kanazawa, Japan.

Takahiro Domoto, Mayumi Hirose, Kenjiro Kami, Tomoyoshi Soga, Hiroyasu Esumi,
Toshinari Minamoto. Inhibition of GSK3f rectifies aberrant glucose metabolism in
colon cancer cells. International Symposium on Tumor Biology in Kanazawa (<R[
BRI A IR ) & Symposium on Drug Discovery in Academics, January
23-24"™ 2014, Kanazawa Excel Hotel Tokyu, Kanazawa, Japan.

Mayumi Hirose, Takahiro Domoto, Toshinari Minamoto. Therapeutic effect of the
cocktail of GSK3f-inhibiting drugs. International Symposium on Tumor Biology in
Kanazawa (4 IR [E BER A ALY 72 AR T ) & Symposium on Drug Discovery in
Academics, January 23"4-24™ 2014, Kanazawa Excel Hotel Tokyu, Kanazawa, Japan.

Takeo Shimasaki, Nobuhiko Ueda, Natsuko Kawada,Tomoe Nomura, Kaho Yamada,
Hideto Yamada, Ranji Hayashi, Kazuhiro Matsunaga, Tomoki Fukuyama, Toshimi
Otsuka, Masakatsu Nakamura, Nobuyuki Toshikuni, Hisakazu Shiroeda, Takeo
Kosaka, Naohisa Tomosugi, Toshinari Minamoto, Tomiyasu Arisawa. Phase I clinical
trial of the combination therapy using gemcitabine and GSK3p inhibiting drugs for
gemcitabine-resistant advanced pancreatic cancer patients. Digestive Disease Week
(DDW) 2014, May 3"-6™ 2014, McCormick Place Convention Center, Chicago,
Illinois, U. S. A.

Shingo Shimozaki, Norio Yamamoto, Hideji Nishida, Hiroaki Kimura, Akihiko
Takeuchi, Takashi Kato, Yu Aoki, Takashi Higuchi, Toshinari Minamoto, Hiroyuki
Tsuchiya. Molecular targeted therapy for osteosarcoma using glycogen synthase
kinase-3 beta (GSK-3p) inhibitors. American Society of Clinical Oncology (ASCO)
Annual Meeting 2014, May 30"~June 3rd, 2014, McCormick Place, Chicago, Illinois,
U.S.A.

Akane Moyori, Akiko Kobayashi, Kayo Imamoto, Hidehito Tochio, Toshinari
Minamoto, Richard Wong. Diverse function of Rael in cell cycle. The 26th
International Conference of the Korean Society for Molecular and Cellular Biology,
October 21%~23™, 2014, Seoul, Korea.

Takuya Furuta, Mitsutoshi Nakada, Hemuragul Sabit, Dong Yu, Katsuyoshi
Miyashita, Toshinari Minamoto, Yutaka Hayashi. GSK3p inhibitory drugs attenuate
invasion of glioblastoma cells. 19th Annual Scientific Meeting and Education Day of
the Society for Neuro-Oncology, November 13"~16™, 2014; Loews Hotel South
Beach, Miami, Florida, U. S. A.

Takeo Shimasaki, Naohisa Tomosugi, Toshinari Minamoto. Identification of the
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GSK3B-mediated secretory protein responsible for chemotherapy-induced epithelial-
mesenchymal transition (EMT) in pancreatic cancer cells. The 8" International
Conference of the International Society of Gastroenterological Carcinogenesis:
Symposium 4 “New Mechanisms of Cancer Metastasis and Invasion”, November
13"<14"™ 2014, Hotel Nikko Fukuoka, Fukuoka, Japan.

Yasuto Tomita, Seiko Miura, Jun Fujita, Emi Morioka, Daisuke Kaida, Toshio
Oonishi, Yukako Oono, Miki Noguchi, Hiroshi Funaki, Hideto Fujita, Shinichi
Kinami, Yasuharu Nakano, Nobuhiko Ueda, Takeo Kosaka, Toshinari Minamoto.
Expression and clinical relevance of CRD-BP in colorectal cancer. The 8"
International Conference of the International Society of Gastroenterological
Carcinogenesis: Sa/mposium 2 “New Frontier in Cancer Genome Research”,
November 13"~14" 2014, Hotel Nikko Fukuoka, Fukuoka, Japan.

AR, BT, MK EERES, BN, ILATEL, I R KEEsAORRENC
BT 5 GSK3B DOFEREMFHT. 25 2 IR ALREMIZES, 20144 7 H 10 H~11 H, FUL#
BERFEAMF v 7SR, FUR.

IR, HHYEE, ERIEE, AIRE R, AT, T/ Rk, KZE/A. GSK3B BRE
VERZ O EIK L DOVR Y a= ZIC AT O F I RIER . 56 12 B H AR
IKIEIE PR SS, 20144E 07 H 17 H~19 H, @®MERSSZS, @&,

Takahiro Domoto, Kenjiro Kami, Mayumi Hirose, Ilia V. Pyko, Tomoyoshi Soga,
Hiroyasu Esumi, Toshinari Minamoto. Involvement of GSK3[ in aberrant glucose
metabolism in colon cancer. (B A5, #E KRS, FOliED 7, 2 AU, EIHRNE,
TLATEZ, TR R KA OFERENCI51TD GSK3B OHEREAFAT) 55 73 0] B A 2
AR, 2014 49 H 25 H~27 H, /v 72k, Bk

Mayumi Hirose, Takahiro Domoto, Toshinari Minamoto. Repurposing of the GSK33-
inhibiting drugs for treatment of gastrointestinal cancer. (i £ 7, HAEE, Ji F)
f%. GSK3B BHEFRN R A RO IS Ow AU KO THLER DS ATRIRIEDIRES) 25 73 15
H AR PR, 2014459 A 25 H~27 A, /Sv 7 rafiik, #Eik.

Takeo Shimasaki, Naohisa Tomosugi, Tomiyasu Arisawa, Toshinari Minamoto.
Gemcitabine triggers epithelial-mesenchymal transition (EMT)-like change and
enhances cell motility in pancreatic cancer cells. (FIFAE TS, KIZE/A, AIREFHE, I
MR, ALZFIIEIC LD AR EMT #E S ERE~D ) 5 73 18] H AR
RFHTRE, 201449 H 25 H~27 H, /Xy 74k, Rk,

Hiroshi Doguchi. Hyperbaric oxygen therapy (HBOT) has impacted on mouse skin
two-stage chemical carcinogenesis. (i 14412, <~ AR & B FIE MM AN T D
JEREFRIRIEDORE) . 5 73 Il H AR R RFTRZ, 2014 45 9 H 25 H~27 H, /"7 4
ke, R,

T HES, HEYCE, BEEASLTYE YR, B NS, I R, AR . GSK3B PHEE S
O B 3 e i 1P 1 i) %) 3 (Attenuation of glioblastoma cell invasion by GSK3p-inhibitory
drugs) . 25 73 [6] H AR S 2ITR S, 2014 42 10 H 09 H~11 H, K7
Y ARRT VT m, FUR.

ESWRAE TS, AL, TR IRk, WA O HUAs A FIF5 84 b R SRR (EMT) 235 %8
T W EAEORESL GSK3B ([CEDHIHE. 5 25 B H ARHbas B AT e v
VIRV LA AEER R OB T2 A =X L), 2014 4F 11 A 13 H, 14 B, Rm7/VE#
e, @ .

BRI, T, HEE M, RMRSE, HERKE, KR, RFHE T, BFrk

-79 -



BRRZEDAERBIBBTFEET BB (R & 728 s E

37.

B, R P, BRR BN, KRrafh—, REPRIE, ERIEZ, SR, J5 Flpk. KIGEICEs
(7% CRD-BP DI &G RIR EL 2 A0 R 1L OB, 55 25 [ H AT L e B A i sy
IR T T L2INA ) BFGEDFRBE 1, 2014 45 11 A 13 A, 14 H, &7V BRI,
fal.

oA, R EYGE, RS LTYE R, B, W NS, IR R A R, BEAESKER A
\ZEDIBIEIED GSK3B 1YL (GSK3B-targeted therapy against glioblastoma by
drug repositioning). %5 32 [A] H AMMEE 72 P82, 2014 45 11 A 30 H~12 H 02
H, =T8T T2 T hyFay AR T/, TR,

20134F

38.

39.

40.

41.

42.

43.

44,

45.

Takahiro Domoto, Takahisa Takino, Toshinari Minamoto, Hiroshi Sato. Cleavage of
hepatocyte growth factor activator inhibitor-1 by membrane-type MMP-1 stimulates
tumor cell invasion and metastasis. The 3™ International Symposium on Carcinogenic
Spiral & International Symposium on Tumor Biology in Kanazawa 2013, January 24-
25, 2013, Kanazawa Excel Hotel Tokyu, Kanazawa, Japan.

Mayumi Hirose, Takahiro Domoto, Yumi Ito, Kazuyuki Kawakami, Toshinari
Minamoto. Therapeutic effect of GSK3[ inhibition by drugs in clinical use against
colon and pancreatic cancer. The 3" International Symposium on Carcinogenic Spiral
& International Symposium on Tumor Biology in Kanazawa 2013, January 24-25,
2013, Kanazawa Excel Hotel Tokyu, Kanazawa, Japan.

Takeo Shimasaki, Yasuhito Ishigaki, Ayako Kitano, Takanobu Takata, Tomiyasu
Arisawa, Nobuhiko Ueda, Takeo Kosaka, Tsutomu Takegami, Yoshiharu Motoo,
Naohisa Tomosugi, Toshinari Minamoto. GSK3f is an emerging therapeutic target in
pancreatic cancer: its implication for cancer cell migration and invasion. DDW 2013,
May 18-21, 2013, Orange County Convention Center, Orlando, FL, U. S. A.

Shingo Shimozaki, Norio Yamamoto, Hideji Nishida, Hiroaki Kimura, Akihiko
Takeuchi, Kentaro Igarashi, Takashi Kato, Yu Aoki, Toshinari Minamoto, Hiroyuki
Tsuchiya. The novel therapy for osteosarcoma by targeting GSK-3f. International
Society of Limb Salvage 2013 (17" General Meeting), September 11-13, 2013,
AdArte Eventi, Bologna, Italy.

Toshinari Minamoto. Targeting GSK3p in colorectal and refractory cancers. 7"
Conference of the International Society of Gastroenterological Carcinogenesis,
November 15-16, 2013, University of Pennsylvania, Philadelphia, PA, U.S.A.

Mitsutoshi Nakada, Takuya Furuta, Hemragul Sabit, Yuri Chikano, Yutaka Hayashi,
Hiroshi Sato, Toshinari Minamoto, Jun-ichiro Hamada. Glycogen synthase kinase 33
promotes glioma invasion via FAK/Racl/JNK/MMP pathway. 4th Quadrennial
Meeting of the World Federation of Neuro-Oncology & 18th Annual Meeting of the
Society for Neuro-Oncology, November 21-24, 2013, Marriott Marquis Hotel, San
Francisco, California, U. S. A.

BAREE, J1 AR, BSAONREEIGHEIER GSK3B DM, BARBFEART LV RIT LN
WERHT L ARY T L 2013, 2013 42 1 H 17 H —18 B, BHERER P ATy
VS B RS R AR A, RO

B E DA, ARG, A%, I EFZ, P FIRR. GSK3B ZfRRY& LI BE FIE K 4

Z W= RIGDSAIBHIEDBISE. 8 78 MK REMFSE S, 201345 1 H 18 H, #itikr#
—R—/L, H.
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BB, PHEGE, KR, Eleet, IR, EELTY e N, TR R, U
—B. GSK3B BLEERZA T 273 AZ - R B RO S ML iOME,. &
31 [5] H ARMIESR %4, 2013455 H 24 H—25 H, FKC Hall 7 7v>ar o Z—,
.

RS, I EFnZ, FERRZAT, ILUHEATE], P2 I, IR R DNA AF AL 2 —2 b
T RKIGIS DR, 55 79 [BIRIGEFZE 2, 20134E 7 H 5 H, fEHATAE L, KIK.

B HER, RE M, RS, FEBRKE, KB, KREHE 1, B 0358, iHR 5,
FRHEFS N, RKEf—, HEZRIG, EHIAZ, ASESS, I Rk, KIBEIZHIT5 B-
catenin DHZGAER) CRD-BP OFEBL LG R FHIR 1L D belseiigt. 55 79 Bl KRG F
Jea%, 201347 H 5 B, HEHA ALV, KiK.

BIAR TS, AHEE A, Sl RIG, EHEIEE, AICE R, AR, TR Rk, K EA.
GSK3B ZAERLUT-BEfFE SRS L DEN A DOFIIRIR. 56 44 18] B ARERSS K,
201247 H 25 H—26 H, ilBEEEE 42—, II5.

AR, FREDS, MERES, SN, AL, R Rk KA OB RS
BIZF1TD GSK3B OFEREREAT. 5 24 [0l H AT Las R AT RS VRV AL N
ADRHIRFEE DS AW, 2013429 A 5 H—6 H, Al RSr 8%, 43R,

RS, I EFnZ, FERRZEAT, LA E], P2 W, IR R DNA AF AL 2 —2 b
AT RIGDS DR, 5 24 [0l H AV L SRR AT RS, 201349 A 5 H—6 H, Al
ERVAED S /N

DA, WA, AL, TR Rk, BEAFERK L Z2 = GSK3B BLEICL D KI5
DAABHIEDBR%E. 8 24 [0l H ARVE{L e AEFSHRE, 201349 A 5 H—6 H, Al
ST 5 EE AIR.

AT h, /AREAC T, TR FIAK, Richard Wong. KIBIEIZI T HXEALESIRE & B-
catenin OFA A VEF CREREREAT. 55 24 0] A AW Las s A2k, 201349 H 5 H —
6 H, AN 85, 4R,

FEET B, /NRERRC T, PR FI K, Richard Wong. KAGHEIZI51F D B-catenin & TCF-4 D%
EENETHEELE SR O&ED. Akane Moyori, Akiko Kobayashi, Toshinari
Minamoto, Richard Wong. Putative role for nuclear pore complex in mediating
nuclear transportation of B-catenin and TCF-4 in colorectal cancer. £ 86 [A] H A1k
FRKRE, 201349 A 11 H—13 H, /307 ik, FHIk.

AR, Bl ED A, BN, AL, I IR, RIBSAMIBORERERMEIZ I
%5 GSK3B @ ¥5 ) 1E A . Takahiro Domoto, Mayumi Hirose, Tomoyoshi Soga,
Hiroyasu Esumi, Toshinari Minamoto. Putative pathological role of GSK3p in
aberrant glucose metabolism in colon cancer cells. 25 72 [A] H AN 2 2 2, 2013

10 H 3 H—5 H, v 7ok, Bk

THYER, Ea AU, BT Y YR, A, IR FIRL, EEE—RR. GSK3p HLEFIZL
LBEEREOT T aINERHEA L c-mye 7 L& LIz MGMT 7' 2 —4—AF 14k,
fig £ %) & . Mitsutoshi Nakada, Ilya V. Pyko, Hemragul Sabit, Yutaka Hayashi,
Toshinari Minamoto, Jun-ichiro Hamada. GSK3f inhibition sensitizes glioblastoma
cells to temozolomide by MGMT promoter methylation via c-Myc signaling. %5 72 [F]
A A 24, 2013410 H 3 H—5 H, 77 gk, Bk,

[ ED A, GHEA S, AR, IR FIEk. GSK3B IHEEREZA T 2EIEGHO KRG A
\Z%F 3 5 15 9% % B . Mayumi Hirose, Yumi Itoh, Takahiro Domoto, Toshinari
Minamoto. Therapeutic effect of the GSK3p-inhibiting drugs against colon cancer. &
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72 [A] H A 22, 201342 10 H 3 H—5 H, 7337 rakfik, HEk.

58. HHGE, AR, AL, =R, BEESLT Ve YR, BadfUT, HHEE, %K
o, BAIEE, AR REZ, NI, I Rk, 8 EE—RS. ZH6EEx 7 — & GSK3B Z1EHY
ELUTZBIENE AR O LA LS K . Mitsutoshi Nakada, Yutaka Hayashi, Takuya Furuta,
Katsuyoshi Miyashita, Hemragul Sabit, Ilya V. Pyko, Daisuke Kita, Masanao Mobhri,
Yasuhiko Hayashi, Naoyuki Uchiyama, Toshinari Minamoto, Jun-ichiro Hamada.
Translational research on GSK3B as a molecular therapeutic target against
glioblastoma. 25 72 [A] H At AR E e 2T R YD L2013 410 A 16 H—18 H,
T afd R, R

59. B RS, PHSEE, KA, MEEEm, A TFRES, B EE, AN, LT
b, BELOREE, IR AR, J8EME B, GSK3B FLEMEMZA I HBEEERAZ - R
JBLERETE RO 11 G R RBRICB T D BRE s e A~ — D —IZB T Dt 56 72

[B] H AR RA R RS R AT U RPT A 2013 42 10 A 16 H—18 A, 237 caffik, #

.

60. & IR, THEYEE, WEBE~LTVE VR, BB, A8, I8 R, 78 mE—ER. B2
JE~ AT T KT HREF D GSK3B FLEEIRGONE. 5 72 8] H AR R
RIS TR 2013410 H 16 H — 18 H, 233 7 ki, Mk,

61. FIFEE, (WAED, FAEEE, AREEH, RNEZ, T REEORRS, s+, I Fl
B, TEIMT. BREICRTT % GSK-3B FHEHZ 725 FHERITRE. The molecular
target therapy for osteosarcoma using GSK-3 inhibitors. # 28 [0] H AFEFE SR o FLpfE
%, 2013 4F 10 4 17 A —18 H, WAV EEFRZ#S, Wk, TH.

62. TUFEE, [LAFES, WHIER, AKAEH, RNEZ, fHEERES, S L,
HA M, PR FIpE, +E5L47. Shingo Shimozaki, Norio Yamamoto, Hideji Nishida,
Hiroaki Kimura, Akihiko Takeuchi, Kentaro Igarashi, Takashi Kato, Yu Aoki,
Toshinari Minamoto, Hiroyuki Tsuchiya. GSK3p %11 & 9~ % & W ED Fr G miE D
AIREME. 28 51 B H AR TR FNEES, 20134 10 A 24 H—26 H, [ESZUAREER
2BH, A,

63. = T, FHYEE, K8, A THES, &, BEE~LTTE v, e, EEK
Wi, PR FIRR, B, RIS GSK3B FHEMEMZA T23K2 V-8 110
FREGARRRER. &5 31 B H AMIEE 2, 20134 12 H 8 H—10 H, 7=y 7R —HA
TV =k, .

64. RN, THOGE, IREE~LT TR, B NS, A, IR R, TEEE R B
JE AR ARRRIZ 9D GSK3B PRF =M O RMAT. 55 31 [B] H AN 743, 2013 4F 12
AS8H—10H, 7o=yJ A —HATVY —h, Hi.

20124

65. Minamoto T, Mai W, Kyo S, Shakoori A, Miyashita K, Yokoi K, Shimasaki T, Motoo
Y, Kawakami K. Deregulated GSK3[p sustains gastrointestinal cancer cells by

modulating hTERT and telomerase. 103" Annual Meeting of American Association
for Cancer Research (AACR 2012), March 31-April 4, 2012, Chicago, Illinois, U.S.A.

66. Matsunoki A, Kawakami K, Kotake M, Kaneko M, Watanabe G, Minamoto T. LINE-
1 methylation level is a molecular marker with little intra-patient heterogeneity in
primary and synchronous metastatic colorectal cancer. 103" Annual Meeting of
American Association for Cancer Research (AACR 2012), March 31-April 4, 2012,
Chicago, Illinois, U.S.A.
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Nakada M, Chikano Y, Sabit H, Furuta T, Miyashita K, Hayashi Y, Sato H,
Kawakami K, Minamoto T, Hamada JI. Aberrant glycogen synthase kinase 3 is

involved in glioma invasion. 9th Meeting for the Asian Society for Neuro-Oncology,
April 20-22, 2012, Taipei, Taiwan.

Domoto T. Cleavage of hepatocyte growth factor activator inhibitor-1 by membrane-
type MMP-1 stimulates tumor invasive growth. The Joint Symposium of the 7"
International Symposium of Institute Network (%5 6 [AIff ERFZEFTR » b U — 7 FEHE>
>R 1) and the 45™ IDAC Symposium, the 2™ Symposium for Joint Usage/
Research Center of Aging, June 14-15, 2012, Smart Ageing International Research
Center, Institute of Development, Ageing and Cancer, Tohoku University, Sendai,
Japan.

Kawakami K, Matsunoki A, Kotake M, Kaneko M, Kitamura H, Watanabe G,
Minamoto T. Knockdown of LINE-1 enhances sensitivity to 5-FU in LINE-1-
hypomethylated colorectal cancer cell. 22" Biennial Congress of the European
Association for Cancer Research (EACR 22), July 7-10, 2012, Centre Convencions
International Barcelona, Barcelona, Spain.

Nakada M, Hayashi Y, Miyashita K, Kinoshita M, Furuta T, Sabit H, Kita D, Hayashi
Y, Uchiyama N, Kawakami K, Minamoto T, Hamada JI. Phase I/II study for recurrent

glioblastoma with the drugs inhibiting GSK3p. Society for Neuro-Onology 17
Annual Meeting 2011, November 15-18, 2012, Washington DC, U. S. A.

Pyko VI, Nakada M, Furuyama N, Lei T, Hayashi Y, Kawakami K, Minamoto T,
Fedulau AS, Hamada JI. Glycogen synthase kinase 3p inhibition sensitize human

glioma cells to temozolomide by means of c-myc signaling. Society for Neuro-
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RIFEL, gnAWIA, WL TEH, 1 P, IR AR, FISH k& HWE RGBT S
EGFR =1 OHIEORRES. 2 100 [l B AJREL 8. 2010 4745 28—30 H, /$v 7
R, B

W ED A, A, I Fasg, ) EFnZz, P/ FIpk. Elevation of rat plasma P-selectin
in acute lung injury. H ARGy FAEW) T8 11 BIEFRFEL VRTY A, GIRIEBENS ALY
UYL, 2011 4EE H 25—26 B, AR EASEL, AR

R E DA, NN, A HFRa=E, T R, W HEHEN, RUGERS, rrfiE, 8ck.
AHE SH3 RAA & N-WASP 7'l Vo FEAL O EAEH OFIEIZLY N-WASP O7 7 F
VI AT A NEREHEE OFEN LS. 8 63 [0l B AMMAY T KL, 2011 4E 6
A 27—29 B, dtifsE K- 77— 7248, PSSR, AL,
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Yoshimichi Sai, Ken-ichi Miyamoto, Kazuyuki Kawakami, Toshinari Minamoto (1%
FHE, RHGE, FREESA, LB, B R, BRINGLH, AR 1, mEPMEA, PRk 1,
e EE, BAGHE—, )1l Efnz, I/ F6R). Deregulated glycogen synthase kinase (GSK)
3B participates in invasion of glioblastoma (Glycogen synthase kinase (GSK) 3 I f##%
BEIEOR AR T 5). 5 70 B H AR PSR FTES, 2011 4F 10 H3H —5H,
A RERESES, 4.

Masanori Kotake, Kazuyuki Kawakami, Mayumi Hirose, Hiroyuki Bandou, Tetsuji
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17, I E], #E% W\, J7 FIpK). Frequent hypomethylation of LINE-1 in colorectal
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(ZRIT DD LINE-1 {EAFLAL) . 5 70 [B] H A A2 2 FINES, 2011 45 10 A
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B R FRFFREFIEEIF—, 2015 4E 11 H 27 H (&), SRERKFIEFHEH 4
M E41 sfF=E, ALABPNEEERT .

2014 4F
3. 08 Rk, MADOT L — @ — DN AT HOS DR KRIFE —. 7)1 AIR IR s

4.
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Matsunoki A, Kawakami K, Kotake M, Kaneko M, Kitamura H, Ooi A,
BMC

BACKGROUND: Long interspersed nucleotide element 1 (LINE-1) hypomethylation is suggested
to play a role in the progression of colorectal cancer (CRC). To assess intra-patient heterogeneity of
LINE-1 methylation in CRC and to understand its biological relevance in invasion and metastasis, we
evaluated the LINE-1 methylation at multiple tumor sites. In addition, the influence of stromal cell
content on the measurement of LINE-1 methylation in tumor tissue was analyzed. METHODS:
Formalin-fixed paraffin-embedded primary tumor tissue was obtained from 48 CRC patients.
Matched adjacent normal colon tissue, lymph node metastases and distant metastases were obtained
from 12, 18 and 7 of these patients, respectively. Three different areas were microdissected from
each primary tumor and included the tumor center and invasive front. Normal mucosal and stromal
cells were also microdissected for comparison with the tumor cells. The microdissected samples were
compared in LINE-1 methylation level measured by multicolor MethyLight assay. The assay results
were also compared between microdissected and macrodissected tissue samples. RESULTS: LINE-1
methylation within primary tumors showed no significant intra-tumoral heterogeneity, with the tumor
center and invasive front showing identical methylation levels. Moreover, no difference in LINE-1
methylation was observed between the primary tumor and lymph node and distant metastases from
the same patient. Tumor cells showed significantly less LINE-1 methylation compared to adjacent
stromal and normal mucosal epithelial cells. Consequently, LINE-1 methylation was significantly
lower in microdissected samples compared to macrodissected samples. A trend for less LINE-1
methylation was also observed in more advanced stages of CRC. CONCLUSIONS: LINE-1
methylation shows little intra-patient tumor heterogeneity, indicating the suitability of its use for
molecular diagnosis in CRC. The methylation is relatively stable during CRC progression, leading us
to propose a new concept for the association between LINE-1 methylation and disease stage.

AL i s S L T Kitano A, Shimasaki T, Chikano Y, Nakada M, Hirose M, Higashi T,

GFPLOS |one Ishigaki Y, Endo Y, Takino T, Sato H, Sai Y, Miyamoto KI, Motoo Y,
Kawakami K, Minamoto T. Aberrant glycogen synthase kinase 3§ is involved in pancreatic
cancer cell invasion and resistance to therapy. PLoS One 8 (2): e55289, 2013.

BACKGROUND AND PURPOSE: The major obstacles to treatment of pancreatic cancer are the
highly invasive capacity and resistance to chemo- and radiotherapy. Glycogen synthase kinase 3f3
(GSK3p) regulates multiple cellular pathways and is implicated in various diseases including cancer.
Here we investigate a pathological role for GSK3p in the invasive and treatment resistant phenotype
of pancreatic cancer. METHODS: Pancreatic cancer cells were examined for GSK3[ expression,
phosphorylation and activity using Western blotting and in vitro kinase assay. The effects of GSK3f
inhibition on cancer cell survival, proliferation, invasive ability and susceptibility to gemcitabine and
radiation were examined following treatment with a pharmacological inhibitor or by RNA
interference. Effects of GSK3p inhibition on cancer cell xenografts were also examined. RESULTS:
Pancreatic cancer cells showed higher expression and activity of GSK3f than non-neoplastic cells,
which were associated with changes in its differential phosphorylation. Inhibition of GSK3f
significantly reduced the proliferation and survival of cancer cells, sensitized them to gemcitabine
and ionizing radiation, and attenuated their migration and invasion. These effects were associated
with decreases in cyclin D1 expression and Rb phosphorylation. Inhibition of GSK3p also altered the
subcellular localization of Racl and F-actin and the cellular microarchitecture, including
lamellipodia. Coincident with these changes were the reduced secretion of matrix metalloproteinase-
2 (MMP-2) and decreased phosphorylation of focal adhesion kinase (FAK). The effects of GSK3f3
inhibition on tumor invasion, susceptibility to gemcitabine, MMP-2 expression and FAK
phosphorylation were observed in tumor xenografts. CONCLUSION: The targeting of GSK3f
represents an effective strategy to overcome the dual challenges of invasiveness and treatment
resistance in pancreatic cancer.
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Minamoto T, Fedlau AS, Hamada JI. Glycogen synthase kinase 3p inhibition
sensitizes human glioblastoma cells to temozolomide by affecting O°-
methylguanine DNA methyl-transferase promoter methylation via c¢-Myc
signaling. Carcinogenesis 34 (10): 2206-17, 2013.

- wwe Glycogen synthase kinase 33 (GSK3p) is a serine/threonine protein kinase

involved in human cancers including glioblastoma. We have previously demonstrated that GSK3[
inhibition enhances temozolomide effect in glioma cells. In this report, we investigated the molecular
mechanisms of sensitization of glioblastoma cells to temozolomide by GSK3p inhibition, focusing on
0O(6)-methylguanine DNA methyltransferase (MGMT) gene silencing. Glioblastoma tissues from
patients treated with the GSK3p-inhibiting drugs were subjected to immunohistochemistry and
methylation-specific PCR assay. Human glioblastoma cell lines T98G, U138, U251 and U87 were
treated with a small-molecule GSK3f inhibitor, AR-A014418 or GSK3B-specific small interfering
RNA. The combined effect of temozolomide and AR-A014418 on cell proliferation was determined
by AlamarBlue assay and an isobologram method. MGMT promoter methylation was estimated by
methylation-specific PCR and MethyLight assay. MGMT gene expression was evaluated by real-
time quantitative reverse transcriptase-PCR. c-Myc and DNA (cytosine-5)-methyltransferase 3A
binding to the MGMT promoter was estimated by chromatin immunoprecipitation assay. GSK3[
inhibition decreased phosphorylation of glycogen synthase and reduced MGMT expression and
increased MGMT promoter methylation in clinical tumors. In glioblastoma cell lines, GSK3[
inhibition decreased cell viability, enhanced temozolomide effect and downregulated MGMT
expression with relevant changes in the methylation levels of the MGMT promoter. Here, we showed
for the first time that c-Myc binds to the MGMT promoter with consequent recruitment of DNA
(cytosine-5)-methyltransferase 3A, regulating the levels of MGMT promoter methylation. The results
of this study suggest that GSK3p inhibition enhances temozolomide effect by silencing MGMT
expression via c-Myc-mediated promoter methylation.

Chikano Y, Domoto T, Furuta T, Sabit H, Kitano-Tamura A, Pyko IV, Takino
T, Sai Y, Hayashi Y, Sato H, Miyamoto KI, Nakada M, Minamoto T. Glycogen
synthase kinase 3B sustains invasion of glioblastoma via the focal adhesion

kinase, Racl and c-Jun N-terminal kinase-mediated pathway. Mol Cancer Ther
14 (2): 564-74, 2015. doi: 10.1158/1535-7163. MCT-14-0479.

B The failure of current treatment options for glioblastoma stems from their inability
to control tumor cell proliferation and invasion. Biologically targeted therapies offer great hope and
one promising target is glycogen synthase kinase-33 (GSK3f), implicated in various diseases,
including cancer. We previously reported that inhibition of GSK3[3 compromises the survival and
proliferation of glioblastoma cells, induces their apoptosis, and sensitizes them to temozolomide and
radiation. Here, we explore whether GSK3p also contributes to the highly invasive nature of
glioblastoma. The effects of GSK3[ inhibition on migration and invasion of glioblastoma cells were
examined by wound-healing and Transwell assays, as well as in a mouse model of glioblastoma. We
also investigated changes in cellular microarchitectures, cytoskeletal components, and proteins
responsible for cell motility and invasion. Inhibition of GSK3p attenuated the migration and invasion
of glioblastoma cells in vitro and that of tumor cells in a mouse model of glioblastoma. These effects
were associated with suppression of the molecular axis involving focal adhesion kinase, guanine
nucleotide exchange factors/Racl and c-Jun N-terminal kinase. Changes in cellular phenotypes
responsible for cell motility and invasion were also observed, including decreased formation of
lamellipodia and invadopodium-like microstructures and alterations in the subcellular localization,
and activity of Racl and F-actin. These changes coincided with decreased expression of matrix
metalloproteinases. Our results confirm the potential of GSK3f as an attractive therapeutic target
against glioblastoma invasion, thus highlighting a second role in this tumor type in addition to its
involvement in chemo- and radioresistance.
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Abstract

Background: Long interspersed nucleotide element 1 (LINE-1) hypomethylation is suggested to play a role in the
progression of colorectal cancer (CRQ). To assess intra-patient heterogeneity of LINE-1 methylation in CRC and to
understand its biological relevance in invasion and metastasis, we evaluated the LINE-1 methylation at multiple
tumor sites. In addition, the influence of stromal cell content on the measurement of LINE-1 methylation in tumor
tissue was analyzed.

Methods: Formalin-fixed paraffin-embedded primary tumor tissue was obtained from 48 CRC patients. Matched
adjacent normal colon tissue, lymph node metastases and distant metastases were obtained from 12, 18 and 7 of
these patients, respectively. Three different areas were microdissected from each primary tumor and included the
tumor center and invasive front. Normal mucosal and stromal cells were also microdissected for comparison with
the tumor cells. The microdissected samples were compared in LINE-1 methylation level measured by multicolor
MethyLight assay. The assay results were also compared between microdissected and macrodissected tissue
samples.

Results: LINE-1 methylation within primary tumors showed no significant intra-tumoral heterogeneity, with the
tumor center and invasive front showing identical methylation levels. Moreover, no difference in LINE-T methylation
was observed between the primary tumor and lymph node and distant metastases from the same patient. Tumor
cells showed significantly less LINE-1 methylation compared to adjacent stromal and normal mucosal epithelial
cells. Consequently, LINE-T methylation was significantly lower in microdissected samples compared to
macrodissected samples. A trend for less LINE-1 methylation was also observed in more advanced stages of CRC.

Conclusions: LINE-1 methylation shows little intra-patient tumor heterogeneity, indicating the suitability of its use

for molecular diagnosis in CRC. The methylation is relatively stable during CRC progression, leading us to propose a
new concept for the association between LINE-1 methylation and disease stage.
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Background

Global DNA hypomethylation is frequently observed in
various malignancies including colorectal cancer (CRC)
[1,2], where it is thought to play a pivotal role in car-
cinogenesis [3]. One of the possible mechanisms for the
involvement of DNA hypomethylation in cancer devel-
opment is through the activation of long interspersed
nucleotide element-1 (LINE-1) and genomic instability
[4,5]. LINE-1 is a non-long-terminal-repeat class of ret-
roposon. It is the most successfully integrated mobile
element and accounts for about 18% of the human gen-
ome [6]. LINE-1 has the potential to transpose in the
human genome, thus creating new genetic sequences
that are one of the driving forces of human evolution
[7,8]. Although the majority of LINE-1-derived elements
in the human genome no longer have the ability to
transpose due to mutations and deletions in their se-
quence, approximately 100 full-length copies of LINE-1
retain this ability [9,10]. Global DNA hypomethylation
is also accompanied by hypomethylation of LINE-1
promoter [11], suggested to result in aberrant expres-
sion and active transposition of this sequence. The
hypomethylation and/or transposition of LINE-1 ele-
ments during carcinogenesis have been suggested to
alter the transcriptome [12] and to play a role in the
acquisition of multiple cancer phenotypes including
invasion and metastasis.

Consistent with the suggested link between LINE-1
hypomethylation and carcinogenesis, previous studies
reported that LINE-1 methylation levels are lower in
more advanced stages of CRC, leading to the concept of
a progressive loss of genomic methylation during CRC
development [13]. The inverse association between
LINE-1 methylation and CRC stage suggested that
LINE-1 hypomethylation was causally involved in the ac-
quisition of invasive and metastatic phenotypes since
these are critical factors in TNM staging. If this was
true, the LINE-1 methylation level could be expected to
differ between the tumor center and invasive front, and
between primary and metastatic tumor tissue from the
same patient. However, previous studies have only
measured LINE-1 methylation in the primary tumor
and it is still unknown whether this differs from meta-
static lesions.

Aside from its biological relevance, the possible het-
erogeneity of LINE-1 methylation is a potential problem
for any clinical application using the methylation status.
Molecular analyses of tumor samples are generally per-
formed using biopsy specimens obtained prior to surgery,
or using the surgically resected tissue. Because tissue
from metastatic deposits is not easily accessible, results
obtained from analysis of the primary tumor are used in
clinical decision making. The strategies based on molecu-
lar analysis assume the marker shows no significant intra-
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patient heterogeneity. However, this issue is rarely investi-
gated for candidate prognostic and predictive markers.

LINE-1 methylation is a promising prognostic factor
in CRC [14] and may also be a predictive marker for the
response to fluoropyrimidines in microsatellite stable
and CpG island methylator phenotype-negative CRC
[15]. For LINE-1 methylation to be used in personalized
medicine, the intra-patient heterogeneity of this molecu-
lar marker first needs to be established. Furthermore,
the impact of contamination of tumor tissue with stro-
mal cells on the analysis of LINE-1 methylation also
needs to be investigated. A previous study showed that
stromal cells such as fibroblasts and infiltrating lympho-
cytes have significantly higher LINE-1 methylation levels
compared to the adjacent tumor cells [13]. The degree
of contamination of tumor specimens with stromal cells
could therefore compromise the accuracy of LINE-1
methylation assays. Laser-capture microdissection (LCM)
can reduce this interference by allowing the exclusive col-
lection of tumor cells. However, LCM is labor intensive
and time consuming compared to the use of whole tumor
tissue for molecular diagnosis. Comparison of the results
for LINE-1 methylation levels in microdissected tumors
compared to whole tumors should resolve whether con-
tamination with stromal cells has a significant influence
on the measurement of this marker.

The issues of intra-patient heterogeneity and contam-
ination with stromal cells were addressed in this study
to increase our understanding of LINE-1 methylation in
cancer biology, as well as for possible future clinical
applications of this marker in CRC. Using LCM, CRC
samples were collected from multiple sites including the
center and invasive front of primary tumors, as well as
from lymph node and distant metastases. LINE-1 methy-
lation levels were found to show little intra-patient het-
erogeneity, indicating this marker is suitable for clinical
applications. Stromal cells significantly influenced the
measurement of LINE-1 methylation in tumors, demon-
strating the need for LCM. Finally, from a biological per-
spective the prevailing view of a progressive loss of
genomic methylation during CRC development was not
supported in this study. Instead, we propose another
mechanism to explain the link between LINE-1 methyla-
tion and disease stage in CRC.

Materials and methods

Patients and tissue samples

Formalin-fixed paraffin-embedded (FFPE) CRC tissue
specimens were obtained from 48 patients who under-
went surgery at Kanazawa University Hospital. The
patients comprised 26 males and 22 females and ranged
in age from 37-91 years (mean 68.8 years). In addition
to the primary CRC tissue, FFPE specimens of matched
adjacent normal colon tissue, lymph node metastases
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and distant metastases were available for 12, 18 and
7 of these patients, respectively. Tumor stage was
defined according to the International Union Against
Cancer (UICC) TNM system. Approval for this project
was obtained from the Kanazawa University Medical
Ethics Committee.

Tissue collection by LCM and macrodissection

All tissue samples were reviewed for quality and tu-
mor content, followed by histological diagnosis with
hematoxylin-eosin staining. Ten pm thickness sections
were placed on a special foil on a glass slide, deparaf-
finized with xylene and then hydrated and stained
with hematoxylin. Cells were collected using the Leica
AS LMD system (Leica mycrosystems, Wetzlar, Germany)
and captured into a microcentrifuge tube. To verify the
accuracy of capture, images of tissue sections taken before
and after microdissection were recorded. Representative
images were presented in Additional file 1: Figure S1. Cell
populations from three different areas were collected and
included the tumor center and invasive front for all 48 pri-
mary tumors. For 12 patients, matched epithelial cells
from normal mucosa and stromal cells surrounding the
tumor cells were also isolated. In 21 cases, metastatic
tumor cells from lymph nodes and/or distant metastases
were collected. In addition to the microdissected tissue
samples, a scalpel was used to collect macrodissected
tumor tissue for assessment of the influence of stromal
cell contamination and for analysis of microsatellite in-
stability (MSI) and CpG island methylator phenotype
(CIMP) status.

DNA isolation and bisulfite treatment

DNA was extracted from tissue samples using the
QIAamp DNA FFPE tissue kit (Qiagen, Hilden, Germany)
and treated with bisulfite using the EpiTect bisulfite Kit
(Qiagen) according to the manufacturer’s protocols.

Multicolor MethyLight assay

LINE-1 methylation was measured using the MethyLight
assay [16] and the use of two different probes for
unmethylated- and methylated-LINE-1 sequences. These
were labelled with FAM and Yakima yellow, respectively.
Primers used for PCR (forward, GGGAGTGTTAGA
TAGTGGG; reverse, AAACTCCCTAACCCCTTA) con-
tained no CpG sites and amplifed the bisulfite-converted
LINE-1 sequence independently of its methylation sta-
tus. The two probes were synthesized by Nippon EGT
(Toyama, Japan) and consisted of FAM-CCTACTT
CAACTCACACACAATAC-Eclipse Dark Quencher and
Yakima yellow-CCTACTTCGACTCGCGCACGATAC-
Eclipse Dark Quencher. Locked nucleic acid was used
for the underlined nucleotides in order to match the
melting temperature between the probes. A standard
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sample was created by ligating unmethylated- and
methylated-LINE-1 sequences, and cloning into a plas-
mid (Additional file 2: Figure S2). Real-time detection
was performed simultaneously with the standard sam-
ple that was equivalent to 50% methylated LINE-1
sequence. The percentage of methylated LINE-1 was
calculated using the formula: 100 x methylated reaction /
(unmethylated reaction + methylated reaction).

Analysis of MSI and CIMP

DNA isolated from macrodissected tissue was used for
the analysis of MSI and CIMP as described previously
[15]. MSI status was determined using 3 mononucleo-
tide repeat markers (BAT26, NR21 and NR27) and
CIMP by the methylation status of 5 genes (CACNAIG,
IGF2, NEUROG1, RUNX3 and SOCS1).

Statistical analysis

Paired t-test was used for the comparison between the
LINE-1 methylation levels in different samples. The
Mann—-Whitney U test or the Kruskal-Wallis test was
used to compare LINE-1 methylation levels between two
or three clinicopathological variables, respectively. All
statistical analyses were carried out using the R software
package version 2.7.2 [17].

Results

Development and validation of a multicolor

MethyLight assay

In a previous study we developed a quantitative
methylation-specific PCR (qMSP) assay to measure
LINE-1 methylation [18]. This assay used methylation-
specific primers and SYBR green and was initially
employed here to analyze the microdissected samples.
However, the results obtained with this method were
not reproducible due to the low threshold cycle (data
not shown). We therefore developed a new multicolor
MethyLight assay to measure LINE-1 methylation with
high sensitivity and reproducibility. To validate this
method, samples with 10% increments in LINE-1 methy-
lation level were prepared by mixing varying ratios of
plasmids cloned with unmethylated- or methylated-
LINE-1 sequence. Using the multicolor MethyLight
assay, a linear increase in LINE-1 methylation was
observed in the prepared samples (Additional file 3:
Figure S3). To evaluate inter-assay variation, DNA from
four CRC cell lines with different LINE-1 methylation
levels was analyzed in four independent assays. The
inter-assay variation was within an acceptable range
(Additional file 4: Table S1). These results demonstrate
that the newly established assay was accurate and repro-
ducible across a range of LINE-1 methylation levels.
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LINE-1 methylation level shows little

intra-patient heterogeneity

Tumor samples microdissected from three different
areas of each primary tumor including the center and in-
vasive front were evaluated in duplicate by the multi-
color MethyLight assay. Samples with a low threshold
cycle value (<32) showed inconsistent results for dupli-
cate assays and were thus deemed as “not available”
(NA). All the results of the assay are shown in
Additional file 5: Table S2. The measurement of LINE-1
methylation was successful in 133/144 (92.4%) of the
microdissected samples from the primary tumors, des-
pite the small amounts of DNA collected by LCM. The
LINE-1 methylation level showed little intra-tumor het-
erogeneity, with all values from the same tumor being
within 10% difference. This level of difference is not
strong considering the distribution of the LINE-1 methy-
lation (range of 27.2 to 88.3%, Additional file 5: Table S2)
and up to 4.9% of the inter-assay variation (Additional file
4: Table S1). No significant difference was observed in
LINE-1 methylation between the central area and invasive
front from the same tumor (Figure 1A).

To investigate for possible differences in LINE-1
methylation between matched primary and metastatic
tumor tissues, tumor cells collected by LCM from lymph
node (18 cases) and distant metastases (7 cases) were
also evaluated. Distant metastases from liver (5 samples),
peritoneum (4 samples) and ovarium (1 sample) were
available for the analysis. The mean LINE-1 methylation
value observed in multiple areas of the primary tumor
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Figure 1 LINE-1 methylation at multiple tumor sites. LINE-1
methylation level was compared between cancer cells from the
center and invasive front of the tumor (A), and between the primary
tumor and lymph node metastasis (B).
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was identical to that found in metastatic lymph nodes
(Figure 1B). No significant difference in the methylation
between primary tumor and distant metastases was
observed (Table 1). These results demonstrate there is lit-
tle intra-patient heterogeneity for LINE-1 methylation and
that it remains relatively stable during CRC progression.

Contamination of tumor sample with stromal

cells significantly influences the measurement of

LINE-1 methylation

Cancer cells and surrounding stromal cells and normal
mucosal cells were obtained from 12 primary tumors
and matched adjacent colonic mucosa using LCM. Con-
sistent with a previous report [13], LINE-1 methylation
level was significantly lower in tumor cells compared to
stromal and adjacent normal cells (Figure 2A). This find-
ing suggests that a high content of stromal cells could
influence the accuracy of LINE-1 methylation measure-
ment in tumor samples. To investigate this, we com-
pared microdissected and macrodissected tumor samples,
with the latter having moderate-heavy contamination of
stromal cells. LINE-1 methylation was significantly lo-
wer in the microdissected samples compared to the
macrodissected samples (P<0.0001, Figure 2B), with
the former also showing more cases with low levels
of methylation (Figure 2C).

Associations between LINE-1 methylation and
clinicopathological characteristics

Amongst the 48 primary CRC, 3 were CIMP-positive/
microsatellite stable, 1 was CIMP-positive/MSI and 1 was
CIMP-negative/ MSI. These phenotypes show high LINE-1
methylation [19,20] and distinct clinicopathological fea-
tures [21,22] and were therefore excluded from the ana-
lysis. Table 2 summarizes the associations between LINE-
1 methylation in primary tumors and the clinicopathologi-
cal characteristics of CIMP-negative/microsatellite stable

Table 1 LINE-1 methylation level in the primary tumor
and in synchronous metastases of CRC

LINE-1 methylation level (%)

Patient ID  Primary Metastatic sites

Lymph node Liver Peritoneum Ovarium

12 734 NA 780 NA NA
18 435 396 38.7 NA NA
27 482 NA NA 406 NA
29 595 64.7 66.9 65.2 NA
30 70.0 721 777 70.8 67.5
36 775 734 NA 746 NA
40 70.0 NA 66.6 NA NA

The LINE-1 methylation level at the primary tumor site is the mean value of assay
results from multiple areas including the tumor center and invasion front.
NA, samples were not available or no metastasis was found at the indicated site.
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Table 2 Associations between LINE-1 methylation in

primary CRC and clinicopathological features

n LINE-1 methylation p-value

Age >70 22 69.5 (62.1 = 70.7) 0.17
<70 21 59.5 (484 - 734)

Gender male 25 644 (489 - 704) 049
female 18 683 (523 - 74.3)

Site proximal 19 65.3 (53.2 — 69.8) 0.77
distal 24 69.3 (490 - 73.8)

Histology well 16 68.6 (49.0 - 72.1) 0.98
moderately 27 65.7 (548 - 71.9)

T factor 1 1 76.3 0.55
2 7 67.3 (493 - 70.7)
3 26 67.3 (49.3 - 70.7)
4 9 582 (482 - 69.3)

N factor 0 20 69.5 (49.7 — 75.0) 067
1 16 594 (489 - 74.1)
2 7 65.7 (62.9 — 68.0)

M factor 0 34 67.3 (503 - 73.8) 049
1 9 60.7 (48.2 — 70.0)

Stage | 4 723 (695 - 75.0) 047
I 15 69.3 (494 - 73.8)
Il 15 644 (50.5 - 68.1)
I\ 9 60.7 (48.2 - 70.0)

n, number of patients.
LINE-1 methylation levels are shown as the median (257 percentile -
75" percentile).
Histology of adenocarcinoma was sub-classified into well- and moderately-
differentiated adenocarcinoma according to their grading.
TNM factors and stage were defined according to the International Union
Against Cancer (UICC) TNM system.

CRC. No significant associations were found, although this
could be due to the small sample size. Consistent with a
previous report [13], LINE-1 methylation level was lower
in the CRC with advanced stage.

Discussion
LINE-1 hypomethylation has been observed in various
malignancies and suggested to play a role in carcino-
genesis. Although an association between LINE-1 me-
thylation level and disease stage has been reported in
leukemia [23], colorectal [13] and lung cancers [24], the
underlying mechanism for this association is unknown.
Sunami et al. proposed the concept of a progressive loss
of genomic methylation during CRC development [13],
as illustrated in Figure 3A. This concept involves that ac-
quisition of metastatic potential in CRC is accompanied
by decrease of LINE-1 methylation. From this, it could
be expected that LINE-1 methylation level would be
lower in metastatic CRC tissue compared to the primary
tumor of the same patient if metastasis occurs by a clone
of cancer cell with lower LINE-1 methylation. However,
our results showed almost identical LINE-1 methylation
levels between primary and metastatic sites (both lymph
node and distant). Our observation may represent that
LINE-1 methylation level is identical between primary
tumor cells and metastatic clone, and cannot exclude
the concept illustrated in Figure 3A. Nevertheless, it
might be unlikely that the LINE-1 methylation is pro-
gressively decreased with same grade even in these dif-
ferent cells that reside in different environment including
primary, lymph node and distant metastatic sites.

We propose another explanation for the association of
LINE-1 methylation with disease stage in Figure 3B. This
concept is consistent with the observation that LINE-1
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Figure 3 Possible models to explain the association between
LINE-1 hypomethylation and CRC progression. (A) In the
prevailing model, LINE-1 methylation decreases progressively during
CRC progression. (B) In an alternate model, LINE-1 methylation is
stable during CRC progression and the time of diagnosis may be the
critical factor that determines the observed association between
methylation level and disease stage. In both models, the solid line
shows a change of LINE-1 methylation during CRC progression

and the arrowhead indicates the time of diagnosis, surgery and

sample collection.

methylation is relatively stable during disease progres-
sion and takes into account the time of diagnosis. Can-
cers with low LINE-1 methylation levels can progress
rapidly because they have unstable genomes, more fre-
quent transposition and may be difficult to diagnose
early. Such a case is represented by the long arrow in
Figure 3B. If the CRC arises within a polyp that has high
LINE-1 methylation, such as a serrated adenoma/polyp
[25,26], this type of cancer is more likely to be detected
early by colonoscopy. In contrast, if the CRC arises
within a flat or depressed type of tumor with low LINE-
1 methylation, it will be much harder to detect by colon-
oscopy. Further investigations into LINE-1 methylation
and cancer progression are required to test this concept.
Possible associations between LINE-1 methylation and
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the morphology of early stage CRC should also be the
subjects of further studies.

LINE-1 methylation is an ideal molecular marker be-
cause it exhibits little intra-tumoral heterogeneity. Mo-
lecular analysis is usually performed on a small portion
of the surgical specimen of primary tumor. In the neoad-
juvant setting, tumor tissue obtained by preoperative
endoscopic biopsy is used instead of the surgical sample.
Intra-tumoral genetic heterogeneity for K-ras and p53
gene mutations has been demonstrated in CRC tissue
[27,28]. DNA methylation may show greater heterogen-
eity than gene mutations because it is a reversible modi-
fication. Tumor heterogeneity in samples used for
molecular analysis can give rise to false positives and
negatives that lead to diagnostic and therapeutic failure.
Only one study has so far addressed the issue of intra-
tumoral heterogeneity for LINE-1 methylation [13]. This
work reported no significant difference in methylation
between samples from the luminal surface and those
from the most invasive primary tumor site, which is con-
sistent with our data showing no significant difference in
methylation between the central area and invasive front
from the same tumor. However, there was a weak differ-
ence of less than 10% in the LINE-1 methylation level
between three analyzed areas, suggesting that some
CRCs might have weak heterogeneity in the LINE-1
methylation level. Although further study is required
to demonstrate how stable the LINE-1 methylation is
in a primary tumor, sampling errors due to strong
intra-tumoral heterogeneity are not the case for this
molecular marker.

Because the present work found that LINE-1 methyla-
tion level was identical between matching primary and
metastatic tumor tissues, the molecular analysis of this
marker can be performed using tissue samples from ei-
ther of these sites. Secondary tumor tissues are not rea-
dily accessible and hence the molecular features of a
metastatic tumor must sometimes be evaluated using
the primary tumor, although the reverse is sometimes
also the case. The LINE-1 methylation level of an indi-
vidual CRC patient can therefore be represented by a
single sample from any site. One limitation of our work
is that cases of metachronous metastases were not
included in the CRC study cohort. Considering the long
natural history of CRC development, the primary tumor
and synchronous metastases evaluated here were from
the same time period and hence this could account for
the identical levels of LINE-1 methylation. Lower LINE-
1 methylation due to clonal evolution might be observed
in metachronous metastases. Furthermore, discordance
in the LINE-1 methylation level between primary tumor
and metachronous metastases might arise in recurrent
CRC following chemotherapy. Molecular analysis of
relapsed cancer is generally performed on the primary
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tumor tissue because of the difficulty of access to re-
current cancer sites. Future studies should compare
primary tumors and metachronous metastases from in-
dividual patients.

In order to use LINE-1 methylation for routine clinical
application, LCM is necessary to avoid erroneous results
caused by stromal cell contamination. The present study
is the first to compare the results for LINE-1 methyla-
tion between samples prepared with and without micro-
dissection. LINE-1 methylation level was significantly
lower in microdissected compared to macrodissected
samples (Figure 2B), demonstrating that measurement of
this marker may be inaccurate in tumor samples that
have not undergone LCM enrichment. Continuous vari-
ables are often stratified into a small number of groups.
Absolute assay values are therefore not critical provided
their distribution shows a similar pattern between micro-
and macro-dissected samples and patients are stratified
according to this pattern. However, we observed a con-
siderable alteration in the distribution of LINE-1 methy-
lation values due to contamination with stromal cells
(Figure 2C), making it more difficult to achieve accurate
stratification of patients. We therefore recommend LCM
of tumor samples in order to achieve accurate quantifica-
tion of LINE-1 methylation.

The multicolor MethyLight assay developed in this
study allows the analysis of LINE-1 methylation even in
the small amounts of DNA obtained from microdis-
sected samples. Although LINE-1 consists of many num-
bers of variants [9,29], our MethyLight assay only
measures the one of variants, L1.2 (M80343). This major
variant of LINE-1 sequence presents in human genome
with about 16000 copies compared to single copy gene
of ACTB, which is estimated by qPCR and ddCt method
(data not shown). The high copy number suggests that
the L1.2 sequence can be used to estimate global methy-
lation status. In addition, there was significant relation-
ship between the LINE-1 methylation level measured by
this MethyLight assay and those measured by previously
developed qMSP assay [18] (Additional file 6: Figure S4).
The latter assay was not compatible to microdissected
samples but used in our previous studies to demonstrate
clinical significance of LINE-1 methylation [15,24]. To-
gether, the new MethyLight assay could be used in
broader clinical appreciation than the qMSP assay and
in further validation studies of clinical significance of the
LINE-1 methylation.

Conclusions

We have demonstrated that LINE-1 methylation level
shows little intra-patient heterogeneity, thus making it
suitable for possible clinical applications in CRC. LINE-1
methylation appears to be relatively stable during CRC
progression. We propose a new concept to explain the
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relation between LINE-1 methylation and disease stage.
Further studies are required to establish whether LINE-1
methylation could be used in personalized medicine for
CRC and to better understand its role in cancer progres-
sion and metastasis.

Additional files

Additional file 1: Figure S1. Representative images of tissue sections
taken before and after LCM.

Additional file 2: Figure S2. Methods for the synthesis of assay
standards.

Additional file 3: Figure S3. Accuracy of newly developed LINE-1
MethyLight assay.

Additional file 4: Table S1. Results of four independent assays for LINE-
1 methylation.

Additional file 5: Table S2. LINE-1 methylation levels in primary tumor

of CRC patients. Samples are obtained from tumor center, invasive front
and other area.

Additional file 6: Figure S4. Relationship between the LINE-1
methylation level measured by MethyLight assay and those measured by
gMSP assay.
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Abstract

Background and Purpose: The major obstacles to treatment of pancreatic cancer are the highly invasive capacity and
resistance to chemo- and radiotherapy. Glycogen synthase kinase 3 (GSK3p) regulates multiple cellular pathways and is
implicated in various diseases including cancer. Here we investigate a pathological role for GSK3f in the invasive and
treatment resistant phenotype of pancreatic cancer.

Methodss: Pancreatic cancer cells were examined for GSK3[3 expression, phosphorylation and activity using Western blotting
and in vitro kinase assay. The effects of GSK3f inhibition on cancer cell survival, proliferation, invasive ability and
susceptibility to gemcitabine and radiation were examined following treatment with a pharmacological inhibitor or by RNA
interference. Effects of GSK3p inhibition on cancer cell xenografts were also examined.

Results: Pancreatic cancer cells showed higher expression and activity of GSK3f than non-neoplastic cells, which were
associated with changes in its differential phosphorylation. Inhibition of GSK3f significantly reduced the proliferation and
survival of cancer cells, sensitized them to gemcitabine and ionizing radiation, and attenuated their migration and invasion.
These effects were associated with decreases in cyclin D1 expression and Rb phosphorylation. Inhibition of GSK3f also
altered the subcellular localization of Rac1 and F-actin and the cellular microarchitecture, including lamellipodia. Coincident
with these changes were the reduced secretion of matrix metalloproteinase-2 (MMP-2) and decreased phosphorylation of
focal adhesion kinase (FAK). The effects of GSK3f inhibition on tumor invasion, susceptibility to gemcitabine, MMP-2
expression and FAK phosphorylation were observed in tumor xenografts.

Conclusion: The targeting of GSK3[3 represents an effective strategy to overcome the dual challenges of invasiveness and
treatment resistance in pancreatic cancer.

Citation: Kitano A, Shimasaki T, Chikano Y, Nakada M, Hirose M, et al. (2013) Aberrant Glycogen Synthase Kinase 3f Is Involved in Pancreatic Cancer Cell Invasion
and Resistance to Therapy. PLoS ONE 8(2): €55289. doi:10.1371/journal.pone.0055289

Editor: Sharmila Shankar, University of Kansas Medical Center, United States of America
Received August 22, 2012; Accepted December 20, 2012; Published February 8, 2013

Copyright: © 2013 Kitano et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by Grants-in-Aid for Scientific Research from the Japanese Ministry of Education, Science, Sports, Technology and Culture; the
Japan Society for the Promotion of Science (to KK, TM); the Japan Society for Technology (to KK, TM); the Extramural Collaborative Research Grant of Kanazawa
University Cancer Research Institute. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: minamoto@staff.kanazawa-u.ac.jp

® These authors contributed equally to this work.

Introduction

Pancreatic cancer is a major health problem due to an overall 5-
year survival rate of less than 10% [1]. It is characterized by the
highly proliferative and invasive capacity of the tumor cells and a
strong predisposition for metastasis [2—4]. The aggressive nature of
pancreatic cancer hampers early diagnosis and curative surgical
intervention and renders it resistant to chemotherapy and
radiation [3,4]. The widely used therapy is infusional gemcitabine,

PLOS ONE | www.plosone.org

although fewer than 20% of patients respond to this treatment
[3,4]. Novel therapeutic strategies that enhance the effects of
gemcitabine and attenuate the invasive properties of pancreatic
cancer cells are needed. Molecular target-directed therapy has
emerged and includes targeting of the growth factor receptors,
angiogenic factor/receptor and matrix metalloproteinases, since
these are aberrantly expressed in pancreatic cancer [2-4]. Several
clinical trials of pancreatic cancer have already targeted these
growth factors, either as monotherapy or in combination with
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gemcitabine, but most have shown little or no therapeutic benefit
[5]. Identification of novel molecular targets that could enhance
the therapeutic effects of gemcitabine and radiation is therefore a
high priority [6].

Glycogen synthase kinase 3B (GSK3p) is a serine/threonine
protein kinase that regulates multiple signaling pathways [7].
Based on its known functions and involvement in primary
pathologies, GSK3[ has been implicated as a therapeutic target
for glucose intolerance, neurodegenerative disorders and inflam-
mation [8]. We previously demonstrated that deregulated
expression, activity and phosphorylation of GSK3f are distinct
features of gastrointestinal cancers and glioblastoma and that
GSK3 sustains the survival and proliferation of these tumor cells.
A role for aberrant GSK3p in these tumor types is supported by
the observation that pharmacological inhibition of its activity
reduces the survival and proliferation of cancer cells and
predisposes them to apoptosis i vitro and in tumor xenografts
[9-12]. Although its role in cancer is still debated [13], the overall
results so far indicate that aberrant expression and activity of
GSK3p is a common and fundamental characteristic in a broad
spectrum of cancers (reviewed in [14]).

Based on earlier studies that demonstrated involvement of
GSK3p in NF-kB-mediated cell survival [15], GSK3p was found
to support the survival of pancreatic cancer cells via this pathway
[16,17]. Although GSK3P is a key regulator of cell polarization
and migration during physiological processes such as tissue
development and wound healing [18], very little is known about
its role in the migration and invasion of cancer cells. Here we
investigated the potential involvement of GSK3p in the invasive
nature of pancreatic cancer and its resistance to gemcitabine and
ionizing radiation, the two major obstacles to more effective
treatment.

Materials and Methods

Ethics Statement

Written informed consent was obtained from all patients with
pancreatic cancer before surgery. This study was approved by the
Medical Ethics Committee of Kanazawa University.

Animal experiments were conducted according to the Guide-
lines for the Care and Use of Laboratory Animals in Kanazawa
Medical University, and in accordance with national guidelines for
animal use in research in Japan (http://www lifescience.mext.go.
jp/policies/pdf/an_materialO11.pdf). The protocol was approved
by the Committee on Animal Experiments of Kanazawa Medical
University.

Cell Lines and Tissue Specimens

Human embryonic kidney cells (HEK-293) and pancreatic
cancer cells (PANC-1, MIA PaCa-2, BxPC-3, Capan-1) were
obtained from the American Type Culture Collection (ATCC).
These cell lines were characterized by DNA profiling in ATCC,
and passaged for fewer than 6 month after resuscitation. They
were maintained at 37°C with 5% COy in DMEM (HEK-293,
PANC-1, MIA PaCa-2, Capan-1) and RPMI 1640 (BxPC-3)
supplemented with 10% fetal bovine serum (FBS) and antibiotics
(penicillin G and streptomycin) (GIBCO). Cells were harvested
during the exponential growth phase for extraction of RNA and
protein.

This study included 15 patients with pancreatic cancer who
underwent surgery at the Department of Surgical Oncology,
Kanazawa University Hospital (Table S1). The surgical specimens
were fixed in neutral-buffered 10% formalin, embedded in
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paraffin and processed for histopathologic diagnosis and immu-
nohistochemical examinations.

Western Blotting

Protein was extracted from cultured cells using lysis buffer
(CelLytic-MT, Sigma-Aldrich) containing a mixture of protease
and phosphatase inhibitors (Sigma-Aldrich). Concentrations of
protein extracts were measured by Coomassie Protein Assay
Reagents (Pierce). A 30 pg aliquot of protein was separated in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by Western blotting for the proteins of
interest and their phosphorylation [9,11,12] using the respective
primary antibodies (Table S2). Electroblotted membranes (Amer-
sham) were blocked with 5% bovine serum albumin prior to
detection of phosphorylated protein fractions. The amount of
protein in each sample was monitored by the expression of B-actin.
Signals were developed using enhanced chemiluminescence

(ECL).

In vitro Kinase Assay for GSK3f Activity

A nonradioisotopic i vitro kinase assay (NRIKA) [19] was used
to detect the activity of GSK3P derived from cells. The NRIKA
uses a sequential combination of immunoprecipitations to isolate
GSK3B in cellular protein samples, an i vifro kinase reaction that
uses recombinant human P-catenin protein (substrate) and non-
radioisotopic adenosine triphosphate (ATP), followed by immu-
noblotting to detect the B-catenin phosporylated at serine (S) 33,
S$37 and/or threonine (T) 41 residues (p-B-catenin®**/37/ T4 [19].
As a negative control, the mouse monoclonal antibody to GSK3
was replaced by an equal amount of non-immune mouse IgG
(Sigma-Aldrich) in the immunoprecipitation step. GSK3p activity
is demonstrated by the presence of p-[3-«:atenin533/37/T'11 in the
test reaction and by its absence in the negative control reaction.
The amount of immunoprecipitated GSK3f and the presence of
recombinant [-catenin protein in the kinase reaction were
monitored by immunoblotting.

Immunohistochemistry

Expression and/or phosphorylation of GSK3f, matrix metallo-
proteinase (MMP)-2 and focal adhesion kinase (FAK) in tumor
and adjacent non-neoplastic tissues of pancreatic cancer patients
were examined by the avidin-biotin-peroxidase complex method
[11,12]. Following deparaffinization, microwave antigen unmask-
ing and blocking of non-specific immunoreactions, paraffin
sections were incubated with antibody to GSK3, tyrosine (Y)
216-phosphorylated  GSK3B  (p-GSK3B¥*'%), MMP-2, FAK,
Y397-phosphorylated or Y861-phosphorylated FAK (p-FAKY?7,
p-FAKYSGl) and p-B-cateninSSg/37/T4l, respectively. Sources and
working dilutions of these antibodies were shown in Table S2.
Sections were then incubated with biotinylated goat anti-rabbit
IgG or horse anti-mouse IgG (diluted 1:200; Vector). Immuno-
reactivity was detected using the ABComplex/HRP kit (DakoCy-
tomation). For the negative control, primary antibodies were
replaced by non-immune rabbit or mouse IgG (DakoCytomation).
Opverexpression or higher phosphorylation of the respective
molecules in tumors was defined as stronger expression or
phosphorylation of either protein in the tumor cells compared to
non-neoplastic pancreatic ducts in the same patient.

Effects of GSK3p Inhibition on Cell Survival and
Proliferation

Cells seeded in 96-well plates were treated with dimethyl
sulfoxide (DMSO; Sigma-Aldrich) or a GSK3f inhibitor (AR-
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Figure 1. Expression, phosphorylation and activity of GSK3p in pancreatic cancer cells and primary pancreatic cancers. (A) Protein
extract from each cell line was analyzed by Western immunoblotting for the expression of GSK3B and its phosphorylation (p-GSK3B°°, p-GSK3p2'°).
B-actin expression was monitored as a loading control. (B) GSK3f activity was detected by NRIKA [19] in the respective cells. As described in Materials
and Methods, GSK3 activity is demonstrated by the presence of p-p-catenin®*3*”/T1 in the test reaction (T) and by its absence in the negative
control reaction (NC). The amount of immunoprecipitated GSK3f and the presence of substrate (B-catenin) in the kinase reaction were monitored by
immunoblotting. (C, D) Serial paraffin sections of a primary pancreatic cancer and its adjacent non-neoplastic tissue (patient No. 5 in Table S1) were

immunostained for GSK3B and p-GSK3p"%'® (C), and for MMP-2, FAK, p-FAK**” and p-FAK'®¢" (D). The scale bar in each panel indicates 100-um in

length.
doi:10.1371/journal.pone.0055289.g001

A014418; Calbiochem) dissolved in DMSO at the indicated final
concentrations in the medium. Notably, AR-A014418 does not
inhibit the activity of 26 closely related kinases and is considered
highly specific for GSK3 [20]. At designated time points, the
relative numbers of viable and proliferating cells were determined
by using WST-8 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tet-
razolio]-1,3-benzene disulfonate) assay kit (Cell counting kit-8;
Wako) and Cell Proliferation ELISA BrdU Kit (Roche), respec-
tively.

Small interfering RNA (siRNA) specific to human GSK3f
(GSK3p Validated Stealth RNAi) and negative control siRNA
(Stealth RNAi Negative Control Low GC duplex) were purchased
from Invitrogen. The GSK3B-specific siRNA targets the sequence
5'-GCUCCAGAUCAUGAGAAAGCUAGAU-3'. Cells were
transfected with 10 nM of either siRNA using Lipofectamine
RNAIMAX  (Invitrogen). The effect of RNA interference on
GSK3p expression was determined by Western blotting using an
antibody against both GSK3a and B (Table S2). The specificity of
GSK3B-specific siRNA was confirmed in our previous studies
[11,12]. To examine the effect of GSK3B RNA interference on
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cell survival and proliferation, cells seeded into 96-well plates were
transfected with 10 nM of control or GSK3B-specific siRNA. At
72 hrs after transfection, the relative numbers of viable and
proliferating cells were determined by the methods described
above.

Effects of GSK3p Inhibition on the Susceptibility of
Cancer Cells to Gemcitabine and to lonizing Radiation

Cancer cells seeded into 96-well plates (3-6 x10* cells per well)
were treated with escalating concentrations of either gemcitabine
(Eli Lily) or AR-A014418. Following treatment for 72 hrs, the
relative number of viable cells was measured by WST-8 assay to
determine ICs5y (50% cell survival inhibitory concentration) for
gemcitabine and AR-A014418 and to generate isobolograms.
Cells were then treated with a dose of gemcitabine close to ICs in
the presence of DMSO or a low dose (5 or 10 uM) of AR-
A014418. The isobologram method [21] was used to determine
whether the effect of GSK3f inhibitor on pancreatic cancer cell
susceptibility to gemcitabine was additive, synergistic or antago-
nistic.
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Figure 2. Effects of GSK3p inhibition on the survival and proliferation of pancreatic cancer cells. (A) Relative numbers of viable cells at
the designated time points were measured by WST-8 assay for the respective cells in the presence of DMSO or AR-A014418 at the indicated
concentrations. (B) Relative numbers of viable cells were measured for the respective cells after transfection of non-specific (NS) or GSK3p-specific
siRNA. (C, D) The relative number of proliferating cells was determined by measuring the amount of BrdU incorporation. Proliferating cells were
scored at 48 hrs after treatment with DMSO or AR-A014418 (10 uM, 20 uM) (C), or after transfection with non-specific (NS) or GSK3p-specific siRNA
(D). Values shown in (A-D) are the means * SD of five separate experiments. *p<<0.05, statistically significant difference between cells treated with
DMSO or AR-A014418 and between cells treated with non-specific and GSK3B-specific siRNA.

doi:10.1371/journal.pone.0055289.g002

The effect of GSK3 inhibitor on pancreatic cancer cell
susceptibility to lonizing radiation was examined by colony-
forming cell survival assay. In each well of 6-well plates, 1,000
pancreatic cancer cells were seeded and treated sequentially with
either DMSO or a low dose (5 or 10 pM) of AR-A014418 for
24 hrs and with ionizing radiation at doses of 0, 4 and 8 Gy. At 6
days after irradiation, the total number of colonies stained with
0.1% crystal violet (Wako) was scored in each well. The mean
number of colonies in three separate experiments was calculated
with standard deviations.

Assays for Cell Migration and Invasion

Cancer cell migration and invasion were examined by
monolayer-based wound-healing assay and transwell assay.
Confluent monolayers of pancreatic cancer cells in the presence
of DMSO or AR-A014418 at a dose of 5 or 10 uM were scratched
with a 20 pL-micropipette tip to create a cell-free zone (wound). In
each condition, the gap distance between the wound edges was
monitored at three fixed reference points for 6 to 24 hrs by a CCD
camera (Axiocam MRm, Zeiss) connected to a phase-contrast
microscope (Axiovert 40 CFL, Zeiss). Cell migration at each time
point was calculated as the mean distance of wound measured at
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the three points and compared between cells treated with DMSO
and AR-A014418.

Cell migration and invasion were examined by the transwell
assays using uncoated and matrigel-coated 24-well double-
chamber system (BD BioCoat™ Matrigel™ Incubation Cham-
ber, BD Bioscience). Cancer cells were suspended in serum-free
medium containing DMSO or AR-A014418 (5 or 10 pM), and
2x10* cells were applied to the upper chamber pairing with the
lower chamber filled with medium containing 10% FBS (as a
chemo-attractant) and DMSO or AR-A014418 (5 or 10 uM). At
22 hrs after allowing cells to migrate and invade, cells on the lower
side of the chamber were fixed and stained with Diff-Quick Kit
(Symex). In each assay, the total number of cells per high-power
microscopic field on the lower side of the uncoated or matrigel-
coated chamber was counted and scored for migrating or invading
cells. The mean number of cells in five high-power microscopic
fields was calculated with standard deviations.

Cell Morphology and Immunofluorescence

Cytochemistry
Cancer cells grown on a cover slip were treated with either
DMSO or AR-A014418 (5 or 10 uM) for 12 hrs and then
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doi:10.1371/journal.pone.0055289.g003

scratched as described above. At 12 hrs after scratching, the cells
along the wound edges were observed by phase-contrast micros-
copy. These cells were then fixed with 4% paraformaldehyde and

Rac1 Activity
Protein was extracted from cells treated with DMSO or 10 pM
AR-A014418 for 24 hrs in 25 mM Tris-HCI buffer (pH 7.5)

permeabilized with 0.1% Triton-X (Sigma-Aldrich). The cells
were incubated serially with mouse monoclonal antibody to Racl
(BD Bioscience; diluted 1:200) at 4°C overnight and with Alexa
Flour® 488-labeled anti-mouse IgG (Invitrogen; diluted 1:1,000) at
room temperature for 40 min in the dark. After washing off excess
antibody, the cells were stained for filamentous (F-) actin with
Alexa Flour® 546-labeled phalloidin (Invitrogen; diluted 1:40) for
20 min. Then, cell nuclei were counterstained with Hoechst 33342
(Molecular Probes) and observed by fluorescence microscopy
(Keyence) for expression and subcellular localization of Racl and
F-actin.

PLOS ONE | www.plosone.org

containing 150 mM NaCl, 5 mM MgCly, 1% NP-40, 1 mM
dithiothreitol and 5% glycerol. Active Racl was isolated from the
protein sample by the pull-down method using GST-human Pak1-
PBD (Thermo) and resins (Glutathione Sepharose 4 Fast Flow; GE
Healthcare). The fraction of Racl bound to guanosine triphos-
phate (GTP) (Racl-GTP, an active form) was eluted from the
resins and detected by Western blot analysis using rabbit
polyclonal antibody to Racl (diluted 1:1,000; Thermo). Separate-
ly, whole cellular protein was probed for total Racl using the same
antibody.
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Figure 4. Changes in expression and phosphorylation of the
proteins in cancer cells following GSK3p inhibition. (A)
Immunoblotting analysis compares the expression of Rb, CDK4, CDK6
and cyclin D1, and the phosphorylation of Rb at S780 and $807/811
residues (p-Rb>%°, p-Rb>27/8™") petween cells treated with DMSO (DM)
or 10 uM AR-A014418 (AR) for 24 hrs. (B) Changes in levels of p-Rb>"%°
and p-Rb*°7/8"" and expression of Rb and cyclin D1 were examined in
MIA PaCa-2 cells at the indicated time points after treatment with
10 uM AR-A014418. (C) Expression of Rb, cyclin D1, GSK3a and GSK3f3
proteins and levels of Rb phosphorylation (p-Rb’%%) were examined
and compared between the same pancreatic cancer cells transfected
with non-specific siRNA (NS) or GSK3B-specific siRNA (S) (10 nM each).
(A-C) B-actin expression was monitored as a loading control.
doi:10.1371/journal.pone.0055289.g004

Expression and Secretion of Matrix Metalloproteinase-2
(MMP-2)

Expression of MMP-2 mRNA was examined by quantitative
reverse transcription-PCR (qRT-PCR). Total RNA was isolated
from cells using ISOGEN (Wako). Complementary DNA (cDNA)
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was generated using a Reverse Transcription Kit (Promega). gR'T-
PCR was performed using SYBR Premix Ex Taq™1II (Takara
Bio) with the respective sets of sense and antisense primers for
amplification of MMP-2 and B-actin (Table S2) [11].

MMP-2 expression was analyzed by gelatin zymography [22].
Cancer cells were seeded on 12-well plates for 48 hrs and then
treated with DMSO or AR-A01418 (10 or 25 uM) for 24 hrs in
serum-free medium. Conditioned medium or treated cells were
incubated with SDS sample buffer for 30 min at 37°C. Samples
were separated on 10% SDS-PAGE containing 0.005% Alexa
Fluor 680-labelled gelatin. After electrophoresis, gels were washed
in 2.5% Triton X-100 for 2 hrs and then incubated in substrate
buffer overnight at 37°C. The gel was scanned by the LI-COR
Odyssey IR imaging system (Lincoln).

Tumor Xenograft Study

We prepared subcutaneous PANC-1 xenografts in mice as
described [23]. These mice were assigned to 4 groups and treated
with intraperitoneal injection (twice a week for 10 weeks) of
DMSO (diluent), gemcitabine (20 mg/kg body weight) and AR-
A014418 (2 mg/kg body weight, equivalent to 10 pM in culture
medium as determined and optimized in our previous studies
[10,12]) alone or in combination, respectively. All mice were
terminated after treatment and the xenograft tumors were
removed and processed for histological examination and immu-
nohistochemistry for expression of MMP-2 and FAK and
phosphorylation of FAK in tumor cells, as described above.

Statistical Analysis

Between-group statistical significance was determined using the
Student ¢ test. In tumor xenograft study, tumor volumes in each
treatment group were expressed as means * standard deviation
(SD). The statistical significance of differences among the data was
determined with Kruskal Wallis H-test followed by Mann-
Whitney U-test with Bonferroni correction. A P value of <0.05
was considered statistically significant.

Results

Expression, Phosphorylation and Activity of GSK38 in
Cancer Cells

Pancreatic cancer cells showed higher basal levels of GSK3f3
and the Y216-phosphorylated active form (p-GSK3BY?'®) and
lower levels of the 89-phosphorylated inactive form (p-GSK3B>%)
compared to HEK 293 cells (Fig. 1A). Cancer cell-derived GSK3f3
was active for phosphorylation of its substrate, B-catenin (Fig. 1B).
These results indicate that pancreatic cancer cells express active
GSK3B that is not regulated by differential phosphorylation at S9
and Y216. Immunohistochemistry for the serial sections showed
that GSK3B and p-GSK3B¥?'® were diffusely expressed and
colocalized in the tumor cells and overexpressed in the invasive
tumor cells of 8/15 (53%) pancreatic cancer patients (Fig. 1C).
Overexpression was more frequent in patients with T3/T4
primary tumor or with lymph node and distant metastasis at the
time of surgery (Table SI).

Effects of GSK3p Inhibitor on Cell Survival and
Proliferation

We investigated whether GSK3 contributes to cancer cell
survival and proliferation. The levels of glycogen synthase (GS)
phosphorylated at Y641 (p-GS®*!) and p-B-catenin®*/37/T#!
decreased in cancer cells following treatment with AR-A014418
(Fig. S1A, B), indicating its activity against GSK3p in cancer cells.

February 2013 | Volume 8 | Issue 2 | 55289

- 109 -



d
B
o

Aberrant GSK3p in Pancreatic Cancer

© T PANC-1
o) =30 -
Z 8_20 | O omso @ AR (10 pM)
Q )
810 A * .
= S -
= 5 0 Pt e
o 2 Pt NN [
= £ v Al ‘
z . z :, -‘..' : h{- ,.;‘ 1 :
< P .o é-
© -
320 MIA PaCa-2
_125 O
S PANC-1 c40 1 ]
:'.;'100 230 - * [Jpmso M AR (10 uM)
[72]
: = -
g 751 - 320
T 50 - 510
< —0—DMSO 5 0 et
S 25{ -—AR(5um) £ TR
& —/— AR (10 uM) 3 _-':-:_,L:z R 3
0 ¥ ¥ T 1 S0 eiundy i
0 6 12 18 24 - - ———————
Hours after wounding Migration Invasion

Figure 5. Effects of GSK3p inhibition on the migration and invasion of pancreatic cancer cells. (A) Upper panels show the time course for
PANC-1 cell migration in a wound-healing assay in the presence of DMSO or AR-A014418 (AR). The lower panel shows the relative widths of wounds
measured as a percentage of the initial gap at time zero. *p<<0.05, statistically significant difference between cells treated with DMSO or AR-A014418.
(B) Migrating cells through uncoated transwell and invading cells through matrigel-coated transwell were scored for PANC-1 and MIA PaCa-2 cells
treated with DMSO or AR-A014418 (AR) for 22 hrs. Representative photomicroscopic findings in each assay are shown below the columns. *p<<0.05,
statistically significant difference between cells treated with DMSO or AR-A014418.

doi:10.1371/journal.pone.0055289.g005

GSK3p inhibition attenuated the survival and proliferation of
cancer cells (Fig. 2A, C). Depletion of GSK3B by RNA
interference attenuated cell viability and proliferation in all cancer
cell lines (Fig. 2B, D). These results are consistent with the previous
studies [16,17] suggesting that aberrant GSK3f impacts upon the
survival and proliferation of pancreatic cancer cells.

Effects of GSK3p Inhibitor Combined with Gemcitabine

or Radiation Against Cancer Cells

The above results led us to address whether GSK3f inhibition
could enhance the effects of gemcitabine and ionizing radiation.
High doses (25 or 50 pM) of AR-A014418 alone had a therapeutic
effect against cancer cells (Fig. 2A, C). Therefore, the effects of
relatively low doses (5 or 10 pM) were tested in combination with
gemcitabine or ionizing radiation. First, we examined dose-
dependent effects of AR-A014418 and gemcitabine on cancer cell
survival and determined their IC5 values (Fig. 2A, Fig. S2). IC5,
values for AR-A014418 were similar in PANC-1, MIA PaCa-2
and BxPC-3 cells, whereas those for gemcitabine varied (Table
S3). We next examined the effect of AR-A014418 on the
susceptibility of cancer cells to gemcitabine. When cells were
treated with escalating doses (I ng/mL to 10 ug/mL) of
gemcitabine, combination with low dose AR-A014418 significant-
ly reduced the ICsy of gemcitabine (Fig. S2, Table S4).

PLOS ONE | www.plosone.org 7

Isobologram analysis [21] of the data revealed that low-dose
AR-A014418 in combination with gemcitabine was additive
against PANC-1 cells and synergistic against MIA PaCa-2 cells
(Fig. 3A). We confirmed that the combined treatment with AR-
A014418 significantly enhanced the effect of gemcitabine against
cancer cell xenografts (Fig. 3C) in rodents with no detrimental
effects by the reagent.

The effect of AR-A014418 combined with ionizing radiation
was tested in cancer cells. In colony-forming cell survival assay,
presence of 10 uM AR-A014418 significantly reduced viability of
the cancer cells compared to treatment with ionizing radiation
alone (Fig. 3B). Together, these results demonstrate that combined
treatment with GSK3B inhibitor sensitizes cancer cells to
gemcitabine and to ionizing radiation.

Molecular Alterations Associated with GSK3f Inhibition
in Cancer Cells

To understand the mechanism that underlies involvement of
GSK3p in cancer cell proliferation and resistance to therapy, we
investigated the effect of GSK3f inhibition on expression and
phosphorylation of proteins involved in cell cycle regulation and
proliferation. Consistent with previous studies (reviewed in [2]),
pancreatic cancer cells showed phosphorylation of Rb protein (p-
RbS78 p-RBSO7/8IL Fig. 4) suggesting that binding to the E2F
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Figure 6. Changes in the invasive phenotype of pancreatic cancer cells following GSK3p inhibition. (A) Phase-contrast microscopic
findings (left panels), expression and subcellular localization of F-actin and Rac-1 (middle panels) and their merged images (right panels) in cancer
cells along the wound edge (dashed line) were observed in the wound-healing assay in the presence of DMSO or AR-A014418 (AR). Arrows indicate
lamellipodia. (B) Changes in the levels of active (Rac1-GTP) and total Rac1 examined by pull-down assay and Western blotting between the cancer
cells treated with DMSO (DM) or 10 uM AR-A014418 (AR) for 24 hrs. (C) Changes in the secretion and mRNA expression of MMP-2 examined by
gelatin zymography (left panel) and qRT-PCR (right panel) between PANC-1 cells treated with DMSO (DM) or AR-A014418 (AR) for 24 hrs. Values for
the relative levels of mRNA expression are shown as means = SDs of four separate experiments. *p<<0.05, statistically significant difference between
cells treated with DMSO or AR-A014418. (D) Changes in the expression of FAK and its phosphorylation (p-FAK"*%7, p-FAK"®") examined by Western
blotting in cancer cells following GSK3p inhibition. The cells in confluent monolayer were wounded multiple times and cultured in the presence of
DMSO (DM) or 10 uM AR-A014418 (AR) for 24 hrs. B-actin expression was monitored as a loading control.

doi:10.1371/journal.pone.0055289.g006
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Figure 7. Changes in the invasive phenotype of pancreatic cancer cells in xenografts following GSK3p inhibition. (A) The left two
panels showed represntative histological findings of the deeper part of PANC-1 xenografts in rodents after treatment with intraperitoneal injection
(twice a week) of DMSO and AR-A014418, respectively, as shown in Fig. 3C. The serial sections of these tumors were immunostained for MMP-2, FAK,

p-FAK"**7 and p-FAK'®®". Closed triangles in the lower panels delineate an interface between the xenograft and host stromal tissue. (B) These tumors

were immunostained for GSK3p, p-GSK3pY2'®

doi:10.1371/journal.pone.0055289.g007

transcription factor was impaired [24]. Treatment with either AR-
A014418 or GSK3B-specific siRNA decreased the levels of Rb
phosphorylation and cyclin D1 expression (Fig. 4), however no
consistent changes were found for CDK4 or CDKG6 expression.

Effects of GSK3p Inhibition on Cancer Cell Migration and
Invasion

The wound-healing assay showed that migration of cancer cells
was significantly reduced by treatment with 5 pM and 10 uM AR-
A014418 (Fig. 5A, Fig. S3). Importantly, these concentrations
were insufficient to inhibit cell proliferation 24 hrs after treatment
(Fig. 2A). In the transwell assay, 5 pM and 10 uM AR-A014418
inhibited chemotactic migration of cancer cells and their invasion
of extracellular matrix component (Fig. 5B).

Changes in the Invasive Phenotype of Cancer Cells
Following GSK3p Inhibition

The above results led us to hypothesize that GSK3p has a role
in cancer cell migration and invasion. This may be attributed to
epithelial-mesenchymal transition (EMT), a phenotype responsible
for cancer cell invasion and metastasis [25]. We investigated
expression of the EMT-related molecules E-cadherin, N-cadherin
and vimentin in cancer cells following treatment with AR-A04418
and GSK3f-specific siRNA. No consistent changes were observed
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and B-catenin. (A, B) The scale bar in each panel indicates 100-um in length.

in the levels of expression of these molecules (Fig. S1C, D),
implying that EMT is unlikely to be the mechanism by which
GSK3p inhibition attenuates cancer cell migration and invasion.
A possible explanation may be that established cancer cell lines
have already acquired the EM'T phenotype.

We next focused on cellular microarchitecture and in particular
on lamellipodia that plays an important role in cell migration
during physiological processes and in cancer cell migration and
invasion [26]. A member of the Rho-GTPase family, Racl,
participates in lamellipodia formation and in cancer progression
[27]. Wound healing assay showed that migrating cancer cells
form lamellipodia at the site of Racl localization, with actin
filaments organizing the lamella structure. Treatment with AR-
A014418 decreased lamellipodia formation in cancer cells at the
wound edge and resulted in diffuse cytoplasmic distribution of
Racl and F-actin (Fig. 6A). Concomitant with these changes,
treatment with AR-A014418 decreased the Racl-GTP (active
form) in cancer cells stimulated to multiply by the regenerating
wounds (Fig. 6B).

Racl was reported to increase the secretion and activity of
MMP-2 in cancer cells [28]. Treatment with AR-A014418
inhibited MMP-2 secretion and decreased MMP-2 mRNA
expression (Fig. 6C). These results indicate a mechanistic link
between GSK3p and Racl in the regulation of MMP-2 expression
and secretion. Previous studies have reported that FAK regulates
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Racl [29]. We therefore investigated the effect of GSK3B
inhibition on FAK activity in cancer cells responding to wound
stimulation by determining the levels of p-FAKY*” and p-
FAKY®! [29]. FAK phosphorylation was detected in cancer cells
stimulated by multiple wounds. Treatment with 10 pM AR-
A014418 reduced the levels of p-FAKY*7 and p-FAKY®®!
(Fig. 6D), suggesting a pivotal role for the GSK3B/FAK/Racl
pathway in promoting pancreatic cancer cell invasion.

Immunohistochemical examination of the primary pancreatic
cancers showed higher expression of MMP-2 and FAK and
tyrosine phosphorylation of FAK in tumor cells than non-
neoplastic pancreatic ducts (Fig. 1D). In histological examination
of the deep part of cancer cell xenografts, the tumor in mice
treated with AR-A014418 showed less invasive than those in sham
(DMSO)-treated mice (Fig. 7A, left panels). Immunohistochemis-
try showed decreases in MMP-2 expression and FAK phosphor-
ylation in the tumors by treatment with AR-A014418 (Fig. 7A).
Both groups of mice showed the similar levels of GSK3p
expression in tumor xenografts (Fig. 7B, left panels). In AR-
A014418-treated mice, Y216-phosphorylation of GSK3B ap-
peared to decrease in the tumors, and membranous expression,
but no nuclear accumulation of B-catenin was observed in tumor
cells (Fig. 7B).

Discussion

Failure of treatments for pancreatic cancer is due to the high
propensity of these tumors to invade surrounding tissues and
because of their resistance to chemotherapy and radiation [3,4].
The present study confirmed previously reported roles for GSK3
in cancer cell survival and proliferation [16,17]. However, the
novel findings of this study relate to the effects of GSK3f
inhibition on the invasive ability and phenotype of pancreatic
cancer cells and on their susceptibility to gemcitabine and
radiation. The results provide a biological rationale for combina-
tional treatment strategies that include targeting of GSK3f in
order to control refractory pancreatic cancer.

The proinvasive phenotype of cancer cells includes EMT and
increased cell motility [25,26]. Here, we found overexpression of
GSK3p and its active form in the tumor cells in the invasive
primary pancreatic cancers. Inhibition of GSK3f attenuated
cancer cell migration and invasion in wound-healing and transwell
assays. No consistent changes were observed for the expression of
EMT-related molecules in cancer cells treated with GSK3f
inhibitor, in contrast to a previous study that found GSK3
inhibits EMT by phosphorylating and destabilizing snail, a
transcriptional repressor of E-cadherin [30]. Our study suggests
that EMT may not be involved in the mechanism by which
GSK3B inhibition attenuates cancer cell migration and invasion.
In wound-healing assays, the migrating cancer cells formed
lamellipodia where Racl and F-actin preferentially co-localized.
Treatment with GSK3f inhibitor decreased lamellipodia forma-
tion and re-distributed Racl and F-actin throughout the
cytoplasm. GSK3f inhibition decreased the active fractions of
FAK and Racl and the expression and secretion of MMP-2.
These findings indicate for the first time the existence of a key
pathway involving GSK3B, FAK and Racl that plays a pivotal
role in promoting pancreatic cancer invasion and could provide a
novel target for inhibiting cancer cell invasion.

Racl cycles between active GTP-bound and inactive guanosine
diphosphate (GDP)-bound forms. Rho-GTPase activity is regulat-
ed by three classes of proteins including guanine nucleotide
exchange factors (GEFs), GTPase-activating proteins (GAPs) and
GDP dissociation inhibitors [27]. GEFs that activate G'TPases
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participate in cancer progression and are considered as therapeutic
targets [31]. Aberrant expression of Vavl, a Vav family member
of GEFs, is frequently observed in pancreatic cancer and
associated with active Racl and worse prognosis [32]. Within
the cell migration machinery, the IQ motif-containing GAPs
(IQGAPs) form scaffolds with Racl and Cdc42 (another member
of Rho-GTPases) and bind to F-actin. In migrating cells, this
molecular complex localizes to actin-rich cellular structures such
as lamellipodia and controls F-actin and microtubule dynamics
[33]. GSK3P regulates microtubule stability by phosphorylating
microtubule-binding proteins, while Cdc42 and GSK3p interact
spatially to dictate the polarity of migrating cells [34,35]. IQGAPs
participate in cancer cell invasion and the overexpression of
IQGAP! is associated with unfavorable prognosis in various
cancers [36,37]. A previous study indicated that Racl destabilizes
E-cadherin-mediated cell adhesion in pancreatic cancer by
interacting with IQGAPI, thereby promoting cancer cell migra-
tion [38]. Further work is required to clarify the putative roles for
GSK3p in regulating cytoskeletal structure, cell polarity and
motility and its promotion of cancer cell migration and invasion.

Resistance of cancer cells to chemotherapeutic agents, radiation
and molecular target-directed agents is a critical determinant of
outcome from recurrent and unresectable pancreatic cancer [3-5].
Many studies have investigated the mechanisms by which
pancreatic cancer cells resist or acquire resistance to chemother-
apy and radiation, focusing mainly on NF-xB [39]. GSK3p was
reported to sustain pancreatic cancer cell survival by maintaining
the transcriptional activity of NF-xB [16,17]. However, a recent
study found that disruption of NF-kB activity through GSK3f3
inhibition did not sensitize cancer cells to gemcitabine [40].
Whereas these studies examined the activity of exogenous
(transfected) NF-xB, we previously found no effect of GSK3f3
inhibition on endogenous NF-kB transcriptional activity in
gastrointestinal cancers (including pancreatic cancer) and glioblas-
toma [11,12]. Therefore, a role for GSK3P in regulating NF-kB
activity in cancer cells remains controversial.

In the present study, we tested various combinations and doses
of gemcitabine and AR-A014418 on the survival of pancreatic
cancer cells. AR-A014418 sensitized the cells to gemcitabine when
the doses of both agents were individually optimized. Consistent
with our preliminary study [23], the present study confirmed the
effect of this drug combination in the cancer cell xenografts.
Elucidation of the underlying biological mechanism is important
to justify the combinational treatment of GSK3f inhibitor with
gemcitabine. One possible mechanism is suggested by our
observation that GSK3B inhibition decreased Rb phosphoryla-
tion, thus restoring its function against E2F. Ribonucleotide
reductase (RR), thymidylate synthase (I'S) and thymidine kinase
(TK) are transcriptional targets for E2I" and essential for DNA
synthesis and replication [41]. It was reported that pancreatic
cancers with increased RR expression are resistant to gemcitabine
[42]. Therefore, restoration of Rb ability to bind to E2F following
GSK3p inhibition may sensitizes cancer cells to gemcitabine by
affecting RR expression. Inhibition of GSK3P also enhanced the
effect of ionizing radiation against cancer cells. Decreases in E2F-
dependent transcription of T'S and TK may be responsible for this
radio-sensitization effect via the impairment of radiation-induced
DNA damage repair. In contrast to our result, a recent study
reported that siRNA-mediated GSK3P silencing promotes pan-
creatic cancer cell survival following irradiation via stabilization
and activation of B-catenin [43]. Clarification of the role of
GSK3p in modulating the anti-tumor effects of radiation is
therefore a priority for future investigations.
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While the levels of GSK3 activity differ between the pancreatic
cancer cells examined in this study (Fig. 1B), its inhibitor AR-
A014418 has the similar 1C5 values against them (Fig. 2A, Table
S3). This is consistent with our previous studies showing the similar
therapeutic effects of this inhibitor in its pharmacologic doses [20]
against different gastrointestinal cancer cells [9,12] and glioblas-
toma cells [11]. Other studies also reported the similar result in
pancreatic cancer cells [16,17]. These studies may suggest that
survival of different cancer cells and/or their susceptibility to AR-
A014418 might similarly depend on GSK3p activity in cells. This
issue should be an important future task for cancer treatment
targeting GSK3p.

Several studies have suggested opposite roles for GSK3f in the
same cellular events mediated by the protooncoproteins and tumor
suppressors between non-neoplastic and cancer cells [14].
Whereas GSK3B phosphorylates and stabilizes p27* "' in normal
cells [44], it down-regulates p27"P' in leukemia cells and
selectively maintains the survival and proliferation of these cells
[45]. Despite its role in destabilizing cyclin D1 in physiological
cells [7,8,13], inhibition of GSK3 decreases cyclin D1 expression
in cancer cells [11,12,46]. Other studies reported various roles for
GSK3p in regulating cell stemness. It was shown that GSK3f
inhibition maintains the pluripotency of embryonic stem cells and

the repopulation of hematopoietic stem cells through activation of

the Wnt and hedgehog pathways, respectively [47,48]. Conversely,
it was reported that GSK3B sustains tumor cell stemness in
leukemia and glioblastoma [45,49]. Our present and previous
studies showing the presence of both inactive (p-GSK3p®%) and
active (p-GSK3B¥?'®) forms in non-neoplastic cells and tissues
[9,12] suggest that the kinase activity is regulated by differential
phosphorylation in these key residues depending on stimuli in cells
of non-neoplastic origin. Although the underlying mechanisms are
yet to be understood, differential roles for GSK3p in normal and
neoplastic cells could be advantageous for cancer treatment
strategies that target this kinase. Consistently, the animal studies
showed little detrimental effects of GSK3 inhibition on normal
cells and vital organs [10,12,23], leading to promotion of future
clinical application of cancer treatment targeting GSK3p.
Concerns regarding the therapeutic use of GSK3B inhibitors
remain, because these may activate oncogenic (e.g., Wnt) signaling
and thus promote cellular transformation [7,8,13]. Unlike this
hypothesis, inhibition of GSK3p is not sufficient to stabilize B-
catenin in normal cells and this seems to occur only when other
transforming events (eg., adenomatous polyposis coli [APC]
protein truncation) have already taken place [50]. In normal cells,
the known function of GSK3B in mediating Wnt/B-catenin
signaling depends on cell membrane-associated fraction of GSK3f3
that antagonizes the phosphorylation of B-catenin by cytoplasmic
GSK3B, a key step initiating B-catenin degradation [51]. These
paradoxical roles of GSK3f in cells partly supports the reports
showing that GSK3f inhibition does not influence the survival or
growth of normal cells, nor induce their transformation
([9,12,16,19]; reviewed in [14]). Consistently the above concerns
have not deterred preclinical studies of GSK3 inhibitors for the
treatment of many cancer types [14], or Phase II clinical trials for
the treatment of neurological diseases [52]. These trials are
rationally supported by the differential roles of GSK3p in cellular
signaling events between normal and tumor cells and by the
phosphorylation-dependent regulation of GSK3 activity that
presumably protects normal cells from transformation by GSK3f
inhibition [9-12,14]. Currently, two clinical trials are being
undertaken to test whether the GSK3 inhibitor 1.Y2090314
(Eli Lily) enhances the efficacy of established chemotherapeutic
agents for advanced solid cancers (http://clinicaltrials.gov/ct2/
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show/study/NCT01287520) and leukemia (http://clinicaltrials.
gov/ct2/show/study/NCT01214603).

Supporting Information

Figure S1 Effects of GSK3p inhibition on expression and
phosphorylation of the proteins in pancreatic cancer
cells. The levels of expression and phosphorylation of the
indicated proteins were examined by Western blotting in
pancreatic cancer cells after treatment with the respective agents.
(A, B) Expression of GS and B-catenin and their phosphorylation
(p-GS®* | p-B-catenin 53337/ T \yere examined and compared
between the same pancreatic cancer cells treated with DMSO
(DM) or 10 uM AR-A014418 (AR) for 6 hrs. (C) Expression of E-
cadherin, N-cadherin and vimentin in pancreatic cancer cells
treated with DMSO (DM) or 10 pM AR-A014418 (AR) for 6 hrs.
(D) Expression of E-cadherin, N-cadherin, vimentin and GSK3a
and GSK3f in pancreatic cancer cells transfected with non-
specific siRNA (NS) or GSK3B-specific (S) siRNA (10 nM each).
(A-D) The amount of protein extract in each sample was
monitored by expression of B-actin.

(TTF)

Figure S2 Effects of gemciatbine and AR-A014418, alone
or in combination, against pancreatic cancer cells.
Inhibitory effects of gemcitabine, AR-A014418 and combinations
of the two agents at different doses were examined on the survival
of pancreatic cancer cells. PANC-1 (A) and MIA PaCa-2 (B) cells
were treated with escalating doses of either gemcitabine, AR-
A014418 or both agents in combination at the doses indicated.
Relative (%) cell survival ratios for each cell line were examined by
WST-8 assay at 48 hrs after treatment with the respective agent.
1C;50 of gemcitabine in the absence (+ DMSO) or presence of AR-
A014418 (+ AR) at the indicated doses was determined and is
shown in Table S4.

(T1F)

Figure S3 Effect of GSK3p inhibitor on pancreatic
cancer cell migration. The time course for cell migration
was minitored by monolayer-based wound healing assay for MIA
PaCa-2 and BxPC-3 cells in the presence of DMSO or AR-
A014418 (AR 5 uM, AR 10 uM). The relative widths of wounds
were measured and expressed as a percentage of the initial gap at
time zero. Values are means £ SD of three separate experiments.

*$<<0.05, statistically significant difference between cells treated
with DMSO or AR-A014418.

(TTF)
Table S1 Clinical and pathologic characteristics of

patients with pancreatic cancer.

(DOC)

Table $2 Primary antibodies used for Western blotting
and Sequences of the primers used for RT-PCR
amplification.

(DOC)

Table $3 Comparison of IC5( values of gemcitabine and
a GSK3p inhibitor (AR-A014418) between pancreatic
cancer cell lines (PANC-1, MIA PaCa-2 and BxPC-3).
DOC)

Table S4 Changes in 50% cell survival inhibitory
concentration (IC5¢) of gemcitabine in combination with

different doses of AR-A014418 in pancreatic cancer.
DOC)
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Glycogen synthase kinase 3f (GSK3p) is a serine/threonine protein
kinase involved in human cancers including glioblastoma. We have
previously demonstrated that GSK3f inhibition enhances temozolo-
mide effect in glioma cells. In this report, we investigated the molecu-
lar mechanisms of sensitization of glioblastoma cells to temozolomide
by GSK3p inhibition, focusing on O°-methylguanine DNA meth-
yltransferase (MGMT) gene silencing. Glioblastoma tissues from
patients treated with the GSK3B-inhibiting drugs were subjected to
immunohistochemistry and methylation-specific PCR assay. Human
glioblastoma cell lines T98G, U138, U251 and U87 were treated with
a small-molecule GSK3g inhibitor, AR-A014418 or GSK3f-specific
small interfering RNA. The combined effect of temozolomide and
AR-A014418 on cell proliferation was determined by AlamarBlue
assay and an isobologram method. MGMT promoter methylation
was estimated by methylation-specific PCR and MethyLight assay.
MGMT gene expression was evaluated by real-time quantitative
reverse transcriptase-PCR. c-Myc and DNA (cytosine-5)-methyl-
transferase 3A binding to the MGMT promoter was estimated by
chromatin immunoprecipitation assay. GSK3g inhibition decreased
phosphorylation of glycogen synthase and reduced MGMT expres-
sion and increased MGMT promoter methylation in clinical tumors.
In glioblastoma cell lines, GSK3f inhibition decreased cell viability,
enhanced temozolomide effect and downregulated MGMT expres-
sion with relevant changes in the methylation levels of the MGMT
promoter. Here, we showed for the first time that c-Myc binds to the
MGMT promoter with consequent recruitment of DNA (cytosine-
5)-methyltransferase 3A, regulating the levels of MGMT promoter
methylation. The results of this study suggest that GSK3g inhibition
enhances temozolomide effect by silencing MGMT expression via
c-Myc-mediated promoter methylation.

Introduction

Glioblastoma (GBM) is the most frequent malignant tumor of the
brain and is highly unresponsive to the currently available anticancer

Abbreviations: ChIP, chromatin immunoprecipitation; DMSO, dimethyl
sulfoxide; DNMT3A, DNA (cytosine-5)-methyltransferase 3A; EGS, ethyl-
ene glycol bis(succinimidylsuccinate); GBM, glioblastoma; GS, glycogen
synthase; GSK3p, glycogen synthase kinase 33; MGMT, O°methylguanine
DNA methyltransferase; MSP, methylation-specific PCR; p—GSSf"“, serine (S)
641-phosphorylated glycogen synthase; qPCR, quantitative real-time PCR;
QRT-PCR, quantitative reverse transcriptase—polymerase chain reaction;
siRNA, small interfering RNA; TMZ, temozolomide.

treatments. The proliferative and invasive activity of GBM (1) hin-
ders curable surgical intervention and makes GBM highly resistant to
radiation and chemotherapy (2) with median patient survival showing
little improvement over the past 30 years (3). Consequently, there is
an urgent need to develop new treatment modalities represented by
molecular target-directed therapies (4,5).

O°-methylguanine DNA methyltransferase (MGMT) promoter
methylation is an independent favorable prognostic factor in patients
with GBM (6). The levels of MGMT gene promoter methylation are
associated with MGMT expression and are important in setting the
transcriptional state of the MGMT promoter through changes in chro-
matin structure (7). Although the MGMT promoter is methylated only
in 22% of GBM cases, methylation status of the promoter is impli-
cated in chemosensitivity to temozolomide (TMZ) (6). Therefore,
patients with a methylated MGMT promoter may benefit from TMZ
therapy (6).

Glycogen synthase kinase 3 (GSK3f3) is a multifunctional pro-
tein kinase that regulates various cellular pathways depending on its
substrates for phosphorylation (8). We have shown that deregulated
GSK3p expression and activity maintains survival and proliferation
and that GSK3f-specific inhibitors suppress survival and prolifera-
tion and induce apoptosis in human GBM cells (9,10). We have also
demonstrated that GSK3f inhibition significantly sensitized GBM
cell lines to TMZ (10). Based on our research, we are conducting
clinical research for the therapeutic effect of GSK3f inhibition in
recurrent GBM.

Here, we investigated the molecular mechanisms underlying a
combined effect of GSK3f inhibition with TMZ, focusing on MGMT
gene silencing and its causal relationship with c-Myec signaling, which
is known to be upregulated by GSK3f inhibition (11,12). The results
suggest that GSK3p inhibition enhances TMZ effect by decreasing
MGMT expression via its c-Myc-mediated promoter methylation.

Material and methods

Clinical tumor samples and histological examination

Inourinstitute, clinical research entitled ‘Chemotherapy for recurrent malignant
glioma with combined usage of temozolomide and GSK3f-inhibiting drugs’
is ongoing under the approval by the Medical Ethics Committee of Kanazawa
University Hospital (UMIN Clinical Trial Registry: UMINO00005111). Acco-
rding to the institutional review board-approved protocol, fresh GBM tissues
were obtained at surgery and/or autopsy. The histological diagnosis of tumor
was determined according to the revised World Health Organization criteria
(13). In seven patients registered for the trial, autopsy was available for three
patients with obtained informed consent from their families and was per-
formed 2 h after death. Patients 1 and 2 underwent administration of GSK3[3-
inhibiting drugs until death with last administration within 8 h antemortem.
One patient stopped GSK3f-inhibiting drugs 3 months prior to death. Patients
1 and 3 died from cerebrospinal fluid dissemination of GBM. Histology did
not differ between the primary tumor and the recurrent tumor obtained by
autopsy. In patient 2, the primary brain stem tumor tissues obtained by needle
biopsy were diagnosed with GBM. This patient died from enlargement of the
brain stem lesion. The autopsy specimens showed the presence of GBM. All
tumor samples obtained were fixed in neutral-buffered 10% formalin and were
embedded in paraffin. The detailed information and outcome of this clinical
research will be submitted elsewhere.

Immunohistochemistry

Immunohistochemistry was performed for the clinical tumor tissues as
described previously (14). Briefly, formalin-fixed and paraffin-embedded
tissue blocks were sectioned (6 pm thick) onto slides and then deparaffinized.
Sections were immunostained using an Envision+ Kit (Dako, Tokyo, Japan)
with anti-glycogen synthase polyclonal antibody, anti-phospho-glycogen
synthase polyclonal antibody specific to serine (S) 641-phosphorylated
glycogen synthase (p-GS*') and anti-MGMT antibody (Cell Signaling
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Fig. 1. (A) The immunohistochemical localization of phosphorylated GS in tissues. a and b, patient 1; ¢ and d, patient 2; a and ¢, primary tumor; b and d,
the GSK3pB-inhibiting drug-treated recurrent tumor obtained at autopsy. Paraffin sections were immunostained with the antibody against p-GSS®*!. Note that

- 117 -

2207



L.V.PyKo et al.

Technology, Danvers, MA) using a 1:200 dilution. Sections were microwaved
for 15min in target retrieval solution (pH 9.0; Dako), blocked by incubation
in 0.3% H,0, solution in methanol for 20 min. Non-specific immunoreactions
were blocked at room temperature for 30 min using a Protein-Block Kit
(Dako). Slides were incubated with rabbit anti-p-GS3**! antibody, anti-
glycogen synthase antibody or rabbit anti-MGMT antibody overnight at 4°C,
and they were washed and secondary antibody was applied for 30 min. Sections
were exposed to diaminobenzidine peroxidase substrate (Funakoshi) for 3-5
min and counterstained with Mayer’s hematoxylin. Non-immune rabbit IgG
(Sigma—Aldrich, St Louis, MO) was used as a negative control.

DNA extraction

After microscopic observation of hematoxylin and eosin-stained sections by a
neuropathologist (H.S.), DNA was extracted from the tumor areas of formalin-
fixed and paraffin-embedded tissue samples of patient 1 by using a QlAamp
DNA Mini Kit™ (Qiagen, GmbH, Hilden, Germany). The amount of the sam-
ple obtained by needle biopsy in patient 2 was not enough for DNA extraction.

Cell cultures

Human GBM cell lines T98G, U138, U251 and U87 were obtained from the
American Type Culture Collection (Manassas, VA). Cell lines were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum both from GIBCO (Grand Island, NY) at 37°C and 5% CO,.

Effects of GSK3[ inhibitors on tumor cells

GBM cells were serum starved for 24 h and seeded in the cell proliferation assay
format, as detailed elsewhere (15-17). Briefly, cells were seeded in 96-well
plastic plates and treated with dimethyl sulfoxide (DMSO) as a vehicle control
or with a small-molecule GSK33 inhibitor AR-A014418 (Sigma) dissolved in
equivalent amount of DMSO at escalating final concentrations (5-80 pmol/l).
Medium was replaced after 72 h of incubation in all treatment and control wells
with the medium of the same formulation (containing the same final concentra-
tion of AR-A014418) (17). The proliferation assay was performed by adding
AlamarBlue (AbD Serotec, Kidlington, UK) to the cells 144 h after cell seeding
to assess proliferation according to the manufacturer’s protocol. Absorbance
values were measured by spectrophotometry using a Microplate Reader Model
550 (Bio-Rad, Hercules, CA) at 540 and 590 nm. The relative cell viability
was determined by calculated values of the percent difference in reduction of
AlamarBlue between treated and control cells as described in the manufactur-
er’s protocol. The experiments were carried out in sextuplicates.

RNA interference

GBM cells seeded into 96-well plates were transfected with small inter-
fering RNA (siRNA) specific to human GSK3f (target sequence,
5-GCUCCAGAUCAUGAGAAAGCUAGAU-3") proved to be effective in
glioma cells in our previous study (10) or negative control siRNA (Stealth
RNAIi Negative Control Low GC duplex) both from Invitrogen (Grand Island,
NY), or 3-catenin-specific siRNA (Cell Signaling Technology). Lipofectamine
RNAIMAX (Invitrogen) was used for transfection according to the manufac-
turer’s protocol. The relative cell viability was determined 72 h after incubation
by the AlamarBlue assay.

Western blot analysis

Western blot analysis was performed on polyvinylidene difluoride membrane
(Invitrogen), according to the standard procedure as described previously
(14,16). Rabbit monoclonal anti-c-Myc antibody (Epitomics, Burlingame,
CA), mouse monoclonal anti-GSK3f antibody and mouse monoclonal anti-
tyrosine 216-phosphorylated GSK3[ antibody (BD Biosciences, San Jose,
CA), anti-DNA (cytosine-5)-methyltransferase 3A antibody (Imgenex, San
Diego, CA), anti-B-catenin antibody and anti-MGMT antibody (Cell Signaling
Technology) were used at a dilution of 1:5000, 1:10000, 1:5000, 1:1000,
1:5000 and 1:2500, respectively.

Effect of GSK3p inhibition on the sensitivity of GBM cells to TMZ

After serum starvation for 24h, GBM cells were seeded in the cell prolifera-
tion assay format. The cells were treated with DMSO (vehicle control), with

escalating concentrations (50, 100, 200 and 400 umol/l) of TMZ (Sigma),
AR-A014418 (5, 10 and 20 umol/l) or the combinations of indicated concen-
trations of TMZ and AR-A014418 dissolved in equivalent amount of DMSO.
After treatment for 144h, cells were subjected to the AlamarBlue assay to
determine the dose-dependent effect and IC50 of TMZ and AR-A014418
against GBM cells and to observe the influence of AR-A014418 (5, 10 or
20 pmol/l) on TMZ effect against GBM cells. The influence of GSK3f inhibi-
tion on TMZ effect against GBM cells was analyzed using classic isobolo-
gram method (18) and median dose-effect analysis (19,20). The ICy, values
and combination indices of the combination therapy by various concentrations
of TMZ and AR-A014418 were plotted to determine whether the effect of
GSK3[3 inhibitor on GBM cell sensitivity to TMZ was additive, synergistic
or antagonistic.

Methylation-specific PCR assay

Isolated effect of GSK3f inhibition and combined influence of GSK3f
and c-Myc inhibition on methylation status of the MGMT promoter were
evaluated by methylation-specific PCR (MSP) assay as described previously
(21,22). T98G, U251 and U138 cells were serum starved for 24 h and then
treated with DMSO (control) or AR-A014418 (5, 10 or 20 pmol/l) or com-
bination of DMSO-AR-A014418 (5, 10 or 20 pmol/l) and c-Myc inhibitor
20 pmol/l (EMD Millipore, Billerica, MA) dissolved in equivalent amount
of DMSO. After treatment for 72h, genomic DNA was extracted from the
cells using a QIAamp DNA Mini Kit (Qiagen). Sodium bisulfite conversion
of 200ng of the purified DNA was performed using an EpiTect Bisulfite
Kit (Qiagen) according to the manufacturer’s protocol. MSP of bisulfate-
converted DNA was carried out in a nested, two-stage PCR approach as
described previously (22) using GeneAmp PCR System 2700 (Applied
Biosystems, Grand Island, NY). U87 and U138 cell lines were used as
methylated and unmethylated controls, respectively. Amplified PCR prod-
ucts were separated by 3% agarose gel electrophoresis and visualized with
ethidium bromide.

MethyLight assay

T98G, U251 and U138 cells were serum starved for 24h and then treated
with DMSO (control) or escalating concentrations of AR-A014418 (5, 10
or 20 pmol/l) dissolved in equivalent amount of DMSO or combination of
DMSO-AR-A014418 (5, 10 or 20 pmol/l) and c-Myc inhibitor 20 pmol/l.
After treatment for 72h, genomic DNA was extracted from the cells using
a QIAamp DNA Mini Kit and subjected to bisulfite conversion using an
EpiTect Bisulfite Kit followed by quantitative real-time PCR (qPCR) of
bisulfite-converted DNA using PCR premix TaKaRa ExTaq (TaKaRa, Otsu,
Japan) with primers and probe specific to methylated fraction of the MGMT
promoter. Probe and forward primer sequences were taken from other study
(23): probe, 6(FAM-CCTTACCTCTAAATACCAACCCCAAACCCG-BHQ-1;
forward primer, 5-CTAACGTATAACGAAAATCGTAACAACC-3’; reverse
primer designed by authors, 5-AGTATGGAAGGGTAGGAAGAATTCG-3".
Alu was utilized as a calibrator (24) with following probe and prim-
ers: probe, O6FAM-CCTACCTTAACCTCCC-BHQ-1; forward primer,
5-GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA-3"; reverse primer,
5-ATTAACTAAACTAATCTTAAACTCCTAACCTCA-3". The qPCR was
performed using LightCycler 1.5 (Roche Diagnostics GmbH, Mannheim,
Germany) with protocol consisting of an initial denaturation step at 95°C for
30 s followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. LightCycler
Software 4.1 was used to analyze the qPCR data. Threshold cycle values (Ct)
were determined and relative methylation of the MGMT promoter was cal-
culated using the AC; method described by the manufacturer using Alu as a
calibrator gene.

Real-time quantitative reverse transcriptase—polymerase chain reaction

T98G, U251 and U138 cells were serum starved for 24h and then treated with
DMSO (control) or escalating concentrations of AR-A014418 (5, 10 or 20 pmol/1)
dissolved in equivalent amount of DMSO. After treatment for 72h, total RNA
was isolated from the cells using a GenElute Mammalian Total RNA Miniprep
Kit (Sigma). Complementary DNA was synthesized from total RNA using a High

—

phosphorylation of GS is found in the cells of primary tumors (arrows), whereas faint staining is observed in the recurrent tumors obtained at autopsy. Cell nuclei
were counterstained with hematoxylin. Scale bars, 50 um. (B) The immunohistochemical expression of MGMT protein in the tumor tissues. a and b, patient

1; c and d, patient 2; a and ¢, primary tumor; b and d, the GSK3p-inhibiting drug-treated recurrent tumor obtained at autopsy. Cells with nuclear staining were
considered as positive for MGMT expression (arrows). Cell nuclei were counterstained with hematoxylin. Scale bars, 50 pm. (C) Staining intensity of glioma
cells was scored individually for MGMT antibody in each specimen and was classified as no (0), weak (1), moderate (2) or strong staining (3); mean staining
intensity was calculated separately for primary specimen and autopsy specimen in patients 1 and 2. (D) MSP assay for methylation status of the MGMT promoter
in GBM cells and the primary and recurrent tumors of the patients. PCR products in the M lanes and U lanes indicate methylated and unmethylated status of the
MGMT promoter, respectively. U138, U138 GBM cell line as an unmethylated control; U87, U87 GBM cell line as a methylated control. The representative case
(patient 1) is shown. Surg., primary tumors at surgery; Autop., recurrent tumor obtained at autopsy following the treatment with the GSK3-inhibiting drugs.
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Fig. 2. (A) A comparison of the levels of MGMT gene expression in T98G, U138, U251 and U87 GBM cells by QRT-PCR with primers specific to MGMT. The
relative value of MGMT messenger RNA expression in T98G was scored as 1.0. *BLQ, below the limit of quantitation; bars show standard deviations in the data.
The figure shows the data from three independent experiments. (B) The effect of GSK3B—RNA interference on GBM cell survival. Values of relative cell viability
were measured by the AlamarBlue assay and compared between T98G and U251 cells transfected with GSK3f3-specific and non-specific siRNA (10 nmol/l
each), respectively, for 72h. The relative viability of the cells treated with non-specific siRNA was scored as 1.0. *P = 0.002; Mann—Whitney U-test, bars show
standard deviation. The figure shows the data from experiments carried out in sextuplicates. (C and D) The relative cell viability of T98G and U251 cells was
measured by the AlamarBlue assay and compared between cells treated with DMSO (control) or AR-A014418 (5, 10, 20, 40 or 80 pmol/l) for 144 h. The relative
viability of the cells treated with DMSO was scored as 1.0. *P < 0.05; Mann—Whitney U-test, bars show standard deviation. The figure shows the data from
experiments carried out in sextuplicates. (E) The effect of GSK3 inhibitor (AR-A014418) on the expression of total and tyrosine 216-phosphorylated GSK3f3.
Equal amounts of whole-cell lysates from T98G, U138, U251 and U87 cells treated with DMSO or 20 pmol/l AR-A014418, respectively, for 72h were analyzed
by western blot of total and phosphorylated GSK3f proteins, with 3-actin used as loading control. AR, AR-A014418. The figure shows the representative data
from three independent western blots.

pGSK3p

B-actin

2209

-119 -



L.V.PyKo et al.

Relative Cell Viability

20

-
(5]

AR-A014418 (uM)
o

(3]

140
120 -

(=Y

[=3

o
L

AR-A014418 (uM)
N A O ©®
o O ©o o o

AR-A014418 (uM)
> o

(3]
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Whitney U-test, compared with DMSO-treated cells; bars show standard deviation. (B-G) A comparison of combined effect of TMZ (50, 100, 200 and
400 pmol/l) and AR-A014418 (5, 10 and 20 pmol/l) on T98G, U138 and U87 cells. (B-D) Classic isobologram method. The ICy, values of the combination
therapy by TMZ and AR-A014418 determined by the AlamarBlue assay were plotted (TMZ ICs,, closed square; AR-A014418 ICy,, closed diamond).
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Capacity complementary DNA Reverse Transcription Kit (Applied Biosystems).
Quantitative reverse transcriptase—polymerase chain reaction (QRT-PCR) was
performed using a LightCycler FastStart DNA MasterPlus SYBRGreen kit
(Roche Diagnostics GmbH) with the respective sense and antisense primers for
MGMT and glyceraldehyde 3-phosphate dehydrogenase (all from Sigma) that
span exon—exon junctions preventing amplification of contaminating genomic
DNA. QRT-PCR was carried out in a LightCycler 1.5 as described previously
(25). QRT-PCR was done with the following set of primers for MGMT
(NM_002412.3): forward primer, 5-CCTGGCTGAATGCCTATTTC-3" and
reverse primer, 5-TGTCTGGTGAACGACTCTTG-3" (amplicon size: 100
bp); and for glyceraldehyde 3-phosphate dehydrogenase (NM_002046.3):
forward primer, 5-CTCCTCCTGTTCGACAGTCA-3" and reverse primer,
5-CCAATACGACCAAATCCGTTG-3" (amplicon size: 112 bp). All primers
other than the MGMT forward primer (26) were designed with Primer-
BLAST  software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  The
QRT-PCR reaction protocol consisted of an initial denaturation step at 95°C
for 10min followed by 40 cycles of 95°C for 10 s, 60°C for 10 s and 72°C for
5 s. LightCycler Software 4.1 was used to analyze the QRT-PCR data. Ct was
determined and relative messenger RNA expression was calculated using the
AC; method described by the manufacturer using glyceraldehyde 3-phosphate
dehydrogenase as a calibrator gene.

Chromatin immunoprecipitation assay

To assess c-Myc and DNA (cytosine-5)-methyltransferase 3A (DNMT3A)
binding to the MGMT promoter chromatin immunoprecipitation (ChIP) assay
was performed utilizing a SimpleChIP Enzymatic Chromatin IP Kit (Cell
Signaling Technology) as described previously (27). Briefly, two-step protein
and chromatin fixation was performed with N-hydroxysuccinimide ester-
ester cross-linking reagent ethylene glycol bis(succinimidylsuccinate) (EGS)
(Pierce Biotechnology, Rockford, IL) and formaldehyde (Sigma). EGS stock
solution was added to T98G and U138 cells to a final concentration of 2mM
and rapidly mixed. Cells were fixed with EGS for 45 min at room temperature.
After EGS fixation, the cells were washed three times with phosphate-buffered
saline. Ten milliliters of a freshly prepared 1% (v/v) solution of formalde-
hyde in phosphate-buffered saline, pH 8.0, were added, and the cells were
incubated at room temperature for 15min and processed according to the
SimpleChIP Enzymatic Chromatin IP Kit protocol. We used anti-c-Myc (Cell
Signaling Technology), anti-DNMT3A antibodies (Imgenex) and anti-histone
H3 (D2B12) XP antibody (Cell Signaling Technology) as a positive control
or anti-FLAG M2 antibody (Sigma) as an unrelated antibody as a negative
control. Immunoprecipitated DNA was analyzed by qPCR using LightCycler
1.5 with a LightCycler FastStart DNA MasterPlus SYBRGreen kit and the
primers for E-box localized in the human MGMT promoter (NT_008818.16
2498978-83). We designed these primers and tested their specificity with
Primer-BLAST software. Sequences of the primers used are available on
request. The LightCycler Software 4.1 was used to evaluate the qPCR data. Ct
were determined and % input values were calculated.

Statistical analyses

Statistical analyses were done using Mann—Whitney U-test and Kruskal-
Wallis one-way analysis of variance test. P < 0.05 was considered significant.

Results

Inhibition of glycogen synthase phosphorylation by
GSK3[-inhibiting drugs

To assess the effect of the GSK3B-inhibiting drugs in the patients
with recurrent GBM, immunohistochemistry was performed on tumor
specimens. The primary tumor and the recurrent tumor tissues in all
patients were positive for glycogen synthase (GS) (Supplementary
Figure S1, available at Carcinogenesis Online). Phosphorylation of
GS reflects GSK3f activity since GS is the primary substrate for
GSK3f (8). Inmunohistochemistry demonstrated that the cytoplasm
of tumor cells was strongly positive for p-GSS*! in patients 1 and
2 (Figure 1A, a and c). However, staining was weak in the tumors
obtained by autopsy (Figure 1A, b and d). In contrast, p-GS3**! was
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preserved in autopsy specimen in patient 3 (Supplementary Figure
S2, available at Carcinogenesis Online). This result suggests that the
GSK3p-inhibiting drugs function in the tumor cells of the patients.

Changes in the expression and promoter methylation of MGMT in
the tumors

The level of MGMT expression was compared by immunohistochem-
istry of the primary tumor and the recurrent tumor tissues from the
same patients treated with the GSK3f-inhibiting drugs (Figure 1B
and C). Tumor cells were strongly positive for MGMT in primary
tumors (Figure 1B, a and c), whereas weak expression was observed
in the tumors obtained at autopsy in patients 1 and 2, respectively
(Figure 1B, b and d). In contrast, MGMT was detected both in pri-
mary tumor and autopsy specimen in patient 3 (Supplementary Figure
S3, available at Carcinogenesis Online). This suggests that MGMT
was downregulated in response to the inhibition of GSK3f in the
tumor tissues.

With the findings shown above, we hypothesized that treatment
with the GSK3f-inhibiting drugs decreased MGMT expression in the
tumors by epigenetic silencing of its gene. To address this, a MSP
assay was performed to examine the methylation status of the MGMT
promoter in the tumor tissues. Although the MGMT promoter was
unmethylated in the primary tumors at surgery, it became methylated
in the tumors obtained at autopsy in patient 1 (Figure 1D).

MGMT gene expression in glioma cells

We investigated the mechanism of MGMT silencing by GSK3 inhi-
bition. Initially, we screened for the glioma cell lines T98G, U138,
U251 and U87. Basal MGMT gene expression was determined by
QRT-PCR. T98G, U138 and U251 cell lines expressed the MGMT
gene transcripts, whereas U87 showed no detectable MGMT gene
expression (Figure 2A).

GSK3p inhibition and glioma cell viability

To determine the function of GSK3f in the glioma cell lines, we
used siRNA to specifically knockdown endogenous GSK3[(. The
specific reduction of GSK3[3 by siRNA was determined in our pre-
vious study (10). Depletion of GSK3p, confirmed by western blot
analysis (Supplementary Figure S4, available at Carcinogenesis
Online), significantly decreased cell viability in T98G and U251
cells (Figure 2B). To further assess the effect of inhibition of GSK33
activity, we treated the cells with dose-escalating AR-A014418.
Cell viability was decreased by AR-A014418 treatment in a dose-
dependent manner in T98G cells (Figure 2C). IC,, was ~20 pmol/l.
Decreased viability by AR-014418 was also observed in U251 cells
(Figure 2D). Consistently with previous study showing depletion of
GSK3p by AR-A014418 treatment (28), depletion of total and tyros-
ine 216-phosphorylated GSK3f3 by AR-A014418 was observed in
glioma cells by western blot analysis (Figure 2E). These data showed
that GSK3p inhibition attenuates viability in T98G and U251 cells.
According to the range of linear dose-dependent response in T98G
cells, a 5-20 pmol/l dose range of AR-A014418 was used to assess
combination treatment with TMZ.

Combined effect of GSK3[3 inhibitor and TMZ in GBM cells

To investigate whether GSK3f inhibition enhances TMZ effect,
T98G, U138 and U87 cells were treated with different doses of
TMZ or AR-A014418, alone or in combination. Compared with
U138, U87 (Supplementary Figure S5, available at Carcinogenesis
Online) and U251 as shown previously (10), T98G cells were much

=

A5 and 10 pmol/l of AR-A014418 and 50 and 200 umol/l of TMZ appeared to be under the envelope of additivity (continuous line with closed square and
continuous line with closed circle, respectively), showing synergistic action against T98G cells. ICy, values for combination treatment, which are inside the
envelope of additivity, reveal the additive action of TMZ and AR-A(014418 treatment against GBM cells. (E-G) Median dose-effect analysis. Dose-normalized
combination indices (CI) of the combination therapy by TMZ and AR-A014418 were plotted. CI values for combination treatment within intervals 0.3-0.7,
0.7-0.85, 0.85-0.90 and 0.90-1.10 reveal synergism, moderate synergism, slight synergism and nearly additive action, respectively, of TMZ and AR-A014418
treatment against GBM cells. Fa, affected cell fraction. The figure shows the data from experiments carried out in sextuplicates.
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Fig. 4. (A) Changes in MGMT gene methylation status in GBM cells by GSK3f inhibition. The effect of GSK3f inhibition with 5, 10 or 20 pmol/l of
AR-A014418 for 72h on the methylation status of the MGMT promoter in T98G, U251 and 138 cells was observed by MSP assay. PCR products in the M lanes
and U lanes indicate methylated and unmethylated status of the MGMT promoter, respectively. U87, U87 GBM cell line as a methylated control; U138, U138
GBM cell line as an unmethylated control; AR, AR-A014418. (B) The effect of GSK3f inhibition on methylation status of the MGMT promoter examined with
MethyLight assay in T98G, U251 and U138 cells treated for 72h with DMSO or AR-A014418 (5, 10 or 20 umol/l). gPCR of bisulfite-converted DNA with the
primers and probes specific to the methylated fraction of the MGMT promoter. The level of MGMT promoter methylation in the cells treated with DMSO was
scored as 1.0. *P < 0.05, **P < 0.01, AR, AR-A014418; Mann—Whitney U-test, bars show standard deviation. The figure shows the data from three independent
experiments. (C) QRT-PCR analysis of the effect of GSK3[3 inhibition on MGMT gene expression in T98G, U251 and U138 cells treated with DMSO or
AR-A014418 (5, 10 or 20 pmol/l), respectively, for 72h. The level of MGMT messenger RNA expression in the cells treated with DMSO was scored as 1.0. *BLQ,
below the limit of quantitation. **P < 0.01; Mann—Whitney U-test, bars show standard deviation. The figure shows the data from three independent experiments.
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scored as 1.0. **P < 0.01, AR, AR-A014418; Mann—Whitney U-test, bars show standard deviation. The figure shows the data from three independent experiments.
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more chemoresistant to TMZ (Figure 3A), which is consistent with
a higher basal level of MGMT expression (Figure 2A). The combi-
nation of low-dose AR-A014418 and TMZ significantly reduced
cell viability compared with the treatment with TMZ or low-dose
AR-A014418 alone (Figure 3A). Classic isobologram analysis and
median dose-effect analysis were performed to evaluate whether low-
dose AR-A014418 potentiates TMZ effect against GBM cells. The
data obtained showed mainly synergistic antitumor effect of low-dose
AR-A014418 (5, 10 and 20 pmol/l) in combination with TMZ in
T98G cells (Figure 3B and E), whereas U138 demonstrating lower
basal MGMT expression (Figure 2A) showed additive and moderate
synergistic effect (Figure 3C and F), while mainly additive effect was
noted in U87 (Figure 3D and G) and in U251 in our previous report
(10) with undetectable and low MGMT expression, respectively
(Figure 2A).

Effect of GSK3[ inhibition on MGMT promoter methylation status
and gene expression

To investigate the influence of GSK3[ inhibition on MGMT pro-
moter methylation, a MSP assay was performed in T98G, U251
and U138 cells expressing MGMT (Figure 2A). AR-A014418 treat-
ment decreased or ablated unmethylated MGMT promoter in T98G,
increased methylated MGMT promoter in U251 and decreased
unmethylated MGMT promoter in U138 cells revealing methylated
MGMT promoter at 20 pmol/l (Figure 4A). MSP assay data were
confirmed by the MethyLight assay showing that GSK3f inhibi-
tion increased methylation of CpG islands in the MGMT promoter
in T98G, U251 and U138 cells after treatment with AR-A014418
(Figure 4B). Consistent with the changes in methylation levels,
GSK3p inhibition by AR-A014418 decreased the levels of MGMT
gene expression in T98G, U138 and U251 cells as measured by
QRT-PCR (Figure 4C). Consistently, MGMT protein expression was
decreased by AR-A014418 treatment in T98G and U138, whereas
MGMT was undetectable in U251 cells with low MGMT expression
(Figures 2A and 5A).

Effect of GSK3p inhibition on c-Myc and DNMT3A binding to the
MGMT promoter

To investigate the molecules that are responsible for the changes in
MGMT promoter methylation status, we focused on c-Myc signaling.
c-Myec is a good candidate since GSK3p inhibition increases c-Myc
expression in U251 (12), T98G, U138 (Figure 5A and Supplementary
Figure S6, available at Carcinogenesis Online) and U87 cells
(I.V.Pyko, unpublished results), as shown by western blot analysis
and QRT-PCR (I.V.Pyko, unpublished results).

To determine if the effect of GSK3f inhibition on MGMT pro-
moter methylation is mediated by c-Myc signaling, we performed
MSP assay and MethyLight assay in T98G, U251 and U138 cell
lines treated with combination of DMSO-AR-A014418 and c-Myc
inhibitor. As shown in Figure 5B, the c-Myc inhibitor caused
increase/appearance of unmethylated MGMT promoter in T98G
and U251 cells and ablated AR-A014418-induced MGMT promoter
methylation (Figure 4A) in U138 cells in MSP assay, suggesting that
c-Myc plays a role in MGMT promoter methylation in the GBM
cells. Comparing with the data shown in Figure 4A, concomitant
treatment with the c-Myc inhibitor and AR-A014418 maintained
the fraction of unmethylated MGMT promoter in these cells.
MethyLight assay demonstrated that c-Myc inhibitor abrogated the
AR-A014418-induced increase of MGMT promoter methylation in
all cells (Figure 5C). The results of MSP and MethyLight assays
collectively suggest that c-Myc-mediated signaling is responsible
for MGMT promoter methylation induced by the GSK3[ inhibitor
in the GBM cells.

GSK3g inhibition enhances TMZ sensitivity

c-Myec is a target for -catenin-mediated gene transcription by
T-cell factor/lymphoid-enhancer factor (29). We have shown previ-
ously that GSK3( inhibition increases (3-catenin expression in T98G
and U251 cells (10). To determine if c-Myc expression is increased via
[-catenin signaling in the glioma cell lines, we used siRNA to specifi-
cally knockdown endogenous 3-catenin. Depletion of -catenin, con-
firmed by western blot analysis (Supplementary Figure S7, available
at Carcinogenesis Online), resulted in decreased c-Myc expression
in U138; however, in T98G and U251, B-catenin depletion increased
c-Myec expression and produced no significant changes in U87 cells
(Supplementary Figure S7, available at Carcinogenesis Online). It
suggests that the regulation of c-Myc by -catenin under GSK3f3 inhi-
bition is cell dependent.

c-Myc is known to selectively target DNMT3A to the promoter
of the gene, resulting in DNA methylation de novo and silencing of
the targeted promoter (30). DNMT3A protein expression was not
changed by GSK3p siRNA (Supplementary Figure S8, available at
Carcinogenesis Online), suggesting that changes in DNMT3A expres-
sion are not involved in regulation of MGMT promoter methylation
via DNMT3A in GBM cells.

We examined possible interaction between c-Myc and DNMT3A
by the ChIP assay. We chose T98G and U138 cells since T98G is
highly resistant to TMZ due to the high basal level of MGMT gene
expression (Figure 2A), and the observed synergistic effect of com-
bined treatment with AR-A014418 and TMZ against T98G and
U138 cells (Figure 3B, C, E and F) was accompanied by a decrease
in unmethylated MGMT promoter after AR-A014418 treatment
(Figure 4A). In ChIP assay, c-Myc binding to the E-box transcription
factor-binding site in the MGMT promoter was on detectable level in
U138 and below the limit of quantitation in T98G in DMSO-treated
control, whereas AR-A014418 treatment increased c-Myc binding to
the same site in the MGMT promoter in both cell lines. This find-
ing was accompanied by increased DNMT3A binding to the same
region in the MGMT promoter in T98G and U138 cells (Figure 6A
and B). These data suggest that, in response to GSK3[ inhibition,
c-Myc recruits DNMT3A to the MGMT promoter, which increases
its methylation level in T98G and U138 cells.

Discussion

In our clinical research, the GSK3f-inhibiting drugs inhibited GS
phosphorylation and decreased MGMT expression, a predictor for
resistance to TMZ, in tumor cells in patients with recurrent GBM.
Consistent with these findings, the status of the MGMT promoter
changed from unmethylated to methylated after treatment with
GSK3p-inhibiting drugs. These data suggest that GSK3[ inhibi-
tion decreases MGMT production in GBM affecting the methylation
status of the MGMT promoter. This observation in patient tumors
was extrapolated by novel findings in this study, demonstrating that
GSK3p inhibition in GBM cells induced c-Myc-dependent recruit-
ment of DNMT3A, leading to MGMT promoter methylation and con-
sequent silencing of MGMT expression (Figure 6A and B).

In our study, T98G and U138 cells appeared to be highly resist-
ant to TMZ treatment, and this can be attributed to high MGMT
gene expression level in these cell lines. It is consistent with previ-
ous reports asserting that T98G has the highest MGMT expression
level among 10 GBM cell lines (7) and is extremely resistant to TMZ
(31,32). Here, we showed that GSK3p inhibition enhanced TMZ
effect in T98G cells to sensitivity levels seen in TMZ-sensitive cell
lines (10). The synergistic effect observed for the combination treat-
ment of GSK3f inhibitor with low-dose TMZ (50 pmol/l) may be
considered in future clinical applications as it is within the TMZ ther-
apeutic window for systemic administration (33,34).

=
qPCR with a set of primers specific to the E-box transcription factor-binding site in the MGMT promoter. *BLQ, below the limit of quantitation. The figure shows
the representative data from two independent immunoprecipitations. (C) Regulation of MGMT expression by GSK3p signaling. GSK3 inhibition results in c-Myc
activation directly and via activation of 3-catenin-mediated signaling, which consequently increases recruitment of DNMT3A by c-Myc to the MGMT promoter,
thus increasing de novo DNA methylation in the MGMT promoter. The methylated status of the MGMT promoter increases the sensitivity of GBM to TMZ.
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c-Myc is an important factor in cell proliferation that enables G,/S
cell cycle progression (35). Despite its role in cell proliferation, several
studies show an essential role for c-Myc in apoptosis (36,37). A previ-
ous report demonstrated that c-Myc has a suppressive effect in human
GBM cells, as c-Myc upregulation is associated with increased apop-
tosis (12). GSK3p has also been reported to phosphorylate (38) and
destabilize c-Myc (11) and GSK3f inhibition in glioma cells along
with the upregulation of Ser®? phosphorylation and downregulation of
Thr*® phosphorylation of c-Myc, results in increased c-Myc expres-
sion (12). Taken together, c-Myc expression is increased in GBM cells
by GSK3p inhibition via its effects on c-Myc phosphorylation and in
some cell lines its effect on [3-catenin mediated gene transcription.

Considering the role of c-Myc in apoptosis (12), additive effect of
GSK3f inhibition and TMZ in U87 showing undetectable MGMT
expression (Figure 3D and G) can be explained by c-Myc upregula-
tion (I.V.Pyko, unpublished results). Moreover, TMZ induces G,/M
arrest decreasing its effect (39) by retention of proliferative capacity
in U87 cells (40). Accordingly, our laboratory previously have shown
cyclin D1 upregulation in U87 by GSK3 inhibition (10), suggesting
that GSK3p inhibition can enhance TMZ effect in U87 cells reducing
TMZ-induced G,/M arrest.

It is known that c-Myc can silence gene expression by active
recruitment of corepressor proteins and that it can target DNMT3A
selectively to the promoter of the gene (30). However, there are no
studies showing binding of c-Myc to the MGMT promoter (41),
despite the presence of an E-box transcription factor-binding site
in the MGMT promoter. In this study, we hypothesized that a high
expression level of c-Myc in GBM cells induced by GSK3f inhibi-
tion induces c-Myc binding to the E-box, resulting in transcriptional
repression via recruitment of DNMT3A.

Our ChIP assay demonstrated for the first time that c-Myc binds
to the MGMT promoter in intact cells and that c-Myc and DNMT3A
binding to the MGMT promoter increases after AR-A014418 treat-
ment. The mediation of c-Myc for recruitment of DNMT3A to
the MGMT promoter was confirmed by comparison of data from
the conventional ChIP assay, which includes a one-step protein
and chromatin fixation with formaldehyde (I.V.Pyko, unpublished
results) and data from the ChIP assay with a two-step protein and
chromatin fixation shown in this study. Conventional ChIP assay,
which effectively detects direct protein-DNA binding, did not reveal
detectable DNMT3A binding to the MGMT promoter. In contrast,
ChIP assay with a two-step protein and chromatin fixation provides
effective detection of both direct protein—-DNA binding and indirect
protein—protein—-DNA binding (27). Consequently, our ChIP assay
with a two-step protein and chromatin fixation showed detectable
DNMT3A binding to the MGMT promoter with an increased binding
level in GBM cells treated with AR-A014418. This was consistent
with an increase in c-Myc binding after AR-A014418 treatment, sug-
gesting recruitment of DNMT3A by c-Myc to the MGMT promoter
(Figure 6A and B).

Based on our data, we speculate that GSK3f inhibition eliminates
the suppressive effect of GSK3[3 on c-Myc expression by the effects
on c-Myc phosphorylation, which subsequently increases recruit-
ment of DNMT3A by c-Myc to the MGMT promoter in GBM cells.
The interaction between c-Myc and DNMT3A would then acti-
vate DNA methyltransferase, which increases local de novo DNA
methylation in the CpG islands of the MGMT promoter. MGMT
promoter methylation silences MGMT gene expression, and this
finally sensitizes GBM cells to TMZ (Figure 6C). The provided
data will facilitate the development of an optimal combination of
GSK3p inhibitor and alkylating agents for their use in the treatment
of patients with GBM. Further in vivo research is needed to optimize
combination regimens of TMZ and GSK3f inhibitor for the treat-
ment of refractory GBM.

Supplementary material

Supplementary Figures S1-S8 can be found at http://carcin.oxford-
journals.org/
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