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We searched for novel combinations of methylation synthetic lethality, and
identified SMARCAL methylation and inhibition of pyrimidine synthesis pathway. The usefulness of

this combination was experimentally validated in vitro.

In addition, the causal role of SMARCA1

methylation in the sensitivity to an inhibition of pyrimidine synthesis pathway was also shown.
In addition, as novel target epigenomic alterations other than gene silencing, we identified
aberrant methylation of four and 57 enhancers in gastric and lung cancers, respectively, as targets

of synthetic lethality.
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1. WFZEBAA S 1D 5

(1) BRBIEAIZEA~DOIIF & S

BRCA1 OZEFGMED IR A « L3 A D poly(ADP-ribose) polymerase 1 (PARP1) FH A =1/
MR RT 2 L D ERRAICHER S, BAMGIEEFORRERZAFICENT 5 R E LT,
BRBIEN —RUTEH DT, — T, BRNICHE AR ERBEEOMAEDEIX, £D%ITE
A ERIE STV, GRRBEEDOR N & 72 2 2R ROFFHNR SN TWD Z LTz, A7
V== T T 2 03 AR O AR R R D (RFE DL 2 b Ol 2 b 7avy) ORIEDFEE
EN T35 [Huang, Nat Rev Drug Discov, 19:23, 20201, F7=. HEAKTITFFE DIRE BB D
DA UOMEIE L7222 DI, AR TITHIIRKIZ E O REZBETERWEARH D Z &
HHETH D,

(2) DNA A FIALBRE &S & UGB o EE

DX/, JRARE I L R CERIANICE < D DNA A F AL R E N FEET S, TD%< 1T
Nyt Py—LEZLNDLN, BafF70E—F—fEE CpG 71 7> RO DNA A F /L LHE
WIL TMOBIE T2 BRI RE LT 5, FiEd . PARPI LEAIZKE LI-ANABREITE N
T. BRCA1/2 BIGTDIEIRZEFIZ BRCAL O DNA A F /LR 2 EET 5 & P14 L O TR
<72V, FFEBET D DNA A FNALERE L ARBOEE2FHB BT L L amR Lz, EEARZ LI,
D3 AUKARE D D3 AR 4R T D DNA A FIUALELE OAF(E & R 5 5 L L OG5 1 TAA B 2358 <
BN, MEOLOETEDD EABIIHEA Lz, 2 HIE, W72 DNA A F U Lfifhr o B
PR,

(3) FAT4 A F )AL & B -catenin & EFEDF K,

FIT, ZNETICHERAMBO RN AMIOIFIERTTDNA A FULEN D HZ LA RN
L CU\ 7z FAT4 S5 FI24H Uiz, IO 18,000 7 ~DRIFEDT — 4 ~_—2Z  (Project
Achilles) Z T, BHAAMIEEE 14 8 TOE DNA A F b e /v 7 7w s OBSEHED DA
B WBR T2 %, CTNNBI (B -catenin) BIa T2 Al & L TH7-, £ 2 T, FAT4 BEE 123 E A
F AL (AGS) . 1 A F 1Ak (MKN45) K& UMK A F 14k (MKN7) O H 23 AFIIEERIZ 2T B -catenin
FH5EA] PRI-724 ~DRES A BT LTI L 2 A, @A T /LD AGS DA EWES AR LT,
BUE, koK 2o L CA At 2R T Th 5,

(4) DNA A FUALDOH 72 5 wlREM:

DNA 2 F/UALIRREIL, B2 72 7 ) BIREEZ BT 5 2 L AN LT > TV b, fl
Z X, CTCF #5EEL0D DNA A FIUALITEN S REEZE(L, = —oiEMH L « RiEk &
DNA A F /U k. DNA it 2 F /A2 & 5 FiEnEER A S O, FEa— K RNA SCWNTEME Y A L
AD DNA A FIALIC L DB L, < O ) LD DNA A FALDOZEL L 1 >
TNHLTWD, LT, ZNHITES ) AZLO 72 NIIRERB G T O & BB L 72D b
DOPFET DA REEA 512 H D, b LRIETE UL, < LWAREBIEDE S &2~ 9 2 LA
AIRE T, T OAEIZE Y,

2. WEOBEM

7 ) DHAFERIIZ DNA A F AL L~V IR T- /) v 7 7 0 MK DHIIRATT & OMBEEm#ET

HT L& T,

o BIZFVA LT HEINLIEHT-7 DNA A F LB REFE & B FEITH D,

o ENEWMEEEL - =z —%E - FEETY) - JEa— K RNA - WIEME T A L A TGN
b7 EOARBEIEDEL FH LWEEZ Y ) 2B Z AT 5,

3. WD ik

(1) s DNA 2 F b & HEHEG T D FRE

BEIZ, 50 D 'H 25 AT L O 14 18O B 23 AMIIIERIZ DWW T, 777 AN 482,421 D CpG
HBRALOD DNA A FIUALIREERZ DNA A F /LT L AIZ LD | 23 A BEER 1 55 8 D 225K 28 H % Ik
AR — 7 = R L VAT LTz, B3 A TR IR TR A F b & @ A F b E TO oA %
RY CpG B &3, A5 CpG FINLD E S AFIIERE TD DNA £ F /(b L~UL & 18,000 15
FD w7 T T MIEDMIEOEFE (T —H ~X— R Project Achilles # i\ %) & OFHREFRE %
RKDD, ZETIZ, BEIMICHBEREZRD D R TOAZ U F M EEE LT, B, = x/L¥
— iR (EaFX). E3 U —FY GEBIETFY) 728, ALREHEEADORMNEEE SN



TWb, SBICEVALERLDOESDLID, EEE T OBRBIFENE FHIBIREL, AFC85t~0
BOREE) Oz,

(2) Blor VA Vv T uB0T 5 AT NALEREIE DB LT DR

FEBLTOVA VL TEN L THARBIEL 72D AT IALZRIET H72HI12, 7T rE—
Z —i i CpG 7 A 7 ¥ RIZHOWT, UTOFRGZZTbDOEA7 )V —= 7325, i) 50 @D
BRATMRIED 5 b—EEE BIZIE 10%LLE) TAFIMMERFIET D, i) A FubEhT
WABEA, MAMBOEERIEVEIE TAF IIEEN TS, i) B THEASNS ot —#
—ZERDCpGTA T RTH D, iv) HEAFIUULOBEIITEREORANDRDEND (VX
TV = ATFIEERIN), IO OEEEZREIT LS LICL Y, AL D DNA ATk
FLE 2 100-200 ERERIE T 5, BHOAAFMBRTON /MG AL, 2 E TIIoMEr L7z DNA
AF b= —H—IZ LV RETE 5,

(3) BTV A Ly EENEBLE T OARESE DR

FIE LAY A Loy TBIG 03 A T AL ST B B AMBERE & S TUVZRWE R AR
fakk % IV C, AR AEE T OEZITV, BRBIEOMREIT 9 . BERIERE RIS BLEA
DEECAAET D25 A 13 EAIZ AT, BT 2, fFELRWEEIZIL, siRNA IZ XL 25—k >
JHET L FE VT UA LA ShRNA OEANIZ K DLE ) v 7 X0 &7V, EREET
A F AL SRR CIIERBIL T/ 7 B0 o ~DEZ R E O DR E R D,

A FIACE REGED FIREMEDS GRS BT A ., G T - EEE T & b ER 2 EH 2 MR
A AW SAEET % CRISPR/Cas9 VAT ALY 2 v 77w v+ 5, BEEETFDO) v
TUubNIu—2EE) v T OB u— 0 EHWT, BELG T v 7 XU DR
HIp5H 2 LT, RN ARBIEDMHZRNTE 5,

(4) BEFIAZ V—=2 7 KOG~ — I —B%

KT EERBAFE AN 72 S AL TV VWEASE S IOV T, 1) F OREFREIC L 528 CoEM
NIRRT L& KO ¥ 7 REDTFT —Z b Iaat, i) BB Z 37 7 SRR T 5 Es
FInERET 5, AIKICHET 2 LORFEESNTZSEE. TORERDO A ) —= 7R Z R+
2o

FE PR Bt O ERINTFAET HARAES T CHRBIEDR MR T 5 E. TOMREANICL S
BRI B G T O A F LTI T~ — D — & L CTARATH D RN E W, £ 2T, A
FIARIRREN 7 2 AR 2 O CEME & OB 2 sl 5,

(5) BIETFHA L7 LT R D8 TO X T LA ESE DR

7ae—%—fElk CpG 74 7> RLSD DNA X F4bid, BARRIZITELE AL v
TV E LW, ZUCHBED L THRE CpG BALD A FIALIREE L FEMEIE T/ » 7 T Uk
REOMNE EAFROIK T BT 258 T O 0OHFHA N =X LDOHEIENRE I ND, ZIVE T,
Yett (R 22q13 DFFE CpG EALD A FALIX, & DGR 1 (Gene Z) OIIHNC L B EFRIKT
EERSHHRET A 2 &L 2 CpG EATIIFAPLIZ TR H3K27 72 F/u b Si, A—/3—z 2
VY —THDHAREMERE W L EFRD T, T D CpG HRALFEIEEIZE D A F AL L~V )3 Hfa A TF
LM ATTITEICHET 28 E R/ 2 EEGED T 5,

ERIZDOWNT, BIEEZBRINT 272012, RIBDS A - BEN AR EMORAFEIZB N TR
LD AT IALDIE U %Z b7 57 H D% H H KT Cancer Cell Line Encyclopedia D7 — 4 %
W45, BEES 72 DNA A F IO\ T, BRENFOFREETF—7 (ENE R
WEE) . o —RERA e e X R B () | RNA-seq 7 — % (HTElERE:
Y. I — K RNA ~OFE) | MaNREISE (NTEME Y A LV A IEME L) %L OB 5
THZET ) AEAERENT D, ME e 3C fi#HT, H3K4mel KON H3K27ac @ ChIP-seq fi##T,
RNA-seq %5132 it %5k & 4~ % [Nakamura, Cancer Lett, 402:100, 2017; Takeshima, Clin Epigenet,
12:142, 2020; Yasukawa, Carcinogenesis, 42:180, 2021], A A&RIIZIX, ER EHEH SN =S ) A
TAbZE 7 7 bRt - =87 MREICL VR - Il L, BEREBETFO ) v I X T e )y T
7 N EDERBEEEHERT D, S AfREICEA L TH CDH1 BB FIZ DWW CEMRRZ A
9~ % [Kunii, CRISPR J, 1:337, 2018],

4. BFSERER

1 FHIEZ, AT ALAERBIED K R DNA A F Ak & RGBS 1 OBRBIFEHE (FHBIfR L. 77
RESEA~DBEOBRES) ORELEITV, A F LA SEOFHMAE O DOREEIT-
foo THE—H—CpG TA 7 R&fio 8,101 BB 1225, i) 50 FEFIOF B A FHHRIED 5 5
20%Lh ETAFIALRERD B, i) RIRICEENDITE AL EOR BRI A FUALBFE (B



AR E A R IERL D A F AL L~ULH 90%LL ) L, iii) IEF 72 H CTRIANPBOOLNDI LD L

LT, BT EEFEHEIEL-, 2h5D ) b AF LI TV A TIZRRANR B D LI
T FEATFNALOHMBIEE CIEEEANRDO N DL LT I0BEFE2RTE Lz, Z10b D
BRI LT, AFMEEN TV DA IR RAICESENE 2 B E T D& G - DORE %
depmap (the Cancer Dependency Map) 7 — ¥ N— 2 & [\ TiTo 72, ZOREE, EAEET
PRKACB & fZ/HJiE s~ CDK6 DA/ ZFIE L1z, FERIC, KIBEBRAICBWTHEEEEIT
720N, EAE{S T FERMT2 L AE BYE{SF FERMT1 O#AE DR ZFE L7,

2 FEHIZ, ATF LA RRBIEOFHHMAEHE L LT SMARCAL AF/LbE v 2 DAk
BREOREOMAEDLEEFRE Lz, ZOMAEOEOHFRAME 2FEBRIICKRIET 572012,
SMARCAI 73 A F /UL STV DRk (44As3. AGS. GC2. Katolll, RKO), KTY, A F /L1l
STV ZRWHKEE (MKN7, MKN45, N87. TMKI1. HT29. T84) # 'V I 2L A AR IEIHE
A BAY 2402234 CTHLERL7-, ZOREE. A F/ALHIBBERIZ 3\ TIIHFEIHI A58 0 Hiizizic
xF LT, FEATF IV ALHIIARE CIIRBD b2 )olz, ZDZ EB, SMARCAL 28 A F /UL &
TVWDERAMIFIZE Y X VAR OEICH L TR TH D Z EdRang, £, &
BT A Vv T TR DT TO AT IALERBIE AR T 572012, = —fH
WD ATF MBS L LIZFTHRA T LA RESEOMA b E/MEEE LT, TO/E. 8§
DANTEBNT 4, Jli AN T 57T EOMAE DY ZFRE LT,

3AERIL, ATFIUULARBIEOFHMAEHLE L LTI E TICHEE L Tz SMARCAL A
FIALE Y I VU DOLEDRAA HEIZ OV T, SMARCAL AF ALY I 20
BRI ERZEE LT DT RINTH 2008 9 AT L7, SMARCA1 28 2 F /L & T
WA HIRE TdH D RKO 2BV THSEMED SMARCAL SR ESEE Y 2 O SRR K I EH
THLEL L 7=, T OFEE, SMARCAL 23 H45 2 & TE Y 2 VU ARSI EAN 9 5 i
PEPNMET 425 2 ER90o7-, —JF7T. SMARCAL ZFH L TV A1k TH D MKN4S5 I8
TSMARCAL %2/ v 77U RT5Z L1280, BV VU ARG ERNC 2 B A3 1
N5 Z &80 oT=, LEDZ L35 SMARCAL A F AL E Y 2 2 A Rk I BH 2 sz 1
EHTEOTHRKTH D Z RSz, BITE, KAGOEOENEEZTRD7-HIZ in vivo 3£
BRAED WD,



5 5 0 1

Ueda Sho Yamashita Satoshi Nakajima Miho Kumamoto Tadashi Ogawa Chitose Liu Yu-yu Yamada 119

Harumi Kubo Emi Hattori Naoko Takeshima Hideyuki Wakabayashi Mika lida Naoko Shiraishi

Yuichi Noguchi Masayuki Sato Yukio Ushijima Toshikazu

A quantification method of somatic mutations in normal tissues and their accumulation in 2022

pediatric patients with chemotherapy

Proceedings of the National Academy of Sciences 2123241119
DOl

10.1073/pnas.2123241119

Ebata Takahiro Yamashita Satoshi Takeshima Hideyuki Yoshida Hiroshi Kawata Yoshiko Kino 167

Nao Yasugi Toshiharu Terao Yasuhisa Yonemori Kan Kato Tomoyasu Ushijima Toshikazu

DNA methylation of the immediate upstream region of BRCAL major transcription start sites is an 2022

independent favorable prognostic factor in patients with high-grade serous ovarian cancer

Gynecologic Oncology 513 518
DOl

10.1016/j .ygyno.2022.10.008

Ebata Takahiro Yamashita Satoshi Takeshima Hideyuki Yoshida Hiroshi Kawata Yoshiko Kino 39

Nao Yasugi Toshiharu Terao Yasuhisa Yonemori Kan Kato Tomoyasu Ushijima Toshikazu

DNA methylation marker to estimate ovarian cancer cell fraction 2022

Medical Oncology 78
DOl

10.1007/s12032-022-01679-y

Ueda Sho Yamashita Satoshi Watanabe Shun-ichi Wakabayashi Mika Motoi Noriko Noguchi 13

Masayuki Sekine Shigeki Sato Yukio Ushijima Toshikazu

Influence of degree of DNA degradation in formalin-fixed and paraffin-embedded tissue samples 2021

on accuracy of genome-wide DNA methylation analysis

Epigenomics 565 576
DOl

10.2217/epi-2020-0431




Hattori Naoko Asada Kiyoshi Miyajima Nozomu Mori Akiko Nakanishi Yoko Kimura Kana 125
Wakabayashi Mika Takeshima Hideyuki Nitani Chika Hara Junichi Ushijima Toshikazu

Combination of a synthetic retinoid and a DNA demethylating agent induced differentiation of 2021
neuroblastoma through retinoic acid signal reprogramming

British Journal of Cancer 1647 1656

DOl
10.1038/s41416-021-01571-y

22 5 6

Ushijima Toshikazu

Epigenetic field for precision cancer risk diagnosis and exploitation of its carry-over as a synthetic lethal target

Annual Symposium on ‘ 60 Years Anniversary of SNUCRI: Past, Present and Future

2023

Ushijima Toshikazu

Epigenetic field for precision cancer risk diagnosis and exploitation of its carry-over as a synthetic lethal target

Singapore Gastric Cancer Consortium 14th Annual Scientific Meeting in 2023

2023

Takeshima Hideyuki Ebata Takahiro Furuichi Yumi Yamashita Satoshi Ushijima Toshikazu

Methylation synthetic lethality: CHFR methylation and KRAS inhibition in gastric cancers

Annual Meeting of AACR

2023




Furuichi Yumi Takeshima Hideyuki Ebata Takahiro Okano Keiichi Ushijima Toshikazu

Screening of methylation synthetic lethality in gastric and colon cancers

Singapore Gastric Cancer Consortium 14th Annual Scientific Meeting in 2023

2023

CHFR KRAS

82

2023

DNA

82

2023

82

2023




CHFR

KRAS

46

2023

DNA

46

2023

G0S2

46

2023

CHFR

46

2023




DNA

81

2022

33

2022

Ushijima Toshikazu Yamashita Satoshi Takeshima Hideyuki Ebata Takahiro Furuichi Yumi

Methylation synthetic lethality: methylation-silenced genes as a rich source of combination partners for synthetic lethality

12th AACR-JCA Joint Conference

2022

Ushijima Toshikazu

Methylation synthetic lethality: methylation-silenced genes as a rich source of combination partners for synthetic lethality

6th Asian Cancer Epigenome Meeting on Tackling Cholangiocarcinoma in ASEAN Countries

2022




48

2021

Cancer epigenetics: mechanisms to clinical applications, and beyond

80

2021

Methylation synthetic lethality: large scale isolation of candidate combinationse

80

2021

HSD17B4 DNA

80

2021




ESCC cells with Gene A methylation show synthetic lethality with Gene B inhibition

80

2021

Furuichi Yumi Takeshima Hideyuki Nishiyama Kazuhiro Yamashita Satoshi Okano Keiichi Ushijima Toshikazu

ESCC cells with Gene C methylation show synthetic lethality with Gene D knockdown

32

2021

Methylation synthetic lethality: large-scale isolation of candidate combinations

44

2021

R4-R5

(Takeshima Hideyuki)

(40432497) (32676)




(Yamashita Satoshi)

(80321876)

(82606)

R3




