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Attempt to search for environmental and genetic factors that enhance
microsatellite instability in mismatch repair deficient human cells
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Using the CRISPR/Cas9 genome editing technique, we established HelLa clones
carrying MSH2 variations; G674R, G674D and G674A, those were reported in Lynch syndrome (LS)
patients. These clones showed hyper resistance to MNU, with a characteristic feature of
MMR-deficiency. And the mutation frequencies observed at the HPRT locus were uniformly elevated in
these clones. Another hallmark of MMR deficiency is microsatellite instability (MSI) that is known
to widely and drastically undergo length changes in MMR-defective tumors. However, microsatellite
alterations in these clones were generally modest. Alterations in dinucleotide microsatellites were
rare and, in all cases, within 6-bp, which corresponds to Type A instability that we have previously

reported in Msh2-deficient mice. Mononucleotide repeats were stable in the clones. Accordingly,
molecular defects, not yet discerned, should underlie genomic instability observed in MSI+ human
tumors including ones developed in LS patients.



B X C—19, F—19—1, Z—19.

1. MBSO 5
~A7a%T T4 MI 1 Ry LEIEETO
b/ RBIE LEMEZ S SV B — MELS
T, BEREEY DT ) DI SEEAET D RSN
REEHEYITH D, —HO e FBAMIETIX
INHDY E— OB HEBEICBIE S,
INGOEE T~ 7 uaY% T T4 NREE
£ (MSI: microsatellite instability) |
I TV D, BRIZ, KB ASTEIRN
NINEIET DIBBIERBY  TIEERE O K
%23 Ay (HNPCC: hereditary non—polyposis
colorectal cancer) TiL, v~/ 7V 57
A4 boES (VE— M) 2, EEHERck
NCEHEEICET s Z ERRHENE, *
D%, VU FREGEREOFRINBLETE LTI R
~ v FEHE OMR: mismatch repair) KFH
[HE S 41, MST IZ DNA 7R U A 5 —F okl
F—TH LI~ 7Y T T4 NEEFINT
DRIK < FEAD MR ORI LV EE S
WTHRY , IROBITY B — MO 3E
EINTELDI O LHEMEINTWS, 21
5D LD MST (X HNPCC O hallmark & &
NTRCHWSL N T\ 5, BHEERTIEE DOk
Aok, mEE~A 70V T 74 MRz
B L ORI 21T 5 Z 12k, B R
EECTHRHEEND M I, v~/ 7 a5
A4 MZ 172V LEMEDY & — FEALOKRK -
FRANIZSID Type A &, ZHEITH S
B LW T U ANHBE LD L)
IRREREAEMED Type B L9 | HIIIT
R D200F— KN FET DL EEALD
L= 1), &5 WR RFD—> Msh2
BIZTORE~ T A% H O 5. MR
KRIBHIFLTIZ Type A LD NN &
EHOMNMZI LTS, HIG. Type B MST [t
Db FAAMIIIEL, WR KB & 138 5 ER
TMSIWNAELTEBY, ZOZERREBADE
KTdHDAHEMNE 2 T,

. 105 115 125  135(bp)
3000 D13S175
2400 ;
600 I wU\\
0 L |
9l0 . 9‘8 . 1?6 y 11..0 . 1§z(bp)
12004 D13S175
800 ﬁ f Type B
400- \

K1 EMEBICRONSELGSE—F
DIAYOYTSANFREN

2. WFEDO BB
FIENERG DN A DTN~ A 7 a7 5
A FEHNDORLEEMEIZILI A~ v FEER

EABHEL TS Z ERH LN STD,

CK—19 (@)

ZTNUNDOER D> TND EEZ BN
DT = NHDHIT 05T, OER
VB S 2N E N TV, AWFSE Tl
~A 7 aYT T A MNESIOARLZENE & GE
T 2 ERAREZHNT, ~(f 7 W7
T4 MEEHIARLEMEZ 5] & Z T BB EN
DREFEL L OB EKROBERZIT I,

3. WDk

(1) UV FIEBRETRO LD MSH2 25
DEANE~A 7 aHT T4 MNEYIRZEM
DFEMT

MMR % /K4 L7= & MAE T MSI fi#bT 247 9
7212 MSH2 S22 KRHBRRIZANZ T, Type BMST
DWMEINTND Y CFIERRETRD B
% MSH2 G674R, G674D & G6T4A ZEHE Ao
HeLa i} % CRISPR/Cas9 % AV NT= 4/ Atk
WCEDIEH Lz, SWoFtECcid, b Mz
T Type B MST 23R I < MHT 57201,
Type BMSI 234U % & GFP/YFP @& % v 787
ENRETE ., Type A MSI 2ME U741
GFP 13581 LT % YFP I3FEEL L7220 Type B
IR —F AT D TETHST2M, BB
ICHERET D Z & DHER NN EET. > 7= 7291
Wres L. TEROMMTIEE VT MST fiffT 217

<77,

(2) ~A4 7 %7 T4 M RLZENEZH
HT D BREEEK O fET

MST Z 7R KEGA AN 395 KI5 b R
faix, 7 U 7 MIAFAET DEEAE T D i
faC Bk 5, E-LRTRA- Bid, eI
ALA RV ADEWRETHL Z EERL
TU 5 MSH2 FE4 K48 K ONMSH2 G674R, G674D
& G6T4A ZEH ZF5> Hela MlIZ~A 7 ¥
T T4 MEAIRLENEFHRT DHIZDIT,
10%FCS 1T L A RIS AFE F v 7=
n=—7% 12 AHEEEL T, 2 HHEEGR LA
D10S197 (B T-EED MST (2 DOWTHIAT 24T -
770 F1m. BEA NLADOEETRLED
T, Msh2 KiE~ v ZAHFMHEFMIEZ 10%
FCS /77 FC, 1 mM KBrO; (F2{t.7) ¢ 2 [a]
JLEEZ L. DNA ZfhH L C D6mith9 iEfx 1
D MST i 21T > 72,

(3) ~A 7 u%T T4 MNSIREEN %2
F DR ER O FE

T FE TOMMTT Type A MST 1% DNA R U
AT —POBE[LT —ThA L~ 7D
T 74 MEFINTORXRE - #HAD MMR O K1E
WD BEINR2NTEY, kOBERTIE
— NEDOEAENEESNTELDEEZD
ZEMTES, LAL Type B MSI (FHHi7
BRI —ICERTZ EIEEZLNRNT
EMG, B R L AL A FLRIZED
DNA “ARSHUIWIAMEE DOBIETAEL S )
EiZ STz, % 2 C, DNA KREHEIMHEE
WZBE 5 LT\ 2 DNA B8 B & o X7 B D
fRTAZXF9 % shRNA 238 A LT, MST OFFEHT
4T o7,



4. WFZERR

(1) UV FIEGER TR LD MSH2 25
D HeLa i~ A & Z DOfEMT

KGR AT BN A7 EREA TR D3 A
AT DY TIEGEREOBETIE, I X
~ v FIEEBIET MSH2 \ZAEFERY|TDOLE
BN oMo TWnD, ZOFIZ MSH2 D
Walker Amotif FDET4FZH DIV (F
X)) AT ILE =2 (G6T4R) 3 HUMET A/RT

MS H2

457 554\

HaN / COOH

Connector Clamy \

Walker A motif
674

H. sapience =~ GPNMMGGKS
M. musculus GPNMMGGKS
S. cerevisiae GPNMMGGKS

Mismatch
binding ATPase
1 125 300

X B (GOT4D) ICE AT D RN o0
TWb, 6714 FEADOT IV v BT T =V
(GOTAN) [ EHL S T2~ T ATIE, I A~y
FEEREIIKBLTWDER, THRF—TA
FBERIZIEE THD EMESNTWS, &
[BIFL7- 5 1%, CRISPR/Cas9 % FI|H L. MSH2
D GO6T4A ERAKITINZ T, U U FIEBRED
BE TR SN
TWAT ILF=
> (GBT4R) F N
T ARG X R
(G674D) |Z & 4
L 7o BARZAE
5%7;: ﬁ@)ﬁ L=
), 7 =R

& :/7\‘:1 ‘/ ]\ﬁﬁ \IGTA!;GG((;AC;TAQAT;AAC
M OFES . MSH2 .

amm%ﬁﬂw G674D | b it
fsr AT,
I—ij—?@ﬁ‘lﬁl\i% PATA AGACAAATCAA!
%'@“75§\MSH2@ NMGDKS
G674R F X W} G674A 141 Ty
G674D 2 BAKIT HNM&[« Y
%\é fﬁ% 75)‘ %ﬁjﬁi @ BATATGGGAGCTAAATCAA(
10%F2E T 5 BHCRES
ZEMS, INHDY FIEBRELE RIT
MSH2 DO ARZELZ 5| & 2 J Al GEMEN B
Z btz B LX), Z OfEF I3 H ZREERE
Wi E Bl o fERERLTEBY,
HZERERE 2 O T BT C© 2 A~ » TE1ERE
NIEFHTHD EHRESINTND Y T IERE
BEO MSH2 OEBARIL, & MIREN CIXIER
WCRE BT > TWDA[REMENE 2 i,
HPRT Y& A5 JEE 22 W N T Z2 R 8 50 B T
DOFER, Zh b 3 >OERKFTHNTRHHE
FRICH AT HSRZEIRAE B E 7S 8~10 5 |k
HLTWEZEND, A~y FHEEEN
KRIFLTWDEZ &%%nbtoit %

M”W“‘”‘W“““
,‘,“”‘}W\Jn VLYY
RATATGGGAGGTAAATCAA(
NMGGKS

i ,‘" ““'llyﬁ,""\
al LN‘I’\_’I\L\ WIIVY

G674R

g 8 -
g 22 ,058%28
23 353 289
2 o o S © b B b B ©
S < 3 060 0 6 0 0
— — —— -MSH2
- — -MSHG
W W S ——— JEES— 'B'actin

F /L VA N-methyl-N-nitrosourea (MNU)|Z
*TBREEME, an = —TEkEE & FRIEIC
LCHRZEZ A, MSH2 522 KRB R
(AMSH2) L [RIEEIZ, G674A R A2 G e
TOD 6674 ZBHRARIT MNU (AR L. T
R —V AFEREZ KL TND I END
Mot (FKD,

1

HelLa MR AMSH2, G674 mutants

0.1

0.01

Survival rate

HelLa MR (WT MSH2)
0.001

0.0001
0 20 40 80

Concentration of MNU (uM)

G6T4A R A Fro~ 7 AfifalL, 7%
{LAVLERIZ KD 7R b— 3 AFFEITIEF I
2D ENHE SN TUWDA, Hela MSH2
G6T4A ZZFARIT AL MNU IZEZ M2 R &7
VN, T OFERIT, Hela FifL (v kA AKERD)
ERFAL ST~ v R R VR HE SR
(MD®Lm#ﬁ%LTwéT EMERH D |
G6T4A R DB MBI DHEREMITIZA 4
DOMETH D,

(2) ~A4 7 %7 T4 MESIRLZENEEZH
HT D BREEEK O fEt

MSH2 524/R#E KT8 MSH2 G674R, G674D &
COT4A A Fr D HelafifRlc~ A 7 a5
A MERSIIRLZEMEZFRT H7-012, 10%
FCS 12 L A HEFHAEAFE FCy v/ ran=
—% 12 {EEEEL T MSI T 24T o7, FD
FERO 1A TR RT,

HelLa MSH2

Hela HelLa AMSH2 G674R

1% 162 168 174 () A 156 162 168 174 180 [-bo)

wf | ] s

4 [-bp)]




E% 72 MSH2 % ##-> Hela Al Gl MST 1342
OBV, AMSH2 & 6674 BH %
Fi> Hela fifRIX. Type A MST Z/R L7,
G674D 25 B % F5-> HeLa Al Tl fh O HIRK LS
F T MST A ED FEPRBO LN, L
2L, Msh2 KB~ v ZHifd & FAERIZ Type B
MST 1ZFBD BN noTz, T D OREFRIL,
BRA N AFEETTHBELTWD B R
AT EH, S A~y FEENKB LT
TIE Type B MSI 134 URWZ & &2RIB LT
W5, DSARIIR A L7=Z & T, Type BMSI
BDRZBRLL RSO TWDAEENREZLND
DT, BES 7 AFREIZE Y iPS Mgl kD
MSH2 ZKABMNE A 137 L CREMT 28D T 5,
fftb A R LA & Type B MST & D RSE % -~
572012, 10%FCS 174E FC 1 mM KBrO; (B&{L
) T 2 [EIALER L7~ Msh2 K3~ 7 A H Sl
HEFERPA A FAV T D6mi th9 B s T-EED MST fiR
MradT o722, RAFEOHN & [GFEIZ Type B
VST IFBlEE S e o Tz,

(3) v~ 7 %774 M RLZENZH
HT DR ER O FE
INFETIUT o EBEFTH0T /) AE
EHWTI A~y FEEBE O L EKE
XF7-v U AB L MO T,
Type AMST (ZMR OKRIBZITTELDZ &R
oM oTe, 774206, MR KREMIET
IZDNARY AT —FPOHEMET —CE U~
A7 aVT T4 MESINTORXRE - fAME
BINRNTED , ROERTY ©— Mo
EAEREESINTAELSD, LoL Type BMSI
L. TNH O TIIBE I NN Lk,
R N L AL A R L AT XK D DNA TR
HOUIMDMEE SN AHWMETAEL D LWV H I
L% ST C72, MLHL REEDS AFMBEIZ DNA —ANEH
UIWHEE IR 5 L TV % DNA E15 B & o /3
JED X BI5IZx9 % shRNA 2 A LT,
D2S123 & {51 JBE D MST AT 21T - T2k 5L MST
BEEINR L hoTz, ZORIT, Bt
X 73 MMR KHBIC L A MST B8 cWETH A =
EERRBELTWD BET X & MR & DRf%,
MST FHEIZ IS 1T B EBNDOfRIHILA % OFE T
»HD,

5. TR

UdeEEams) Gr41h)
Matsuda, D., Matsumoto, T., Honma, K.,
Ikawa—Yoshida, A., Onimaru, M., Furuyama,
T., Nakatsu, Y., Tsuzuki, T., Maehara, Y. :
BUBR1 insufficiency in mice increases
their sensitivity to oxidative stress. In
vivo, 30, 769-776 (2016)
Ikawa—-Yoshida, A., Matsumoto, T., Okano,
S., Aoyagi, Y., Matsubara, Y., Nakatsu, V.,
Tsuzuki, T., Ohkusa, T., Nomura, M.
Onimaru, M., Furuyama, T., Maehara, Y.:
BubR1 insufficiency impairs liver
regeneration in aged mice after
hepatectomy through intercalated disc

abnormality. Scientific Reports, 6, 32399
DOI: 10.1038/srep32399 (2016)
Evans, M. D., Misty, V., Singh, R
Gackowski, D., Rozalski, R., Siomek, A.
Phillips, D. H., Zuo, J., Mullenders, L.
Pines, A., Nakabeppu, Y., Sakumi, K.
Sekiguchi, M., Tsuzuki, T., Bignami, M.
Farmer, P. B., Olinski, R., Cooke, M. S.:
Nucleotide excision repair of oxidised
genomic DNA is not a source of urinary
8-0x0-7, 8-dihydro—2’ —-deoxyguanosine.
Free Radic. Biol. Med., 99, 385-391 DOI:
10. 1016/ j. freeradbiomed. 2016. 08. 018
(2016)

Egashira, I., Takahashi-Yanaga, F.,
Nishida, R., Arioka, M., Igawa, K.,

Tomooka, K., Nakatsu, Y., Tsuzuki, T.,

Nakabeppu, Y., Kitazono, T., Sasaguri, T.:
Celecoxib and 2, 5-dimethylcelecoxib
inhibit intestinal cancer growth by
suppressing the Wnt/ 8 —catenin signaling

pathway. Cancer Sci., 108, 108-115 (2017)

(sER] G2 11F)

AHITR, HEFLE, R T R,
H E B, SUACEUE, MDA © CRISPR/Cas9
ZRHWEE Mo I A~ v FBEER T~
DOEFREAN, AARBIRTFRE 88 FIK%,
2016

JERF 7 KA &, fix Rl7 HEE
AE, A 0 2 A~ v T DNA [EIERDMK
R K OVAEFEMAL 7 7 22k KT8,
A AR A 88 [AIK%, 2016

REFHT &, EHFH7- HEEAEE, SR RE
B, #EFA - BR{b A b LRI & DI IE
I B A LR R A RAER Y 7 =
F¥—: Mutyh X~ U 2% A7 gt
A AR5 75 BTk s, 2016
ARHEICAR, HEFLE, B AR, BRI,
HmEH, A b Ml E vz IR
~ v FEEIK - MSH2 DZEFAROMMT, A A
AR 75 |k, 2016

RHEICR, HERLE, B AR, BRI,
Hom = opl . &9 A& B, 8 E A
Characterization of mismatch repair
factor MSH2 variants found in Lynch
syndrome, H ARG HREE 5 59 [AIR4,
2016

Hayashida, G., Nakatsu, Y., Hidaka, K.
Fujikane, R., Hidaka, M., Tsurimoto, T.,
Tsuzuki, T. : Development of assay systems
to characterize the variants of mismatch
repair factor MSH2 found 1in Lynch
syndrome, The 10th International 3R
(Replication, Recombination and Repair)
Symposium, 2016




REFHT &, BRI, o R He]
B, A S Ay TFEERKEYY A%
WA MMRZ R o, BARRE
IR BJR SAANE A5 [BIR4S, 2016

JEBF L1 REpAT &, HpEErLE, R
VB, MM : Mutyh R~ D RZEB T D1
A b LA K DL E RIS A AL
BRI HIIRAE R Y 7 =F ¥ — OfEhr, H
Koy FAEMT25 39 R, 2016
RHEICR, HERLE, B AR R,
A e, $UARRUS, EEA : b Nliah
kI A~y TFEEBLETEREKOER L Z
DfFENT, BRI TEMTFERE 39 [EFEE,
2016

KHEE., BER T, PErGE, fREETR, A
Mook, BRIk o, HmEM, fEEA
CRISPR/Cas9 Z MW 7= DNA R X F—1F§
R5 0 6 HZ2KZ5 5. MSH2-null HeLa MR #f
fa~DEN, HASGFAEYTRE 39 BIFE,
2016

Tsuzuki, T., Ohno, M., Takano, N., Taguchi,
K., Nakabeppu, Y., Aoki, Y., Nohmi, T.,
Nakatsu, Y. Oxidative stress—induced
intestinal tumors in Mutyh-deficient
mice treated with low doses of potassium
bromate, 6" US—Japan DNA Repair Meeting
2017

Hayashida, G., Nakatsu, Y., Hidaka, K.
Fujikane, R., Hidaka, M., 0Oda, S.,
Tsuzuki, T. : MSH2 ATPase domain mutants
found in Lynch syndrome patients show a
marked instability in human cells, HA
AR 76 [EIEikR e, 2017

Takano, N., Ohno, M., Hidaka, K., Nakatsu,
Y., Tsuzuki, T. : Oxidative stress—induced
mutagenesis in MshZ-deficient mice, H
KI5 76 MR 2, 2017
REFHT & JEBHR T B & ERAE,
HRIRREVE, HEEALE . B - KA E
TN~ T A% HWTZBEEA N L AFEIEFEN
A & IRHIEZR SRS B DM, B AR E
76 RIS TBREEEN AL T L
Wi oME « KBS ) AT — 2 INDFHEB A
HRZME RE-T /13y NI —7) ],
2017

Tsuzuki, T., Ohno, M., Takano, N., Taguchi,
K., Nakabeppu, Y., Nakatsu, Y. : Oxidative
stress—induced tumorigenesis: Lesson
from the experiments with DNA
repair—-deficient mice, 4™ Transgenic
Technology Meeting, 2017

REpHT &, BB, HEALE, xR
T MERFRE ., HRISHEIE, A - B
PERIGR AT T NV~ T ATBT HE{EA b
L RFEIEIED o & AR A 22 IRZE H D g #fr,
H AR B2 60 [BIRES Vo Ry
U BB AOER TR F ¥ —] , 2017
REpHF &, EE M1, PEAGE, AL,
RS, MR - BT A 137 OIEHE
BRI < &K D AEWig e - Msh2 RIE~ T

2% AN I SN BARAT DRt B,
ABREEAE RF AR 46 MRS, 2017

RN« s T~ T A & U 2R DNA

BEITER S 2580 AMF O, B AR
AR RFUERES 46 [MIRE AARBREIZ BJR
FRERHEGH, 2017

Tsuzuki, T., Ohno, M., Takano, N., Taguchi,

K., Nakabeppu, Y., Nakatsu, Y. :DNA repair
system as a constituent of mechanism
underlying practical  threshold of
oxidative stress—induced tumorigenesis

The 12" International Conference and the

5% Asian Congress on Environmental
Mutagens, Symposium  6: Molecular
Mechanisms Underlying Thresholds of

Genotoxic Carcinogens, 2017

RHEICR, HEFLE, B AR, RIS,
HEEm, fEETR, IR, A
U o FIEGREBE I A S 7o 2 8 MSH2
ZFFOE NHIRARRORIST & fiEHT, 2017 4REE
EmBERTFRGRFERRE (AR T4
WeE s % 40 RIEES B AL LFE2E 90 [H]
R&], 2017

Tsuzuki, T., Ohno, M., Takano, N., Taguchi,
K., Nakabeppu, Y., Nakatsu, Y. :DNA repair
system as a constituent of mechanism
underlying practical threshold of
oxidative stress—induced tumorigenesis
2017 FEEA MBS RTRGRFER KRS [H
ARGy FHEMFEE 40 MIFES )/ AEAREN SRS
FIOEIRE] VAR T A TR B A
DoAY, 2017

(XZF) GF1p)

Nohmi, T., Tsuzuki, T.: Possible
mechanisms underlining genotoxic
thresholds: DNA repair and translesion DNA
synthesis (Chapter 4), Thresholds of
Genotoxic Carcinogens - From Mechanisms to
Regulation, pp. 49-66, Eds. Nohmi, T.,
Fukushima, S., Academic Press (2016).

(PEZEY PERE)
mL

(Z Dfih)
L

6. WFFTkHR

() Argefk

{EBE/A (TSUZUKI, Teruhisa)

fE R R DR R R R

TN KRB AT 2% (CFRk 28
HEEET)

FgeE &= : 40155429

(2) Wrgesr iR

AT (NAKATSU, Yoshimichi)
TUN KPR EEBEE ARG R
oeE&E . 00207820



(3) HEEHF IR

#kHE{Z 95 (0DA, Shinya)

TUMNDI At v & —lERISE v ¥ — ER
WgeE &5 40333372



