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ES

AMFFETIL, "DNA EHICEI 545 RecQL5”, "DNA #4595 Tipin”. “DNA &8
BIXOT o ATHER R SICBETH5SNM X7 L7 —EB 7 7 I —"L 1) 3ODRFIZOWVT,
VATGF o AT NTvr . = MARY R EOHI AAER Z RS> DNA HiEH 2 T

AVEND T ) NZTEVERERHIE I35 1T 2 BBSREIC DWW THgtT L 72,

1. RecQL5 iZ2 &% DNA 7 v R Y v 7 EIEFHEMHA 2 Ol D fZIT

RecQ ~V —E7 7 I U —ILKEE RecQ & mWHHEWEZFFO~Y I—ETHY, B T
1% 5 AFHET D, FDO—>TdH 5 RecQL5/Recqls ZKIE LT-~ 7 RALERENANMEZRTZ &
PGS TEDY . RecQLS (TIEA AHIHIE T & L TOMEEN TSN TS, LavL,
RecQL5 DMINIZISIT DFEM7R 0 FHEREIZARBA 2 3 2, Fox 13, RECQLS W51
fa23DNA 7w 2 ) 7 T D v A7 7 F L (CDDP) B LU~ A b~ A 2 C MMOIZFrit
AN BRI M2~ 2 L 2% R L2, DNA 7 1 2 U > 7 851346500 DNA EIEREE S iy
BT SN D, CHEEE IR E O T RS X ORGSO
12X Y. RecQL5 (X" Radl17 &b HERT = v 7 "1 v h 8 L OVFANCD2, FANCC &
DOEDD 7 7 v a = MK L1387 57T DNA 8427 v 2 U > 7 ICLHERICE G5 2
EWREENTZ, —Ji. RECQLS/BRCA2 —FEi = -iHkIT BRCA2 WA & [FIFREE O
CDDP &34 7~ L, RecQL5 (£ BRCA2 (T{KAF L I AHIRIALSL X ARBKIZ FSWTHERE S = &2
R S iz, BRCA2 [FHARRAR Z A LZHAD PRHATH % Radbl 7 T A MDA L E e
BR7ETHY . MKENTO Radbl 7 4 —H ADERICHLEE &b, RECQLS Rtk
IZBVVT, MMC %12 Radbl 7 4+ — B ADTENBIEE Sz, S 512, RecQL5 & Rad51
OFfEGD ICLEE OIREECHE Th o7z, A, RecQL5 O ATPase 1%t ¥ 7= ICL &1
\ZH59 5, BEREMNICEWT RecQL5 78 Radbl 7 4 7 A2 haBRETHIENEZFESZ &

BLO Radsl & OREETEMEFR LU ATPase 15 Z OB FHNEIEIZLEL L W ) s & B



% L. RecQL5 ITMIEMNIZI\ T Radsl & DNA B ERZE L, A7k 2 SO 2 Hi]
T% Z & &I LT ICLEE 2T 5 AIREMEAV IR S 7c, FERRIC, ke ta /(R Hids O
g 707 Y ARG C ORI B 2 E LT & 2 A RECQLS Rk Tlx CDDP 4LE
RFOFAHRZ SHFE DS TTHE L TV e, S 61T, 7 a7 I FEEORHEZFIH LT, FFRE
iz OFF L 72 DAV BIE T OB E AT LT & 2 A, RECQLS TR Tld CDDP ALBRRFD
FEHRZ DSEEMES £ TV, ZRHOFRER LY RecQL5 1Z DNA 7 12U > 7 {815
(I U CHERE L AR 2 0O FR TR Z OEEE & IEHEME 2 BRI L TV D B2 5
N5 (Fig), Radsl 74 7 Ay NIz u~F L UET Y V7 KTTHS Radbd DIFFEIZ LY
FRIBIMZAT 223, RAZD Radbl 7 4 7 A BRI UOARE L 72 57- Rad51 7 4 7 A |k
TECNCRE SN DMEN B D, RecQL5 126D Radbl 7 4 7 AV hafrET 52 L T,
ICLIEEZREL, 7 DZEMHEFRHICH 5T 2B 2 b b, — . RecQLd DRIBRHTIT

Rad51 7 4 7 A v M SRAE L, A7k 2 P RHA DI RS 22 8 & O 2 35k

INDEEZLND,
ICL
\ IcL l
RPA — > -
. FANCD2

<O -FANCI “a
~0y FA core complex l _/—\_'
[ [~ (FANCC and others) J_
—

BRCA2 o l

QO
S
- Rad54 _L
Q RecQL5 I/

Fig. 1 Model of ICL repair including RecQLS5.
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2. Tipin IZ X 20 7 b7 2 V558 M DNA BRIEE O EREEHE OfZHT

FBSAHID—2>THBH 7 8T (CPDIE FRA Y AT —F T (Top) DFLEHITH Y |
Topl OEEETEMEZLET 5 & & B2 Topl 27 u~TF > LI S, BT +—7 L Ofi%E
T DNA “ASHEIKr(DSB) At & A5 2 & CHllENE 2 %648+ %, CPT 12k % DNA
B ALY o — 7 23S LIRS 2 OB L TiE, REARHZR SRS, Foxid, &
BT 4 — 7 DWERIRFD—> T 5 Tipin (& H L, BT 4 — 7 OEFEEEEHIZB L TH

B Lo, TIPIN BRI CPT 1% L\ D

Temporary replication fork stalling?
Stabilization of replication fork?

00019

MEZ R L, DSB RKisDfeiECdh 5 H2AX @

v
U U s TetE LT, EORSHEDIFIRIE,

FRIFIE 2 EER-CERT = v 7 A b

AVAVAVES

RS DRIE & 13> CTe, —J5, TIPIN l

Top1 release

AR T CPT f#1E M 1T 28R 7 +—
7 DEATIRREO R FAVBE Sz, CPT 4L @1

) “ )
K> Topl DB E RS LT=E 25, TIPIN T\ DN 94

R C B CI/E LT B 7 7 Y —

LN Fo 5 B 2 AN
sgtenmmzezrcosmrrrs NN
N7z, CPT Eszthds L Topl O3 fi#Ix, 18 l

W ot sesERcns  NOONCNNEND

T 74T 4 2 ) ORLECTH R

Sz, Topl DIFRIERT 4 —27 & O ’\//\/’\J/\J’\/\/\;

%'(“SE D’/f%‘é k v 5 $&%%%‘F§:‘é— %) & . Replication fork restart
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Tipin |TE# 7 +—27 & Topl DI/ r~TF
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FCOMREEPHNTN D AREMERE 2 b /
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Fig. 2 Model of Tipin-mediated protection of
the replication fork following CPT treatment.
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(Fig.2), Tipin % JC48 L 7= B8 7 — 7 |3 CPT ALERIRC DSB A% slifs Crek L, it~

+— 2 ODFELZ W TENLL EOEITHARARRIC R D LB B,

3.8NM 7 7 3 Y —Dx bR FFEMT R b — L A~OBE OREY

RRA Y A Z—+E 11 (Top2)id DNA (Z DSB %38 A L, DNA “ AR Lk £ 0 2Ry L7z
DHLEREE ST D &0 ) EERIEMEZFFD, Top2 OIFEAITH D= hAR T RiE, Top2 2V EHAL
7= DSB O fR A HET 5 2 & ClamE 2 L, MIC T R F— 3 A EZFHET D,
DNAHEIZ L 57 R b= 2 TiE, DNA IZHET 2RF MG 2 L T7 R h— 203k
TV 7T NEMT EBEZ LN, ENEH D R-00 FHEIC OV TR~ +5CTh o
7o B2 L IAFRICHBNT. SNM X 7 LT —F 7 7 2 U —IZE 3% SNM1A. Apollo/SNM1B,
Artemis/SNM1C & 3 O3 bRy REFEMET R b—v ACE5T 52 2R LIz, ZhbO
R F O = HER A FR UMRIT L7 & 2 A, SERRT R b— A0 6 RnoTlz b
DO, TR =T RIZET % DNA KR LOFIZ2Es s BlE2 Sz, LLEDORERIZ, SNM
X7 LT =B OFT TR RS FFEEMET R b= A0 FEFITHAHNCE S L, DNA WA

BB W TR IE 72 & < ATRetEZ 7/ LTV D,
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B1E #E

B1E ABEOER

WRH R EME R SLEICHIR S D WERSH Y . DNA MEGZ 52T 12356 1Y)
IEESNAITR DR, 7 DZEMERERF DNA 5 - (B O Mg T 2 & Mo
R AALRL R & 5| & 234123 & 5 (Auerbach and Verlander 1997; Branzei and
Foiani 2008; Branzei and Foiani 2010; Lambert and Carr 2013), EEgIZ, A A - FHI#L
ZHER L T OBEEMREDZ <A, DNA R - BEICE5 4 5/ F 2 a7 & LT
Do . OFEMTRITFEOBRE LWRBIZE D 7 DR EVHERERE O 72 IR BRI
HEATZL DD, {RIRE U TRIFIR IS 2 < ESN TN D, 12, B5T 5% ORTO
[FIENR Z T3, il % OER T OFEBEEEIIART D> TRV, 3 I, BRSO A H
UWNTZAFZE CRERERFAT SEE AL TG - CTh - Th . EMEFEAEMICB O THEREDNREFEIN TN D
INIRHETH D, HF=IZ, DNA EI - (B2 BE N TRaIic il 5 2 LI39E
ICHEL < . E7-F OBIGT-RIBDZ < DSHIBOBIFERERLAR R DL FEREIC B % 5. 2 5 12|03
BRI IR TIERWZ LB T b D, ZNHOEEZ R iz, DNA HEi - &
OO EHEMRAT 5 Z ENEEND,

AHFFECIBNTIE, 55 2 T Tld DNA ~U 7 —F RecQL5 @ DNA 7 1 2 U > Z4BEIZR T
HHERE. 5 3 T CIHER Y + — 7 HAUMERUA 7 Tipin OFi7272%&H], 5 4 B TIL SNM %X 7
LT =877 IV —0Ox bARY RFEWHT R b — AR HEGOATREHIZ O W TEREN
fENT Uy 7 ) N TEVEHERFSAE ONFFE CARARA ORI PRk L 72,

REETIX, 8 2~3 HiTH 2~4 BEIRT 50O [ AW L, & HITH 4 HiTH 2~4
FEICBIT 2 LEOEFMEICH D=7 F U DT40 MO\ TR T 5, REREOE 5 HiT

ABFFED AR Z ik~ 2,
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%281 EAYD DNA ERlE

Ff oY ZL0E, HfEiE DNA #HUZ X0 B 50 DNA 287 & L4277 DNA % 25
E2D B & 5, DNA BRI e R B 722 72 134T 5 K 9 IR Il <41 T
WD, Z OHIEBE OBHE I BB HROMKICARES 2GSRI L, MlOR 0B
oI HIRA L 2R D,

MO DNA BRI BT 270 D EREAICER Lz, ZhETICHLMNICEN
TW% DNA R 24753 %5 (Branzei and Foiani 2010; Errico and Costanzo 2010;
Lambert and Carr 2013), DNA ##BALIZ et HERBRAGRIC 7 A & v AU & G Te—E
D& RTENES L, BRETEA (pre-replicative complex: pre-RC) ZTERKT 5, fl>
T, pre-RC 128 %415 MCM2-7 (minichromosome maintenance 2 to 7) #HAKEZERH L L
T Cdedb X° GINS 72 Ehfx 7o 2 /87 EREEG Ly [FRFC MCM2-7 AR B KIZ S IER 72
ZElbE b bT 2 LT, BERBGAHTEA (pre-initiation complex: pre-IC) ~E 17T %,
Z O pre-IC ~OBATOMWMIRIZIZY A 7 U KT F—E (cyclin-dependent kinase: CDK)
RCATIZE B Z L R_RIEDY VAR METH S, pre-IC O MCM2-7 E41KIT DNA ~
U —BiEZRFF LT Y. DNA “ABHAZEESR LN O—AH DNA LA2BE+5 L5
X HITND, ~NUH—BIZE > THEH LIZBIEHO—AREH DNA 28 E L, DNA &Y X7
— PR L H87E DNA $H0OARMAEZ %, 2ok, V—F 1 78Tl DNA polymerase ¢
(Pole)iZ & B2 ARk, 7 % > 74 Tl3 DNA polymerase a (Pola)#s & U DNA polymerase
§ (Pol®) & Hulr & L7z At A M T D, Pola i, PREFT 5774 ~—EIEHEIZL Y RNA
TIA =" A L. D &R E LT Pold 12 & 0 g R\ ET A DNA SH3 GRSV,
ENENAEGU AR SN2 [IFE 7 2 7 A > Mid, DNA U H—ED—>TH5H Ligase III (2

FVERE S, AERESNEFENL 722 80 DNA X7 L7 —RBIC LV ERES LD,

38 EEMO DNA EEEE
REICIESH 5 DNA EEERED 5 5, AR CARICEIEAED DNA — A (DNA
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double strand break; DSBM&TE . B L OEER YT ) ALEVEHERHENE CH 2T = v 7 R A
v MZOWTHEL L. FRLSNDOEEHBECRE L IS EGCE 2~4 B)D il TS D,
DNA HESCHEILA N L A ZFHETAIAN L U T bR E N BT WA, AIFZET

- DNA HEAIZSWTIE Table. 1-1 I2F & 7~

Table.1-1 The list of DNA-damaging agents.

Names Action mechanisms Major DNA repair pathway
Camptothecin (CPT) Topoisomerase | inhibition HR

Etoposide (Eto) Topoisomerase |l inhibition NHEJ

Cisplatin (CDDP) DNA crosslink FA, HR, TLS(, NER)
Mitomycin C (MMC) DNA crosslink FA, HR, TLS(, NER)
Hydroxyurea (HU) dNTP pool depletion (HR)
Aphidicolin (APH) DNA polymerase inhibition (HR)

Olaparib PARP inhibition HR

Methyl methansulfonate (MMS) DNA alkylation BER, HR

HR; homologous recombination, NHEJ; non-homologous end joining, FA; Fanconi anemia (pathway),
TLS; translesion synthesis, NER; nucleotide excision repair, BER; base excision repair.

1.3.1 DSB &M%

DSB (3 —#E 58 A%E - DNA OfiF O#EB’UI S BB TH Y . %dH 5 DNA HED
FChi b BEEAREE TH 5 (Chu 1997; Kanaar et al. 1998), DSB 234 U7z F = » 7
A R EREEI D DNA GBS 2 5L U CRIfaE I 01T 4 B4 < &, DNA {50
{&18 %17 9 (Branzei and Foiani 2008; Finn et al. 2012), —/ERHLINIC “3_TD” DSB A

DSB dsDNA

EIE T 7, etafk DNA LiZ DSB

ENEREN HEEEEN

RO ThI-THE, MldiT7 R

b AT Y BT B, / \

BERZAEMIZEBWT DSB 2EET NHEJ

(error free) (error prone)

D ERToREE & UL MR 2 2

5 (HR repair) & FE A [7] K v fd &
— TTTT

(non-homologous end joining;
Fig. 1-1 DSB repair mechanisms
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NHEJ) O 2055 (Fig.1-1), HREE Cix, $mEikll EoMFEN: 24925 DNA
G (FRRIYL R & 7o 1Al G 50 18) A8 L L7- DNA GRIC K0 BEEORMEE 21T 5,
7e72 L, MR EER T HR BEENMTON =S E 1L, ~7T 250K (oss of
heterozygosity; LOH) (2 & 72 9 HMSEIREEORBUZEN D iietEnH 5, 07w, @5
BB T, HREEIZF L LT S MLk o AR T 5 BRI Th
HEEBEZHBNTWD, Ziuxt L, NHEJ TiRUlreks 220 E 56 ULIEE T2, ©wxIz,
NHEJ (ZREAFNZR EDBEPE LT UVMEERE TH D LB X LTV D, MFREKIZED
L8 BRI N TN OBERKICB W THERKR 2R/ L L b2, b9 — DDk
R L THIRIRIC@ 2 & b 0 . MBI AOITHIE L AW e DRTEBHRICH 5 LB 2

L TW5,

1.3.2 HAFE#E# 2 EHE (homologous recombination repair; HR repair)

BB O HRAEEIZLL T O X 9 72 B A% T1T41 5 (Fig.1-2) (Branzei and Foiani
2008; Kim and D'Andrea 2012; Roy et al. 2012; Aze et al. 2013), (XU ®iZ, CtIP BL W
Mrel11/Rad50/ Nbs1 # & (MRN &) D 5—>3 %Y X 7 L7 —BIHIEIC LY UKD 5
KISV IAEFL (5 resection), FARIAZEH L7-—ARE DNA SRS D, RIZ, ZDE
U 72— AR5 5712 RPA (replication protein A) 2354 L, DNA #EAMET 5, & 512 Rad51
AT 4 == W IND X o 78 (AR TIE Radb2, @S EZAEN TiX BRCA2) 23
fifi& L. Radbl & — A L~PFONAT e, Rad51 IZ RPA & 28 #i S v, — 444 DNA OJE[HIZ Rad51
RS L TEE D KO ITHA L, protein - DNA 7 ¢ 7 A b (Rad5l 7«4 7 A v 1) &AL
T %, F\ T, DNA AROA & 72 2 FH[F DNA 25 L, AH[ERE~—A84 DNA 22 A9
% (strand invasion), Z OiEFEIZILAEH DNA {KTFE ATPase &% 7> Radb4 OF%HE
YETHY, Rads4 (IMHFEIFHO 7 n~F AEL U E7 U 7 LT Radbl 7 4 7 A b &R
ALRTLTDHEEXLND, Dk, HIFEFIML~DXIE (synapsis) (2L V., D-loop & X

N LM TRHADNER S D, MR ZEFT & LT DNA ST > TR MEE S
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7%, ZAHDOREED DNA ~U H—PRxX 7 L7 —BIC L VRSN T, &% DNA &
HfE L CTEENE 795, HR EHIX DNA EERFOAR 5T, F 4 i Tgibkd 52 —47 > b
AT T —ya SN K DBIEFIERSICLFES L, Bla T LHIB W THEEREETH

Do

1.3.3 FEHHFIERGFES (non-homologous end joining; NHEJ)

B FREAEIC 51T D NHEJ (ZLL T O & 9 7B %% T1To41 5 (Fig.1-8) (Ahnesorg et al.
2006; Ciccia and Elledge 2010), % 3° DSB 432 DNA-PKes/KU70/KUS0 72572 % DNA-PK
AP L, Kz ¥ v v 795, DNAPKes 13 AT7 7 F DA /¥ h—n 3x%F—F
(PISKIBEXF—ETHY, AFEZACY Vb T 5 & & bic, NHEJ ICBEGT 2/ Th D
Artemis ®° XRCC4 % U VL, YV 7 /— MROUEZFIHT 5, Artemis (3 DSB KD~
By ETY, FROETE LT, BBY 7 ETh s XRCC4, NHEJ (23551) 5 DNA
VA—E L LTid7zb< Ligase IV, fi#Z #2072 < XLF BFEL, ZIHDRKRTIZL Y DSB
AR A SIUBIEDE T35,

NHEJ (382 B8 L LIWVMEER TH L7200, MMEHIc L 5FETTE 5, —F, BHE
RFZ R & 672007\ error-prone GR Y 23 D) CTh 5, IHFIE NHES O Z 5\ o7z
MWEZFIH L, [DSB & ABMITEA L CIEREAR 1RSI 2505 R OR S il a1 A A %
B35 LW, Py T 4 =X LT —E(ZFN), TALEN, CRISPR/Cas9 72 &/

J DB BB Y LTS (Hockemeyer et al. 2009; Bedell et al. 2012; Mali et al. 2013),

1.3.4 BRF = v 7R Mg

BT = o 7 BA > M, MRS S HiFIC DNA HREPERIA b L A &3 T 728, Hilli)E 1
DEATOFIE L ZINAV D7 7 ATV 7 a i L, BE A2 RET 2 72O ORI Z1E D
1% T d 2 (Busino et al. 2004; Branzei and Foiani 2008; Finn et al. 2012), FHEE) O
BT = v 7 RA 2 MILLTF O X 9 725 1H6% i b, HHE7 +—2 5% DNA HI5OHER A
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R LRI L > THBE 51T ssDNA BFHT 5 &, — A8 DNA fri# 5 > 7 B ThHH RPA N
faa L. ZOWBERT = v 7R A o MEMLDS | &4 L 725, RPA RS R A A % F> ATRIP
Z Yl LT, ATR-ATRIP 7 —EB#HEE) ssDNA LIZfEET 5, — ., Zhb &ML
C Rad9-Rad1-Husl /2572 5 ~7 1 3 EK(9-1-1 AW 2 RPAKIFHNZHERL Y +— 7 Llzn
—T 4T END, 911 TBRREEE & 2EEE(Clamp) TH V. —IFAYIZHHEE L DNA EiC
A SEDHNTE LCRadlT 7 77 n—4—%0E L+ 5, X512, ATR-ATRIP & 9-1-1
WG OEAEEFEGT DR Toh D TopBP1 & /2[R UEALIZY 71— h&vd, TopBP1 I
ATR O F—ViEMEATIHE S B HEDN H L5, 7 n~F » BT 51203 9-1-1 £ Off e
DLETHD, ZO0LE, 91-1 OERIMEED 22 L7z Rad9 O C K7 A /U#iED TopBP1
EOMEMERICEETHY, F72, Radd ® CKTANNY VEMEEIND Z & H0ETH D,

TH, 2OV UEbER ) X =R AL v FF—F 2 (CK2DTHD Z ENRENT
(Delacroix et al. 2007), S HiZ, ATR ®HC Y (kA TopBP1 & OfEGAHEIRT 22 L b
it S (Liu et al. 2011), TopBP1 & DFFEIZ LY S HITIEMAL L72 ATR 1T, BT = v
JIRA Y NDOF—T 5772 —Tohs Chkl # U b+ %5, Chkl bE/FT—EBTHLH0HE
WRHEE SRl S TR Y | ATRKER Y U R{k(e Tl Serd17 36 LU Ser345)12 & v TG
b4 2%, &ML L7z Chkl 1% Cde25 AR T 7 #—B % U VBT %, Cde25 (T, cyclin
dependent kinases (CDK) OtV (%35 Z 7> THlIZE %2 SIG2 725 M #i~EfT &
DIHEREZFFOM. Cde25 U W AUIRIZE OBFIABLE S du, FERAIHIBE IO 1L & 721338

IERFIEERZ SN D,

O' RPA
\ > TopBP1
N\ A i
e oy 8 ATR-ATRIP /\  Red9-Hus1-Radt
O —— — - (9-1-1 clamp)
A— Q Chk1
/ o Radi7.RFC25
y, Phosphorylation (clamp loader)

Damaged replication fork

Fig. 1-4 The model of Replication checkpoint
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B4 =7 MY BY MR R DT40 Ml & 2 DEBSR
141 =Y bV DT40 #RBRDFEE. I LU D VEFEES 2 BB

77 5 DNA 2517 7 A Re@BEEEMIGEAT 2L, BICRELET I AI Ro—
AN ) BV AENZEO— 8D, ZOWMREA T I L— 3 v R, KERY D
AT T = a 3T A EORRR IR T VX DR ZD(T A, T T =g
V), UKL, 7T A RIZEEND DNA W & ZAUCHIRI 2R S22 o5 ) Ak
DDNA LRI Z 22 L TCEAT T X3 RT ) ARV IAEND 2 E083d 5 (2 —4
v T T L= ay), WRE—Ty N T L= a VBRI DTV T AD ES
MBICTT B, FVF LA T T b= aliNE =0y MM U7 7 b— a3 AZHART 100 f524
FOBETREZS, TS, Z—F v b T T L— g TR DEEERAMIC BT S
(B IR OBLIIIER TR Ch o 7o,

DT40 flfalE b U [IfijFE w7 A L A (avian leukosis virus; AVINZ LY R T A7 4 —A LTz
=U M B U LStk E LTI S du, PURBIR TR OBR T2 HEE ) A R I b 2k
HFHERF LTV /2 (Thompson et al. 1987; Buerstedde et al. 1990; Kim et al. 1990), #< <X
Z &z, =V h U DT40 Mifaic 3\ CTix OVALBUMIN O & 5 78855 O ARG 2 s T % 5
DT, WARCTRCOBBIETH =Ty M UT T =2 a BT F LA T T L— 3
> LARIF A T = - 72 (Buerstedde and Takeda 1991), L7-73> T, DT40 Mgl me
AR H THE—, REEETE /v 7 77 b TE LM TH Y . BRI BRI

WraAT 2 Mk & L TR STV,

1.42 =V IV DT40 ffagkz > 7-HFFED A Y » |k
DT40 ffi %2 O\ O FEEREH:R 2 BEOMIZ, LLTFIORT & 5 REN -5 E 235,
1. BEDE Z A 7 EHEOIEAEIR <~ — & —(Puromycin, Blasticidin, Histidinol, Bleomycin,

Neomycin, Hygromycin, Ecogpt) Ml RIEETH V|, ek STIHOBEE FOEME /) v 7/ T 7 K
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INTED, ESHIT, FEXFVT = TERZ B IZHITZ % Cre-LoxP V 2 v —E%/H
W5 Z LT, Mg RSB FE ) v 7T U P TE D,

2. BVFLA T LMPADORBUNLZE THDTZ L, 2 BREKL N OO A r/rr o
FY—AE MY Y I=THD), £, MEOHFNRE D EHO O TEF AT 39CITB N TH T
N VN Y i) N R AR e AR

3. BUERYASSEAD =D DRMAERMIEZFTE 5, Z0HEL LT DT I 1270
VHEE T mE—2 —|Z LD Tet-off & 27 A(Wang et al. 1998), (2) % &3 7 = ARLFM/H
Z #3212 L % Cre-loxP 2 27 A (Zhang et al. 1996). (3)IRFEESMEZS Bpk O ERL (DT40 e
1 34~43C £ TIRWFIFAIZJE > THIIRODAAFRZ 2L S5 2 L7 {K5# T & %)(Fukagawa
et al. 2001). (4)degron EcF(aid EF) % FN =X L X0 BED T 0T T ) — MRS AT
2 (Nishimura et al. 2009), @ 4 f¥E3H 5,

4. =U MDY 7 L7 P =7 FOEITIZED K 90%DT / MEMDPH LN E o T D,
F7-. DNA #H - fi#fix - (E1EICED D85 TIXHHZERERED & B S5 B E W & C Ll i g
IRAFSNLTERY . HEFREREPE b, vV RADIERE T 4 — RNy 7 LoD 21T 9 Z &7

TE %,

1.4.3 EBREL LTO=U U DT40 Mfakk & AW FEDwE &1t

V4RI RNA T RNAD Z Wz v 7 207 S K D81 ORSBERRT s i & 72> TR,
ZOFEE, D AEMEOFTH B MllaE AW T A TE S, 2 R URT =T varh
HH U TNVENCET 1~2 BEIEETITA D, L) AT DT40 Ml s V2356 K0 b
TWb, £l2, R/ v 770 b ThHoTH U REZMW8, il & RIRHE AR OfETAS
TELIOFATHD, BT, B R - YT ADINT —F_X— 2 E M OHUEN FFE LT
WHREDFIRb®H D, LIeh-> T, FRRZERT 2 ECHRICER FEENPAES TH D L
9 720 T DT40 fifa 2 A 2 OEEY) & 13508k,

LnLanG, B MO ) v 7 X000 v/ 77 h~DADFRE g LT, DT40 iy
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WGP ERITHLGER S &5, UL FICZEDFIZRT,

1. /o7 By TR ) v 7T 0 MO TE ST, siRNA 07 7 R CHEE 72
LIRS X T B DFRAFORED T2, D 2T, BEOBEFRITORIOLLE, J730bb
SRR BB HIHT S ATRE T D,

2. KAEMER L~V TEBEL 720 | ) v I T U b~ U AR EFREDTENEE T T T HIT
KRG T D,

3. NIERLHEIN AL EORBRNC LY 2 v 77U b= AR LONTHOEDEH L WEER
FTh-oTh, BIGFOZEBIFERDOIERNATEETH D,

4. BHERED R E D2, —DDBURT D/ v 7 T U MEDBINL 40~60 AFE TIT2 5, Lo
T, BETO=EBER TH o T HH HIEHERE CfERTx 5,

AWFFENZITBNT, 32 ETH O BIETITTE A ERKBIC LV IRAEBIE, R4t HDVEE
HNIEERTHEETTHY . ZEBSERZ AW R0 78570 217 9 =T DT40
MR 25 Cdb B, 85 3 BT o7z TIPIN %#1X U & 9% DNA BRIR 113, Z DO XAEA M
BB D ZEMFEAETHLTD /) v 77T b~ RIMERENTE LT, FHEEW M
faco /77y MZE 57 7 v —F 1L DT40 Ml T/ uIREECTH 5, 5 4 EOWFSTRE:
3. SREERIZRIT I L ONE S — EREER OFR CE R UIE b e o7, BLEX Y,
AMFZETHV D ERE B E LT, DT40 MR IIEFICRS vy F L7 LTS EE R bND,

—Ji, i#EIX ZFN, TALEN, CRISPR/Cas9 72 & &\ =7 ) MREEICEY . B hD/ »
77U MERSRSZEOEMFED /v 7 T U MEROIERAFTRRIC R D S0 b 5, i m
& W DFERER, THIRNICX 7 L7 —EBZ2lfPEEL S & T4 7 & DNA |[Z[E#: DSB %38
AT 5] EWHIMWHE B, A7 F =5y FMIROBENMKIR & LTSI TOZRY, S%OF
T DFRIfENYEED T e L B X DDA, BIRFRTIIZINO DY AT L& —mtED IR )3 5%
17 Uit T 2 B MR I SARIEDS B, 2 9 W o 7o & DT40 MR A Y R 2 K <R L,

BFFE H G U@l R EBRR A BIR L TV ZEMEFE LW EEZ B NS,
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H5H AHFEEDOBR

55 1EICRCH L2 K 912 DNA Y - (B1EICB 53 2R FOREIFEA TS DD, ZiL
5 DIy FHEREDIIFE TR FREEDE S S T S0 LD RIGEOBEREZR & o Biila/E
PNTBNTHATL CE Tz, L LRt D, Sl & 72 o o B AN TIEBIG-T 5 IR 0%
SOEFTREEAICHI L, BRAE TRONTERPLT LE Y TUXELRN I EMRAIT
BN > TE TV D, BIEMRBDOFKEER T & 725 DNA BER1°, AIBEOER & 72
0 5 % DNA ERIKT-O5 THE % fRIA 3 2125 7= - T, IRIKI OS2 72 1B IFE ORENT~
BIF D700, @EEZAEDMI, R IR 2 O T fAT S R R R &7 D, AR
T% DNA EEGE 2 )4 fuiic, DNA 3G 3 %), DNAHEGIC L 27 A h— AGF 4 %)
LWV 3 ODBEMEICE LT, FHEEMW ML b CRIS FIEN A IATA 5= MY DT40 #
g VT, 24> DNA R - (EERFOF 7 atie 2 42 2 L 2 BR9 L LT, FrlT,
% 2 ECIILMIIEE TR AMICHIIEZ1T > TE T2 ReeQ ~U W—E 7 7 I U —D 5 6 FEREN
K Th o7 RecQLS, 3 T CILLAFIEE Chigh L 7= DNA R 1 ORI 72 85 Tk
MERL 7 0 ¥ = 7 h O D—> T - 7= Tipin, 4 4 F CTlE DSB iFEM T R b —3 ADFELT
KFAR7 ) —= 7 TCRESNTSNM 77 IV —X 7 L7 —BIZERZ YT, TIEOH
RAPZ I 1T 5 5y FHERE DT & 3k r T, AMFEOHEEEIZ KV | FHLO o FHEDOIEIICE £ &
T AR —7 R ORIECHEEMRBOFBR O, TRFRIEDHNLD - DT e R D%

RAEBR L,
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228 DNAAY I —F RecQL5 D ICL BHIZH T AHEEEDIRAT

EL1E FFam
2.1.1 RecQ~VI—FE77IV—
DNA ~ VU 71— 1%, DNA & i
BB, MR, BT ED scerevisice sgst [ TR
DNA Ebﬁ\—l%&:[;f% LT, ATP DM H.Sapiens RecQL1 I:_-]]
G.gallus
AKEMECH L 5T L X —%F) ootz L N W T
we [ W T
AL T—4A$H DNA E&4ED (RecQL3)
\ Reatsa [ TN ]
BN REED L7228 S ARAdEE M o
RecQL5 M 1
KFEREEZOW L, £D DNA
domain Blgoain  Maomsin el Ellygnar ocezeton

(GG L7 ARl DNA (£ 721X g 21 RecQ hetcass family

RNA) % fii#f S, DNA-DNA,

DNA-RNA 72 FO—HE L ¥ A% “ARO—RPITE X RIHR ORI TH 5 (Tuteja and Tuteja
2004; Fairman-Williams et al. 2010), %2 DNA ~ U & —+t% ATPase {E1E 2 Fih, i
(ZRAF SV D —BETF— 7 &8 BIfREF L T % (Fairman-Williams et al. 2010), £
7. DNA fE&TEE S IR,

RecQ ~V 7—E 7 7 I U —IZKE RecQ EAHFEMEDE AV I —EBHEAE DX /N7
BOWKRTHY | KIGE» DR, b b £ TR S TV 5 (Fig.2-1) (Chu and Hickson
2009; Rossi et al. 2010), HZEFERHZIBWTI Sgsl. 0 ZM4RHCHBW Tl Rghl 28, ThTh
M— RecQ AT 7 & LTCRIEENTWND, —F, & MIBIT2S ReecQ ~V h—E 773
— & 7B L LTIE, RecQL1, BLM(RecQL2). WRN(RecQL3), RecQL4, RecQL5 @ 5
RGN TEY, 20955 BLM, WRN, RecQL4 (FZNENTN— LJEGERE, 7o/ —
FEWGERE, 1 AE L K- b AY AEERHOIRKEE T ED Th D Z LR L E 7> T A (Ellis

et al. 1995; Yu et al. 1996; Kitao et al. 1999), Z 15 DEIMIRATIL, BEFRDAMESC R
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{LIER AR L, FOREKITAY /) LA%:  Table2-1 Comparison between BS, WS, and RTS.

BS WS RTS
EVEHERFOIFEICH D LB X BT —
Cancer predisposition @] 0] O
WD, BUBHRRERIC OV C Table,  Frosen symetom © ©
Skin manifestation O O O
2-1 W— 35 (E ?5?5 f\’_ . %I H% % < 0i Immunodeficiency O -
Sexual hypofunction O O O
human RECQLI o % HBEEE  Skeletal abnormalities o)
Sun sensitivity O - O
L. ZOBEGFEMH DNA ~U B Short stature (@) O 0]
S ) - — . . Circle (O) indicates that the symptom is typical (Chu and Hickson 2009).
H—E{ﬁ Ié fgﬁf) — CE 72/7? L/f\— (Sekl BS; Bloom syndrome, WS; Werner syndrome, RTS; Rothmund-Thomson
syndrome.

etal. 1994), D%, RecQLl D7
7257 RecQ ~V H—E 7 7 I U —F X T TR A B DT RN 2 C

V% (Wang et al. 2000; Kawabe et al. 2001; Wang et al. 2003; Otsuki et al. 2007; Abe et al.

2011b),
2.1.2 RecQL5
bt b RECQL5 i&1n113 RECQL4 &fnv-& & 1T 1998 412 Hif S 47- (Kitao et al. 1998),

KL XY G 2 TR L0 | ATPase TEPEZRFF L, DNA Y 7 —E & L TOAA LY
WEMEZ > 2 & by S/ (Garcia et al. 2004), —J7, ZHE TUMERICBNT=T b
U DT40 Mifd% v 7 RECQLS M AnFREEROVERL - frAs7e ST ps, AMfassiee, sEH
faDEIE . FIMRIB LOA TV A K o 2L 7 5 35— MMMS)EE M, mitotic chiasmata O
FBEEIZBE U CIT B AR & 222372725 72 (Wang et al. 2003; Otsuki et al. 2008), Z D X 5 (ZHf
% VTR AR EHORAT CIERBUIL MG H 1T 2 OA I EREIXIZ & A E AR CThH o 72,
7272 L. BLM & O ZEMERIZI\COZMIFEEE O T, SEMInORn, flitkget sy
{RAZHH (sister chromatid exchange; SCE) SHEEDTIHER & L W o o RBIAINGHLD Z &
5. RecQL5 28 BLM KIBREHZ DAy 277 v 7L LTEIK DNA ~ VU 71— Th 5 AREMED
SRR STV = (Wang et al. 2003; Otsuki et al. 2008),

L LilEHE, RECQLS/Recqls 7 v 7 7 7 b~ U ADPMER Z v, BPAM & Bz U Cay V83
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PR (B SRFEIER DN A E T 2 EAVHIB] L7-(Hu  Table2-2 Tumors found Recql5-deficient mice.

Tumor types Numbers
et al. 2007), M~ R 32 EIKE Recqls / >~

Lymphoma 14
JT7 7 b~ A B0 f{E%E 22 » HFE LIz & Z A, Squamous cell carcinoma 1

Lung adenocarcinoma

B ARG 6% (2 ER) CHEENEIER S -DIioxt L,

Heptocellular carcinoma

W = =2 D

Recql5 /) > 777 b~ 17 ATIL 46% (23 f8{iA) & & Breast carcinoma

Liver hemangioma

B CBIZ SN -, TEEONERIT Table. 2-2 12 % &

Total 26 tumors found in 23 Recq/5" mice.
3 mice had multiple tumors.

Dz, b, FEERGIEEOFKEE - CTh Reference (Hu et al. 2007).

% APCEF DR T VIV ER 2o~ A2, N2 T RECQLS Eint% /v 777 kLiz
THEERS AR UL A KIBIZE T DIEBEOREEN APC B R~ 7 AT~
THEICER L7z(Hu et al. 2010), —F5. Recqls / v 7 77 b~ 7 ADTFITE AR L 7473
722 E b (Hu et al. 2007), RecQL5/Recql5 IR ARECIE T 72 ilEMZIZMZE TR DD,
AR - & U COMREZFFD Z & D3RI S 7z, BIEE TIZ RecQLA IZx T % & MEA
JRERE SHTWRWA, & DEEMEHERFE ~ DB 5038 < R s hu b,

E 512, RecQL5 IFFRE NIZI\WTHEAREIE X (HRICLER K7 Tdh 5 Radsl U =B
F—VICEEHERT D Z LW SN, AT, RBRENICEW T HR ICHWAEZEERTH
% Radb51-ssDNA DXV L AT a7 A7 47 A2 MRadbl 7 1 7 A2 M5 Radb1 % i
SHLEEEFHFOZEBHIAL, ToF Y are b —8 L LTOEENTEIN TV SHu et
al. 2007; Schwendener et al. 2010; Islam et al. 2012), #xiT. RecQL5 DEfO KA A L THDH
BRC variant (BRCv) repeat 7% Radbl & DFEGIZHEATH S Z & brsiv/z(slam et al.
2012) (Fig.2-2), 6051 RIE, RecQL5 & HR I DOREG-2 R L T 5,

—77. RecQL5 [THEDIEMIZ b BEE 52 5 & 9 WG DITFEHR W TRERS N, Bk

RecQL5 1% 52D RecQ 7 7 XV Helicase PIM

domain RQC IRl RS1B SR
—ofoie—-, BRNA #V 25— Recats [ _TT_ 11 L1 o1aa
¥ T (RNAPID & faffs vk iThE Fig. 2-2 The protein-interacting domains of human RecQL5

IRI : Internal RNAP II -interacting domain
R51B : Rad51-binding domain (BRCv repeat)

A S, SRI : Set2-Rpb1-interacting domain
BEKRZERTE D (Aygun et al. PIM : PCNA-interacting motif
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2008), %£7-. RecQL5 %, 1) RNAPII o large subunit T# % RPB1 & E#HEAT % (Aygun et
al. 2008; Kassube et al. 2013), 2) REAE NIZF T RNAPI KA R SITE 2K T &85
(Aygun et al. 2009), 3) IRI domain, SRI domain &% ¥ileg72eF—7281L, ZD 2
AT C RNAPII & #5464 2 ([Islam et al. 2010; Kanagaraj et al. 2010)(Fig.2-2). 73 & D737
ENTVD, ZNHOFENS, RNAPIL KRR G RO & AU HIRE 2 BERE 2 RF> Wl he M
D3RI X172 (Aygun and Svejstrup 2010), 7272 L. Recqls / v 7 7 7 b~ T ANIEFIZKE
T5Z EMHHu et al. 2007), BHHEA~OFEIIREREOTIEWETH0FbH D, T,
HRGSOSD B U TP L2202 353 S5 LWV ) BIBAVRSNTEY . ZHUTEREIC
B3 L 7= fH 4% % (Transcription-associated recombination; TAR) & FF(Z4 T % (Aguilera
2002; Gottipati and Helleday 2009), Rad51 & RNAPII O IZFEET 25 & W) MBS,
RecQL5 IE TAR 40|95 Z & T/ NEZEMEOHEFHZZ 5 L TV D Dh LIvZe,
PLED X 912, RecQLS OFEBEICEIT D HFLIFMRA ICERM SN TE TS, LonLiedib,
RecQL5 OHMAMIZIIT H&E], KIS AMHIR T & LT/ DZEVEERHZ ED X 5 7257

FEFF CRERET 2 I RIAZR N < R STV B,

2.1.3 7Zyra=gitZzORRERLT

7 7 v a=Zfi(Fanconi anemia; FAIZEFENANME, EITIEEHSEERES, BBEARAER Y S
R & L7277 ) DARLREMIEGERECd 5 (Deans and West 2011; Crossan and Patel 2012;
Kim and D'Andrea 2012), FA B35 #ifai< DNA 4/~ = 2 U > 7 (interstrand crosslink; ICL)
HEEZFET LD ARTHL AT T F L (CDDP) B LN~ A h~A > C MMOIZXL

e \E—Aﬁzﬁl 4\ : >
T LR PEE T 2 e v T FA pathway-related factors

~ required for FANCD2 mono-Ub
W5, BRIROBIGIZEUT FA O@Hi4

FA-core complex ID complex
FEE SR MMC T Lk a0, 02 [ P
| | edf3% FY-
VRIS EEINT 2 D5 7 A B ZE 7T A/BIC/E/FIG/LIM 4
YLl oTD, BIFEETIC 16 BI&F Fig. 2-3 Fanconi anemia genes
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2 FA JRIRIE(S T & U CIRE S4U(Fig.2-8), Z4LH OB TEEM DY ICL EHRIE CHRET 2.
2 S DRF-OBEF RIS 72 < DNA 7 v 2 > 7 Bl s 277,

Bip &b 8 5D FA % 37 E(FANCA/BIC/E/FIG/LIM) & Z Ui % 2 o 73 27 7%
FA a7 AR EMT 5, S WIPICERIA N L A% %) 72K, FA 2 7HAKITIES ) —E
& L CHERE L. FANCI-FANCD2 (DA hREE /) 2 e F 1 1bd 5, 202 FF A ID
BARD 7 a~F U EEEE L, a2 X FUREZ LI ED) 7 v— MeET 5 L
EZBNTWS, Z ZETO—#HD A A/ — R FA B (FA pathway) & FEEN TV 5, —J7,
ID HAKDE ) 20X F L AUICKHAETIEA W FA {51 L LT BRCA2 (FANCD1), BRIPI
(FANC.), PALB2 (FANCN), RAD51C (FANCO), SLX4 (FANCP), XPF (FANCQ)D> 6 >n3\#
HEENTWD, D55 BRCA2, PALB2, RAD51C X HR (EEDFATICEZE TH Y . KIET
% & HR IEEENE LK TFT5, ZhDHOX 781X Radbl ZH8EHNICY 71—k
L. Radb1-ssDNA 7 1 7 A DB A et 5 H 27>, BRIP1 (2 DNA ~Y B —Bi%
&R, GC-rich @ DNA FICTHE U9\ 7 = o U ESHEE 2 fE T 2 HRE s S h
TWDH, ZOBRED ICLEEIC KB R ONIAI TH S, SLX4 B3 LU XPF i3 & 412 DNA
X7 LT —ETHY ., HR BEEIZBT DB TEEOHEHE, BEOX 7 VAT FEREER
(NERIZH 1T 2 HEHEILOTI Y H Lncision) IZB 535 Z EMENEIURS L TNeZ oo

BThv., HE7 7 a=AMORKREEFCTh D Z & MAE S 17 (Crossan et al. 2011;
Kim et al. 2011; Stoepker et al. 2011; Bogliolo et al. 2013; Kashiyama et al. 2013), Z#L 5"
X7 L7 —EiE, ICLEEGEALOTY H UITHEREL TS &EE2 N T\, 77 »ra=di
BEDOIL, RO 16 BIGFICERBRONO2WEE FEL, 4% b ARFBAIC L ST

HBricin s 37 Es FAJRKE G- & U CRE S35 PTREMED & 2.,

2.1.4 ICLE#E
FHEEW) O ICLEHEIL S BB WTEITSN, FA X U RV EI2MA T, #HlT = v 7R A

> MAF-. EEEOEIY H L (nucleolytic incision)iZ 5325 X 7 L7 —8, HEFRED iz Ak
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ICL damage
1

l Replication

/l HR (Strand invasion)

l Nucleolytic Incision q w
—hptls ——
= b=
- 7/
nikf 02> N\ > AN AN
Rad17 <O QQ":-;‘Q\‘
o /

/A —P FA-core l LS l

AN

Fig. 2-4 The model of ICL repair

(translesion synthesis; TLS)A 1, fHIFEKEHLZ K170 EZEDER S o 37 B a2 B -
% (Fig.2-4) (Deans and West 2011; Crossan and Patel 2012; Kim and D'Andrea 2012; Roy
etal. 2012), 7 +— 27 M ICL LB T2 = &L THENRM S, HRTF = v /KA bD
AL & FA a 7EERIZ L D ID EEROE ) 2 B3 F AR B 2 2bitd, RNT, SLX4
RXPF 72 EDX 7 L7 —RIZLD ICLEMLOTY H LS Z V. DSB SEAS LD, 7 1 A
U 2> 7 BRAF L TV D YKL TLS R U A 7 —BIZ K W REHI 2 F D Bz 7= DNA &%
TS, Y1V HLICKY DSB #V Ul futarkid Rads1 KA7H) HR EEREKIC L 0 &
HENn5, Radsl 7 4 7 AY NIz u~F L VET Y VKT CTh b Radsd OHfiBhz=1T T
Ik ey RICRA L, Zha il & LT DNA 81%17 5. ID #A k% USP1-UAF1 7=
EXF I —EBEARIC LV e F AbIN T a~F o EbiEE 2 2 L3 L T
%75, BRCA2-Rad51 @ Fifi ¢ ICL #EM: HR (EENED L I 58T 200ET~& 0 &

103> TR,
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E2E R
2.2.1 RecQL5 ® ICLE#HE~DB5-

5] 7 A Exon No.
RecQL5 OFaNIZIS 1T B ZEfl7ekkie cecats 42 3 4 56 ,
AW LM B TdIc, Fox i DT40 locus

CL18 ## Bikk L LC RECQLS Wf51- __

Targeting

> il L7z, ~UAr— construct ‘ i :
J v 7T Mlla A ER LT Vo e ]

A F—TlazGgters Y 3-45HEA
B REGQL5-L
RIESEDMEH A T 7 EfH W@ w2

L (Fig.2-5A). &fafD/ v 770 M RECQL5 _
pactiv

RT-PCR 2 &Y 78 L 7-(Fig.2-5B), LA

e > Ny Fig. 2-5 Generation of RECQL5 gene KO DT40 cell lines.
- HO A - - N=CX
RIS L72 K 21T, RECQL‘I).JE{K%O) (A) Schematic representation of the RECQLS5 gene locus

and the gene targeting constructs. The constructs are designed

1R OO REFE e TE %‘ 7o to delete exons 3 and 4, including helicase motif la.
SRR D IRAAAEL &GRS (B) Confirmation of RECQL5 gene disruption by RT-PCR.

B-ACTIN gene is a control.
7-(see Fig.2-11C),

RecQL5 ® DNA EEHE~DBI G- 2513 572912, RecQLb MIEMKIZER % 72 DNA {5
Zh -z R, BIRNZ EiL, BT T U(CPT), = ARV R, B Rkadvy
L7 (HU), X-ray (ZITEPARE & RIRREORZME LAVR S 2dr> 77— T, CDDP, MMC &\
572 DNA 7 m 2 Y > 7 FNC st 2 g 2 & oV L 7= (Fig.2-6), D DR

100 100
CPT B \;oposide c .\%lek HU
_ \.\
© .
\ﬁ

10} 10 | Ny

A

- WT

-0 RECQL5” #1
W RECQL5" #2

9

~ 1 L 1 . . 1

T; 0 20 40 60 80 (nM) 0 100 200 300(nM) 0 50 100 150 (pM)
e D 100 E 100 F 100

@ oo CDDP NO\ MMC X-ray

. .
O L
0 \\\0\\\ 10
10 f N 10 ~o
\\E*:'-~ \
= 15
-9 \
. ‘ ‘ . 1 .

0.1 !
o o5 1 15 2(uM) 0 1 2 3(ng/ml) ™" o 5 10 (Gy)

Fig. 2-6 Screening of sensitivity to DNA damage-inducing agents. Liquid survival assay. Cells were incubated for 36-45 h in the presence
of various agents (A-E) or after exposure to X-ray (F). The number of viable cells was determined by flow cytometry.
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human RecQL5—FLAG DI L W Ml S iz 2 & B(Fig.2-TA), BEMEOFIRITNIRNE
? RecQLS DRIAZE Db D LB IND, “UCHILEB#TIZ L Y CDDP LBl
A ZBIEE L= 2 A, RECQLS WHEKTIX G1 BLW S HloMiaoBi& 8 L, G2M
B L OSEHIIR O Tl 5 subGl ORIEOFIE AN L TV 7=(Fig.2-7B), & HlZ, BREKRF
R AHELO WD F T MMC OFFEE R0 LIEFRIE T CHRIBI A B528 L, Yotk
AL LT, MMC FEfFAE F OB AR L B D b o7z b OO, MMC BRI (X2 AT D
2 [EFEEE DY R B DN BIER S 7= (Fig.2-7D; BEEKRT: AHAEL L OLFRFFD). Fro,
FERD 72 Y tafk B T o % Wi (break) OEIG B L TV A Z &b, RECQLS WHEK TIX
MMC (2 k57 7 MEERIRE > TNDH EEZ HND, FA X 37 ED X 5 7 ICL EEIZH
3 2RF2 KRBT 5L, MMC AERRFZ YR EENFRIND Z DAL TWD, T

HOF—41t, RecQL5 7% ICL IEMICHI 5T 5 = & Al LT,
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Fig. 2-7 ICL repair defect in RECQL5 KO cells.

(A) Liquid survival assay. Cells were incubated for 48 h in medium containing cisplatin (CDDP) or mitomycin C (MMC). The error bars
indicate standard deviation (SD).

(B) Cell cycle analysis. Cell cycle distribution of cells treated with 1 yM CDDP was analyzed by flow cytometry (left) and quantitated (right).
(C) Chromosome aberrations. Data are presented as the number of aberrations per 50 metaphases.
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222 7y ra-fmkE s oBE

ICL I3 < D BIEEREE A R, BEFSEZI372 bW TThh 2 M T b
%, RecQL5 78 ICL EH D & DEPETIET- 6 < O LMNCT B 72012, ICL EHICE S
HIEERRE & OBIHA Tz, BN, FA R & OBIRA RS 7010, FA RIKIEHEILOHE
ETdH%H FANCD2 OF /2 FF ALt ZB o7, FA a 7R+ O—>TH 5
FANCC % &483 % & E3 U H—P Th 5 FA a THAENEFITFR TE T, FANCD2 OF
J a2 XTFALAER L, FAREAHERE L 722 < 722 Z & 5T % (Kim and D'Andrea
2012), FANCC REEHRIZ 5\ TiE MMC #5112 FANCD2 O / = 3% F L AL{AR(FANCD2
large form; FANCD2-L)23 it S/ 7= DIZkt L, RECQLS FHEEkK TITEF kK & RIERIC
Rt & 417~ (Fig.2-8A), X 512, RecQL5 78 FANCD2 D7 a~F 2 U 7 )b— NIMEMNE H
D702, FANCD2 OFN T +—0 2oz @igi Lic, WT & RECQLS WERRII )5 &
t, MMC ##EE: FANCD2-foci 23 S 417-(Fig.2-8B), ZiL 5 OFfERIT, RecQL5 KiE FIC
BWTH FA BESITIEFISIEMHLT 2 2 LR LTV D, it VT, BISFRRIT 217 5 726

\Z RECQL5/FANCC —EffErk 2 EH U 7-(Fig.2-9A), RECQLS/FANCC —FEREHHREIL

A
—L
FANCDZ | W T e e e e
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Fig. 2-8 Relation between RECQLS5 and FA proteins

(A) FANCD2 monoubiquitination. Cells were treated with 500 ng/mL mitomycin C (MMC) for

6 h and analyzed by Western blotting. L and S indicate ubiquitin-conjugated FANCD2 and
FANCD?2, respectively.

(B) FANCD2-foci formation. Upper panel, images of cells treated or not treated with 500 ng/mL
MMC for 6 h. Lower panel, percentage of FANCD2-foci positive cells. The error bars indicate
SD from two independent experiments. At least 100 nuclei were scored in each case, and
nuclei containing more than four bright foci were defined as foci positive.
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FANCC Bk 1 v AR < | MIIasEDEIG 232> - 7= (data not shown and
Fig.2-9B). CDDP &S 237~ & = 5. RECQLS/FANCC — Skt FANCC Wil
BRE D bEmWEE M2 R L2(Fig.2-9C0), 41D ORI, RecQL5 7% FA & & BRI 5
I TITTE B T EARBL TN D,

A "'\' B RECQLS"

R

PI
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pacTv [T——— /Fance
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Fig. 2-9 Characterization of RECQL5/FANCC double KO cells.

(A) Confirmation of FANCC gene disruption by RT-PCR. B-ACTIN gene is a control.

(B) Detection of dead cells. Cells were stained with propidium iodide (PI), and analyzed
by flow cytometry. Forward scatter represents the size of cells. Enclosed aria, which
contains small-sized cells heavily stained with PI, represents the population of dead cells.
Numbers indicate the % of dead cells.

(C) Liquid survival assay. Cells were incubated for 48 h in medium containing high (left)
or low (right) concentrations of cisplatin (CDDP). The error bars indicate SD.

2.2.3 BRF = v 7R A ML ORE
WIZ, RecQL5 EHEHF = v 7R A v M EDBUREHRD Z Ll Lz, #flTF = 7 RA
M FA BRB8 & SE UCHEM L L, — 7 ORI O RIED M OTEHAIZ B L 5. 2 7202 &3
WESNTWD, EBRIC, BERTF = v 7 BA v FMRTFO—~>TH5 Radl7 X, KELTH
FANCD2 O / 2 EXF AIZIZZTHED /20 2 L 037> T4 (Shigechi et al. 2012),
£, RADI7 Wk Zz o tr— & LT, T = v 71 FOEHILORETH S
Chkl @V U FALIZOWTIHHANRD Z L2 Lz, RECQLS WERRIZIBWT, Chkl @V gfkix

CDDP MLPRIF|Z IEH I M H & 72 (Fig.2-10A), #i T, BRI R T 217 5 7201
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RECQL5/RAD17 — ERIERE % fE8L L 72 (Fig.2-10B), CDDP &% Mz i~/ & Z 5.
RECQLS/RADI7 —ERFEMRITZ N2 BAMAEER X v & @ szt 2R L 72(Fig.2-100),
2B OFERIT. RecQLS K FIZBWTHERT = v 7 A o MIIEFITIEM(E L. RecQLS

FERT = v 7R A b EBIRFRNTHIREE T3 b < WREME 2RI LT %,
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Fig. 2-10 Genetic analysis of RECQLS5 mutation combined with RAD17.

(A) Chk1 phosphorylation. Cells were treated with CDDP (1 pM) and analyzed by Western blotting.
a-tubulin is a loading control.

(B) Confirmation of RAD17 gene disruption by RT-PCR. B-ACTIN gene is a control.

(C) Liquid survival assay. Cells were incubated for 36 h in medium containing cisplatin (CDDP).
The error bars indicate SD.

2.2.4 HHFIREHE 2 EERERS & DBSE 1 -BRCA2-

FA % & JHRAFRIIZ, Radbl A% ICL #HEFEMZIZY 7 b— h S (Long et al. 2011),
RecQL5 & ICL #5E M HREE DORAR Z T2 7201, Fox 13 Bk & IV T fifdfr 258 7
7=o RAD51 THERRIZESE Th 0 T ANEE LAY, FA B FO—>o & LTHEEShTEY
Radb1 7 4 7 A ¥ bOAUINEE L EivD BRCAZIFANCDI 85T OREERKIT null 28 ¢4
TEAHETH 572 (Sonoda et al. 1998; Qing et al. 2011), RECQLS/BRCA2 — Bk A /ERL
L7-(Fig.2-11A), #lkkIE BRCA2-/##k & L. = OFKIZ 4-hydroxy tamoxifen (OH-TAM)ZLH-
% Z & TMerCreMer V) = B —B0EMAL L, 517 L T\ BRCA2T VIVIRRESNT
BRCA2-/-null fil#ERk & 72 5 (Fig.2-11A)(Qing et al. 2011), U 7 n—=1 7% BRCA2mRNA
DS LTk B RIR U, BRCAZI4EE L O RECQL5/BRCA2 /¥ %157~ (Fig.2-11B), it
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GEAE AR LT & = 5. RECQLSTENE, BRCA2/#%, RECQLS/BRCA2/+RITIFA-kk & [FIkE
DRFERER R LT=7%, BRCAZ7/AKITZN X 0 (R MhifE % 1 L=, £7-. RECQL5/BRCA2-/-

FRIZ BRCA2+/-& [FIFLEE ARV BB AE 2R L 7-(Fig.2-11C),
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Fig. 2-11 Characterization of RECQL5/BRCA2 double KO cells.

(A) Schematic representation of the gene targeting procedure. Cells were cloned after treatment with 20 nM 4-hydroxy tamoxifen (OH-TAM) for 2 days.
(B) Confirmation of RECQLS5 gene disruption by RT-PCR. B-ACTIN gene is a control.

(C) Growth curve. The number of viable cells was determined by flow cytometry.

WIZ, ZNHORIZET % Radbl ORI A~DOER 2572012, MfasEget z v
T Rad51-foci DEIE A 352 72 -7, Radbl-foci IFHMIENIZISIT 5D Radbl 7 1 7 A v MERKD
B L LA HNBN TS, Bk E RECQLSTRIERETIZ MMC #1512 L v Radbs1-foci
PR FHE SNz, —J7, BRCA2/HECITHREEY 1L A EFHEINT . RECQLS/BRCAZ/-
RS £ TH - 72(Fig.2-124A), Fix 1, Radhl D7 u~F o ~OFfESICEL T 7 rn~F
Gy A LR, Bk & RECQLS i<l MMC 512 £ 0 Radsl »7 n~F
AEA BN U722, BRCA2+/-, RECQLS/BRCA2-/#KTld MMC $8{E DA 8 Tl A &3 %
b oo 7-(Fig.2-12B), ZhHDOHFEFIL, RecQL5 23K L TH Radbl OEISEH2 0
—F 4 U TIFEFRTHY , ZOu—F 1 713 RecQL5 DA EEZ i 59 BRCA2 1245 =
LxERLTND, W\ T, CDDP JEZMEICB L Co B AZ VAT A B 2ol & 25,
RECQL5/BRCA2/+ ¥k 13 BRCA2/+#E £ 0 & m WK Z M % ok L. BRCA2/-# &
RECQL5/BRCA27/#£1X BRCA2~7T vk vt X L@z itz s Lz (Fig.2-120), HE

722 212, BRCA2/#k& RECQLS/BRCAZ-/HRDEZMEITIFRRETHY . ZdmiE FANCC
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X Radl7 046 L FRAGNNCRAR D, §7205, RecQL5 OXHR FTIE Radsl D —F ¢

73 Z 5 DD, BRCA2 LIBSFANZAREE CTHEET 2 Z L 2R+ 5, SHIZ, Znb

ORET ICL #5380 HR OME 257012, #HE%IZE T 5 HR ORKEM TH D SCE %

CDDP A %D 1 F Tl L 7-(Sonoda et al. 1999), RECQL5/BRCAZ-/+KRIZ T

CDDP-induced SCE DN BRCAZ/#HA & e~ THMT 2 WA L Hhiz, —7F T,

BRCA2-/-, RECQL5/BRCA27/4% Tl Spontaneous and CDDP-induced SCE 231% & A L&

ENnpno7-(Fig2-12D), LI EOFERE £ L5 L, RECQLS & BRCA21E ICLIEHEIZBW

THEEBEFMIZTE A X T 1 v 7 (epistatic) 72 BFRIZH D . RecQL5 1L BRCA2 12477 L C ICL

Pt HR ISEICB 5T 5 ATREME SR8 S5,
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Fig. 2-12 Genetic analysis of RECQLS mutation combined with BRCA2.
(A) Rad51-foci formation. Left panel, images of cells treated or not treated with
500 ng/mL mitomycin C (MMC) for 6 h. Right panel, percentage of Rad-51 foci
positive cells. The error bars indicate SD from two independent experiments.
At least 200 nuclei were scored in each case, and nuclei containing more than
four bright foci were defined as foci positive.

(B) Chromatin loading of Rad51. Cells treated with mitomycin C

(MMC, 500 ng/mL, 6 h).

(C) Liquid survival assay. Cells were incubated for 48 h in medium containing
cisplatin (CDDP). The error bars indicate SD.
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2.2.5 FHFEEH 2 BRI & DBSE 2 -Radb1-

RECQLS TIEMRIZB W T ICL EE O Efiiny 7 v Téh 5 FANCD2 OF /) = v &% F 1k,
Chk1l U > F{bds L O Rad51-foci FERRITIERICFFE S L7z, 2B DT —H 1%, RecQL5 O
KABIE ICL (B OYIEMICBE 52 N2 L 2R LTS, £ 2T, ICL EBH OB
FRIZFW T RecQLS KAADF AN A U 5 5 EFH~ % 72012, MMC 2% > Rad51-foci DA
WNEhRE A B122 L7 (Fig.2-13), T OfER, HBLOERIX WT & RecQLS MIEHKIC U\ CRERD
NRE—THRES N, —H T, HEDBEBIE) RECQLS WHEERIZI\W TR & kol LT
SELTZ, ZDEE, RECQLS WM HIT 5 Radsl-foci DOEEIL 2 @ IR TE 5, 1)
RECQLS5 WHERRIZ ICL & A — VAL A J6 Zig o 7o & UMK L Ih~T DNA 52D H 0N
Wx ., TR E LT Radbl-foci 3% < FHE STV 5 AMGEME, 2) RecQL5 1% Rad51-foci 73
HRE LTS ICLIEE DR IBRPS THREL L IR D [REME. D 20 TH D, b LA TH 572 b,
RECQL5 Ttk </ Uiz A e

DNA #7024 < 7% Radb1 |

4 L= HR CEEE D

B

N N SIS T - ST wWT
RECQL5/BRCA2 134 H.

N RECQL5"
FRRAERR & 0 B ARV SRR
%’%b\ ICL Eﬁ\éll‘i%ﬁ—{ﬁ‘ o MMC-induced Rad51-foci
EEBEZND, T ORFIE % 80
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RoOXRHAMLFES D 2
x g = Recais-
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Fig. 2-13 Change of DNA damage signals in cells.
N < N (A) Schematic representation of sampling time after mitomycin C (MMC) (500 ng/mL) exposure.
U\J: O)ﬁ%‘%&i\ ReCQL5 Z)) (B) Rad51-foci formation. Upper panel, images of cells treated with MMC. Lower panel, time course
of the appearance of Rad51-foci positive cells. The error bars indicate SD from two independent
experiments. At least 200 nuclei were scored in each case, and nuclei containing more than four

ICL ﬂ%@ O)ﬁé,ﬁ;q @E&Klélﬁ@: B bright foci were defined as foci positive.
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WTHET Btttz " LD,

E 512, Fex i RecQL5 & Radbl OfESA, ICLEEICBWTEETH L0 EFTZ, K
E NIH Wang &+, Islam L0 THAIC L. AIEMNIZIEWT RecQLS & DA %2855
SH B HERNEE STV AHIslam et al. 2012), RecQL5 i BRCv repeat & FHEN 5 EF
—7 %/ LCRadb1l LfEE L. ZOEFF—TWNIZEHEND IO T 7 = U EHRTH 5 F666A.,
T668A 72 & TIFMIENIZISIT 5 Radbl & DFEGRTIT 5, £, TibDZFA RecQLS
DFERLL 7 E T, MBENICEB VT Radsl 7 4 7 A v &S AR T 45
(Islam et al. 2012), 7233, Zi 6 OZEERIKT ATPase {EMEITHE L7220, Fx 1L OERAKE
RECQLS WERICHBL S, CDDP B MDA C & vl a s 2o 7o, O
H. T668A ZHEIKTIE CDDP B ME & FTMMH T & e - 7-(Fig.2-14A), Z1uX, RecQL5
BN T ICL EEICHBWTHRET B2, Radsl L OFSANEETHDH Z LA RET 5,
Nz T. RecQL5 @ ATPase IEMEDERMEICHSWT b L7=, ATPase &1L DNA ~ VU #
—EB L L TOBERRIZMA, Radbl 7 4 T A haETT o F U a v —BIEHRIC L LETH
HZEDNRBEENTNS, ReeQLs O~Y B —F RAAL VHNEROT T = B#fRIKTH D
K58R ZFA T, FREVENTO ATPase I ITITTEZAEICTHA L, Radsl 7 1 7 A > MRE

EHELE LK T 255, —5TRadbl & DOFEEIIHTS L7V (Garcia et al. 2004; Hu et al.

2007; Islam et al. 2012), K58R 2 B AT HAMiL %2 VT CDDP sz ik 2k = 7p»7- & =
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Fig. 2-14 Complementation test of CDDP sensitivity.
Liquid survival assay. Cells were incubated for 36 h (A) or 48 h (B) in medium containing
cisplatin (CDDP). The error bars indicate SD.
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A B PEITIE L A SR T E 22 o 7-(Fig.2-14B), UL EOfERiE, RecQL5 @ ATPase 1%
HEZ ICLIEBEICBWWTRETHD Z & ame L A LFRTORE R L &5 & RecQL5
® Radbl 7 4 T A2 b ZERET HHEREISHANICEB T 5 ICLEEICB W TEETH 5 ARl

NEZBND,

2.2.6 THFEIKEH 2 EERE & DBJE 3 -Radb4-

HR &H® Rad5l 7 4 7 A v MEKLIZIZIZZ S <H & LT, Rads4 BTN D
(Heyer et al. 2006; Mazin et al. 2010), RecQL5 ¢ HR {EHEIZ351T 5 14 Hfe & oo B 275~
H120IC, Bz 1L RECQLS/RADS4 TR A ERL L | AR FAIMRENT 238 T2, BRREEIC
725 A HEtE A ZJE L. human Rad54 D%l % doxycyclin (Dox) iRMNIC L 0 #ifi] T & 2%
RAD54/- +hRAD54-HA #:% Btk & L T 72 (Fig.2-15A)(Morrison et al. 2000), RECQLS
BWIETFOmT VL ZE L, RTPCRIZE Y RECQL5 mRNA D4k % eid L7~ (Fig.2-15B),
anti-HA % 7 Hufk% v C Dox iR O

A RAD547 +hRAD54—HA (tet-off)

hRad54'HA & V/\o 7 go) ?‘%9& %‘_} ]7 T A lRECQL5 disruption vector (Bsr)

RECQLS5-/+/ RAD54-/- +hRAD54—HA

& \\/ 7\‘ o y 5; /], \/ &“c: cl: D Eﬁg‘}g\ [_/ 71,: lRECQL5d|srupnonvector(Puro)
RECQL5-/-/ RAD54-/- +hRAD54—HA
(Fig.2-15C), ffaEFEaE 2 i ~7=& = A, B o ‘M'"
4" 3 "‘\?\ Q\ff ok
RECQL5/RADS 4~ ERiR1 3 & R EDE o o e
ENFIRDIRISTZNN, A HPRIBEEIR L recors TN
HAKV ESERE 2 R L 72 (Fig.2-16A), Bk c
VEWNZ L2, RECQLS/RADS4 el hRedss-HA (D - |
Histone H3 I’—ﬁ
i 45 BB BRI & L~ IR 1230 B e e
& o
e o\
CDDP gz % 7x~ L 7=(Fig.2-16B), = ™ @@“ 600;‘;0@
Ladi\

N SN ~ Fig. 2-15 Characterization of RECQL5/RAD54 double KO cells.
A'f—ici\ IEJ L/ ICL ﬁ?}%’gﬁl‘é HR ﬂ%@&\—%gbé (A) Schematic representation of the gene targeting procedure.
Cells were used after treatment with 1 pg/mL doxycyclin (Dox) for 5 days.
(B) Confirmation of RECQL5 gene disruption by RT-PCR. B-ACTIN gene
IS S = I is a control.
% T 8?) > T 76 N BRCA2 ek’ XT L/ T (C) Confirmation of the disappearance of human Rad54 proteins with
anti-HA antibody by Western blotting. Histone H3 is a loading control.
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RECQL5/RADS4 — FERIFERK Tl Spontaneous Rad51-foci 23# 60% b E SN TRV . £H
AR & e~ CHRINA 722 28R 7= L CU % (Fig.2-16C), MM C-induced Rad51-foci %
T4 I AERIZE A, RECQLS/RADS4 " FEMHEMRICIB W TN L 0 BN DM 23 El 22 S
n7-(Fig.2-16D), LI LEOfEFRIL, RecQL5 & Rads4 Ol i7y ICL #5EM: HR EEIZH W T
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Fig. 2-16 Genetic analysis of RECQL5 mutation combined with RAD54.

(A) Growth curve. The number of viable cells was determined by flow cytometry.

(B) Liquid survival assay. Cells were incubated for 48 h in medium containing cisplatin (CDDP). The error bars indicate SD.
(C) Spontaneous Rad51-foci formation. The error bars indicate SD from three independent experiments. At least 250 nuclei
were scored in each case, and nuclei containing more than four bright foci were defined as foci positive. P values were
calculated by Student's t-test.

(D) Mitomycin C (MMC)-induced Rad51-foci formation. Cells were treated with MMC and washed as described in the figure
legend for Figure 2-13A, and then harvested at the indicated time points. The plots represent mean and SD from two
independent experiments. At least 200 nuclei were scored in each case, and nuclei containing more than four bright foci were
defined as foci positive.

39



2271 %FE7aT ) SRBETERRIT A8 2

ICL #8: HRAABIE OBAFE & SARIEZTHld 5 72012, Fox 1357 u 7 ) U Elic ki) %

HHHR Z (2N T2, DT40 M TIiE Ig V locus 128V T HR 241 U728 {n e Z8 )3 EH#Y

I Z > TRY ., ZOMRz 130%E 7 17 ) s 2 immunoglobulin gene conversion;

IgGC) & X % (Sale 2004; Tang and Martin 2007), IgGC 1%V gene @ _EfRICHFEIET 5 25

fEld pseudo V (WV) gene Wifra RF—7 7L — k& LTHERAL., V gene ® DNA fd4 %

HR (C Xk 0 #BHaz 5 = & THURDO S 2 A LT 5 (Fig.2-17A), IgGC #EEE A2 HE

DD, a7 ) RSO V ERVIIC 7 L—AS 7 NERGFL 77 = U HEORN)

ZREOT-HIZFHE IgM (sIgM) Z R w2 F 8L CT & 72\ CL18 subline % 7 v & A ([ZH =,

TDOTL—AT T NER
NEREIND & EFIZH
FEra7 ) rppa—Ra

A, AR S sIgM

RS 220 RS P O N AN /AN

ZHUTREN IgGC 12 &
WEBZhbhd, Z0
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Fig. 2-17 Analysis of IgGC events at the light chain locus.

(A) Schematic representation of slgM- to sigM+ conversion. The detail is described in the text.
(B) Fluctuation analysis of sigM+ gain. Cells were subcloned by limiting dilution (n = 24 for each
genotype) and kept in culture in the absence of cisplatin (CDDP) for 30 days (left) or in the
presence of CDDP for 8 days (right) after subcloning. Diamonds represent percentage of
slgM-positive cells in each clonal subpopulation. Lines and numbers indicate mean of % of sigM+
gain. P values were calculated by Student's t-test.

NS, statistically not significantly different.
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FPTEAIRNIE DS CEAEK & RECQLS THiEMK % 30 HIEE % L, sIgM-positive cell ™
FIGEWELTZE ZA, WEFIIHTE A EEN2D - 1-(Fig.2-17TB left), —J7 T, CDDP OfF
TEF CHlZ 5538 L, 8 A% sIgM-positive cell DEIAZHE L= 25, RECQLSEKE
DY 77— OFENEEROZ L i LT 6.5 5 EICHIN L T\ /- (Fig.2-17B right),
Z it RECQLATEEMKIZ 3 T CDDP-induced IgGC 23S T U TWA 2 & 2+ 5,
HYR T LI, ARSI T CDDP ABEO AT sIgM(+) gain 2MFFLED LRV END
Z L Tdh%, CDDP-induced sIgM(+) gain (% RecQLS 2 K484 5 = LIC L » TR SN
B THY, CDDP AP L > T IgGC AFFEF I ND Al R~ T 1o ToRTH 5, IgV
locus (ZHWT, AID 2L %Y b v @fiiT 2 /{k23 Spontaneous IgGC % %35 Z & A3
5TV 5 (Arakawa et al. 2002), CDDP-induced IgGC 7% AID (24647 L CTAE U D 055 7=
W2, RECQLSAID — FERfERk & L L 7-(Fig.2-18A), RECQL5/AID — ko> CDDP
BZ MY RECQLS HAREERR L 750 5720 - 1-(Fig.2-18B), Zh 5 OFET CDDP LD
sIgM(+) gain ZFH~7/= & = A, RECQLS/AID — FEflEERE Tl sigM-positive cell DEIE A E -
7o < B U727 7-(Fig.2-18C), Z D7 —# 1%, RecQLb5 K4E FCHIZZ X115 CDDP-induced

IgGC % AID ITHRAFT 5 = L 2R LTS,

A B 1003
o
6’0»\'
¢ W g
o & S0t
& e% o ¥ ;
7] o WT
AID B RECQL5* o ——0—
O~ RECQLS" /AID* #1 0 2 4 6

—O- RECQLS™ /AID* #2 Time (days)
1 . .
- RECQL5*

CDDP (uM)
~O— RECQL5" / AID” #1
—O— RECQLS5™ /AID* #2

Fig. 2-18 Characterization of RECQL5/AID double KO cells.

(A) Confirmation of AID gene disruption by RT-PCR. B-ACTIN gene is a control.

(B) Liquid survival assay. Cells were incubated for 48 h in medium containing cisplatin (CDDP). The error bars indicate SD.

(C) Time course of slgM gain. Cells were cultured in medium containing CDDP and the proportion of sigM+ cells was measured
at the time indicated. The error bars indicate SD from two independent experiments.
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K12, RecQL5 7Y HRAEHE OB 721F Tl < ZARIEICBI 59 5 05l 5 72012, sIgM-positive
cell ® IgVA locus D3 — 2 = o Afifhf &3k 7-, CL18 1 Tl3 CDR1 Sl ifA Sz 2 7
=TI 7L =Ly T FEL, ST ) v a— RTERROTND, Z0
insertion 7% IgGC 12 L » THFE SN 5 = & TslgM() to (+) reversion 25 = % 23(Fig.2-17A).
Z OfEk & WV 3 WV genes O CHRIZFAFINED EV (Buerstedde et al. 1990), Wz 12, PV8
b FHAE T IgGC O RF—F7 7 L— k& LT &SNS, )7 L7z sIgM-positive filfy
B Vgene &7 n—=27 L, reversion (i 7z R —7 7L — FOWNRZEZHH~D Z
& T, IgGC DEERMEATHNRD Z LN TE D, FAMLI OGS B/EK L RecQLA D
W5 &t WVS OEFAZA 100% Tdh - 7= (Fig.2-19 left), I LT, ¥AEHKOHEA, CDDP 17
TCREEE L7 WV LIS D RF—D A 22.4% 2390 L 7-(Fig.2-19 right), 3725,
BFARIZI1T 5 CDDP-induced IgGC 1M Z 2 £ bbb DD, AT 5 K F—n % —
VBT DN ZETHD, L REZ LI, RECQLSHHSEROBEr . 4L £ 54.3%
S WV LSO R —ZEH L TRV, a8 L TV7-(Fig.2-19 right), Zi1 6 Ofif 5
IZ. RecQL5 #% CDDP-induced IgGC DS & MO T 5 2T 5 2 & 2R/ L TR Y,

RecQL5 O KABRFICIZIEMEM: DR R — & ORI 2 3EFET DDt L7y,

Spontaneous CDDP (+)
others
wy24
Yvi2
N w18
wr [ (48 | | 49 | |
\ N/ Wve:r100% WV8: 77.6 %
others
Y11
o w4
h wV5

wv14
RECQLS-| | 48 | |
LN wve:100% wy12 WVa: 45.7 %

N w18

Fig. 2-19 Usage of WV genes as a donor for IgGC.

Surface IgM-positive fractions were isolated form cells used in Figure 2-17B,
and the nucleotide sequences of rearranged VA genes were analyzed. The total
number of VA sequences analyzed is indicated in the center of the charts.
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E3H BE
2.3.1 RecQL5 @ ICLEHIZEBIT %%

LlalF 2 13, RECQLS W5+ » 7 7 w7 b DT40 #ilaAs DNA 7 1 2 U > 27 F B 72
B MR T EEWRE Lz, UL RECQLS B ICAEREEAN LT ayya v/ D
EAR DS B4k & Pl L C CDDP S MED @ & W S il O & H A7 % (Maruyama et al.
2012), *7=. t k HeLa #ilai23\ T CDDP #LFEHIC PCNA & dLE7E4 % RecQL5-foci 73
TR S E VD HEP, B F RecQLs 23 Y 7 LM m A 7 BA—VITERT D L
VWD T DS & 1 (Kanagaraj et al. 2006; Ramamoorthy et al. 2013), Z#1 513 RecQL5
N ICLEEIZI W THR A B X THEET 2 2 & A58 < R T %, RecQLS 13 FA = 7B 2 o8
JE DX 512 FANCD2 DE /) 2 B X F AUICBE$ 5D Tid/e <. BRCA2 (ZkfF L7= ICL
FHEME HR EEICBOCTHET 2 GF 2 8 25 4 T8, [A4RIC BRCA2 (2 BE L Cid/= 5 < FAJR
K = 7Y & LT PALB2, Rad51C 72 EZET HiLD A, ZHDRKF & #22) ReecQLbS K
R CH Radsl-focl ITX T L ¥ o L— h ST, {2 LAHKPEN TR T o T2 Bl S
nHEE 28 55 H), Ziud RecQL5 23 ICL #EM: HR B2V T Radbl 7 4 7 A b
DFERLLIE OMSRET D WIREME A T 5, 1EHT_&E X, %< O ICL EEICEEH-7 5K (FA
a7 HEEESL Radbl /X7 17 Rad54, Mem8-Mem9) D KIERFD & 9 |2 ICL-induced HR ##
JEAME 4% D Tld7e < (Heyer et al. 2006; Nishimura et al. 2012), RecQL5 KBMHHTIZTe L
AR5 &) T 5 (Fig.2-12D,17B), Z 1L RecQL5 @ HR %A IZHliEId 2 FEEED
ICLERITARERZIT 6 2 & 2R L TV D,

TlZ. ICL repair I8\ T, RecQL5 1ZED L 5 RBENZHH S DIEA SIS0 I, 77V
717 A F VPR & ICL plasmid % e SERIR FZER 212 K 0 | ICLAEAE O 4 1Rt 23
5N S0 d % (Raschle et al. 2008; Knipscheer et al. 2009; Long et al. 2011), 4 &304
T ko, HEEICHE L- ICLIEEOETLEEE LTS, () late S-G2 phase (23U T
ICL site (2 >R 7 4 — 27 ST L TEIET 5, ()T ¥ Z78(c/E U7 ssDNA gap (2
RPA 73564 %, (i) DNA Bl 0 HAT2, Radsl 7% ssDNA k2 U 7 v— k&5,
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Fig. 2-20 Model of ICL repair including RecQL5. The detail is described in the “Discussion” section.
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(v) ID complex 73E / B FF Ak E ., X7 L7 —EI2 LY ICLsite WUk &N 5, [T
HBEEZREY B -ERABZebis, (v) DSB M Uz et/ RiL, ERNZERATET Lz
filgk ety R A #3C HR B CEfR S5, AFROFRE LY. RecQL5 1X Radsl-7 1 7
A2 hOERR FANCD2 OF ) 2% F U ALDH% Tz b < s D, £, DRioA
{b2FHIEHT L 0 . RecQL5 13 Rad51-ssDNA 7 ¢ 7 A ks Radbl Zfiff S8 5G4+
(Hu et al. 2007), ZHHDFEIRIL, RecQL5 23HIlIANIZ W T Radbl-7 o 7 A v hDf#Z:
i U C ICL #%EM HR EM A2 2 alaerk 2 5@ < -9 2 (Fig.2-20A), R & 725
Rad51 7 4 7 A MIEEE 2 55, —i%. nucleolytic incision %27 1 A U > 7 B FELF
L7-fllogeta/riicik Sz Radsl-7 4 7 A hTHY |, ZIUFHRER Y X GO%D
DNA &M EAZFET 2, RecQL5 1345572 Radbl 7 1 7 A M & BV frE . DNA Ak
EARHET HEEI D D D0 Live, 2D siE ICL plasmid DR % HWTAHEMRFTT & T
bo, b o—DlE, US4 DSB 23 UTe e/ RICIZ R S 7z 2 50 Radbl 7 4 7 A b
ThoD, —J70 Radbl-7 4 7 A b HMfikEHIZIR A L T D-loop #i&ZTERL L7iF, #1150
Radb1-7 4 7 A MIAREL 725, RecQL5 1L, ZOREL 727~ Radbl-7 4 7 A v M &R
£ 5H LT, MBI RO Z BTV D 05 Lz (Fig.2-20B), £7z. =
A L7805 H#% A0 Rad51 7 4 7 A 2 R Z&FRE L, DNA MLHL X SOS % Zhs-IZiEh T
WHZEHEEZXHND, KT, RecQLs DXRIAIZ L V)5 Radb1-7 1 T A v b ANEHAR D F
¥7%% L. second end capture |k % double Holliday junction (dHJ)HEE D IR Aiilkas LA

HOMFHA~DRAZTFHEFE L. BEOHFETONEI M2 8 EC D & TREND,

2.3.2 RecQL5 & Rad54 @ Radbl 7 4 T A > b~DER B 1EH

Rad54 X Radb1l 7 1 7 A F OFERLLEIC HR IZEES- L., FHFIEER ASC D-loop TR D4y
I5z #7588 5 (Heyer et al. 2006; Mazin et al. 2010; Qing et al. 2011), RAD54 L CTIX 2
ALE OMSRENEZR DL D 72912 HR UG A1 L= Radbl 7 ¢ 7 A > i3 FE L, Rad51-foci

OIS HR BEBROIKT & 5 ZINHN L L BEZ b5, Fxid RECQLS/RADS4
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T HAREERRASFINAY 72 CDDP &322/~ d™ 2 & B L ONEEIZ: Rad51-foci OEFEMBE SN
HZEHEHOMNCLIZCE 26 5 5 H), LN RECQLS/BRCA2 —BERHSERIZ DU Tk 7z
Z & LARRIZGE 2 i 5 4 TH), BRCAZ/IRADS4 —FEREKIT BRCA2 BANMEERE & RIFREE D
HE%IEARES> CDDP Ji&3z 14 % 7~ 9(Qing et al. 2011), @ z1Z. RecQL5 and/or Rad54 M /KIBIZ X
V4 U7= Rad51-foci O 1E DNA HEZ DL OO L 2D TIERWEE 2 b,
TIX72 ¥, RECQLS/RADS4 —EREMRIZZE S Ly CDDP &2 M4 RO
Rad51 7 1 7 A2 N OMSREZ WVOIZIEICEHET D Radb4 (2K L. RecQL5 1XFRE, WbiZA
W2 L CTW5, RecQLS & Radb4 O G4 KRBT 5 &, BRIz Radbl 7 4 7 A v M
FRESE~DRA L TE T, £72FRESHT NHEJ H 25 WIEE Do Kinih A& EE (ex. single
strand annealing)|lZ A1 v F 325 Z & TXF, HR SUSHAEF TEE LT LEWMROETF
2 &> TERERIRME 25006 Lvan(Fig2-21), BUENZ &2, NHEJ [KF0O—>T
&% KUT0 % K4 L 7= DT40 Ml X244k & RIFEEE D CDDP B LAvR S 720 DIkt L,
RAD54/KU70 —EflHRRIT RADS4 WAMEIERLL oo CDDP Jgsz %% 79 (Nojima et al.
2005), Z#uE, Radb4 @

KBS T Tl ICLEE = Bggets=

OEFETA Uz DSB 13— -

Ra.dt.':4 Rad54 and RecQL5
s NHEJ Cfus s ncls -deficient \deficient

o0
MENTODMEMARE 0 © . e 4°
r— Qe — .=

T 5, Fio, HEFBERHCE

AN AW
VT RecQL5 ORERER 72 7R ] Repair arrest
E0 /Tl Sre2(iih) & ]

Other repair pathway?
(e.x. NHEJ) Cell viability | | |

Radb4 O [aH R 4B 1L ESE

L7 X512 Radbl D

HR repair efficiency | @  Rads Q RecQl5

R pille
-3 %%]\‘d—é - k 0\_ J: D ﬁ Fig. 2-21 Model of defect of RECQL5/RAD54 double KO cells in HR repair.
The detail is described in the “Discussion” section.
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BALT FRUIOR LIEBRE RS AR L TR Y | HHEEMWMIL T RECQLS/RAD54/BRCA2
—EER VT BRCAZEMRBIER & [FIFEEE £ T CDDPESMEN R D045 2 &
INEE LV, 2B, RECQLS/RADS4 " FERIIFEMRDN ERIAIL CESEIE 2 /R S22V DL, @5
BERAMICISNTIL Srs2 OA—Y u ZPEEMFEEL, BEEHLTHEREL TWanbeEAbh

% (tei),

2.3.3 RecQLs L ZDMODT L F VY ar b F—FLDrrR k2

HEFRERHC BT 27 o F Y ar e —8L LT Srs2 B HILTNDNR, 2o~ —BiT
RecQL5 & FERICFABRE WNICHW T Radbl 7 1 7 A b &bRET 2i&ME2F 5, HR 2RIl
LTV % (Karpenshif and Bernstein 2012), A5ER/AM17350 Tl Srs2 ORERENY T 12
TINEEREINTEY, ReeQLs HZF D —D>ToH D, RecQL5 LIAMITHERE N T
Rad51-ssDNA Ditiy it <& HiEM 2 FiD[K+ & LT, PARI, BLM, BRIP1/FANCJ 72 &
DS ST 5 (Bugreev et al. 2007; Sommers et al. 2009; Moldovan et al. 2012), F7-.
Rad51-mediated HR Z&(Zf#ilfHl9- 5 K+ & L Fbhl, RTEL1 72 £ & #H S 1TV 5 (Barber
et al. 2008; Fugger et al. 2009), 5] %X, PARI # t ~ HeLa fifi T/ v 7 ¥ 4% & MMC
ML 72503, DT40 MilaTiL/ v 7 70 h3 % & CPT 2@z & 72 % (Moldovan et al.
2012), Fbhl @ DT40 fl#ERRIT CPT (22 Z 77773, CDDP %t U CIEEFAERE & [RIFREE D
B2 Loy S 720 (Kohzaki et al. 2007), 215 OfEFIT DT40 #ifaiZ 3T CPT-induced
damage IZ PARI & Fbhl 73, ICL-induced damage I% RecQL5 2MESCHINZIET- 6 < AlpEM: %
RLTWD, E6IZ, Ty F ) are ) —BHMIRORIVMITEE 2, “HRICK Y E
FEDFHIN 27 dr— A5 5, S HRIZEBWT rtel-I/RTELI & req-5/Rec@QL5 135 R ESE & 7
Y. WHEPXES D & Radbl-foci D L~V EIC 1597 % (Barber et al. 2008), ~ 7 % ES
HfE & DT40 #IEOM 71230 T BLM & RecQL5 O B /RHEITANINAZ: SCE O %773
(Wang et al. 2003; Hu et al. 2005; Otsuki et al. 2008), Zi#L5HDOWEIL, 7o FV ar e —
PRIEPEHL TILVTND 2 2@ <R d 5, S%OBEL LT, B0 _HE
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and/or —HEAEMEEZHAWCT o F U ar v r—EHROBEEFHMEAEERZH O TS 2

ENEEL 2572459, O ET, DT40 flaIIEF AN Yy — 0557249,

2.3.4 RecQLb5 DEERE & FH3 A DBEE

A rF 41X, RecQL5 @D /KHEIZ L Y CDDP-induced IgGC @ donor usage 234k 3 5 Z &
SN L72(Fig.2-19), Z OfEsE, RecQL5 D/&IAA HR & B L 72 DNA —WkEiS I D%
CEFRET DL 2R LIAID TORETH Y . RecQLS ITHFIMEDIR VEAL & DFHHE 2 21
9% Z & T DNA L 2 (EEREO IEfEM: 2 (RAE L TN D FIREMEZ RIET 5, 5 HO—o
DOAREM: & LT HERMEDIRWEIRIZ Radbl 7 1 7 A ¥ R 3%tE L72854512 RecQLS 7% Rad51
T4 Ay ML, HR 2497 2 e B 2 b s, BN TE 7RV Radbl 7 o« 7
A2 h % RecQLb 75%8%#% L. HR 12X % DNA G I T35 L0 BIEICBRELTLE D O»
H LivZevy, Bk, RecQLb 23 Z OGN et & & & D K DGR 2 NTARTEN, REE
72 Radbl 7 1 T A v b OREEE DS O AT S NDINTEL F35FGKIK 1 & LTI ET 200 b
LivZewy, Ig locus IZBWTOFRERLROTHRE L Gl 20 ERH 5 H DD, RecQLb5 (2 &
LA Z O EMEME 2 REET A MBI Recqls /> 7 7 U N~ U ANEFRBAME R~ Z L LB
H3H 5 LitZe (Hu et al. 2007; Hu et al. 2010),

WD 2 E8MNAIED ICL #8528 HR 25% 35 L B2 5 & RKRO—D> & LTAHRIMED
TIVT B RS LD, T, ~ 7 A DT40 Mifldz A 7= f#dric L U . FA/BRCA pathway
DRFBHRENVLT AT E RRT7 & 7T B FOBEHRMEIIZZH 2 ERRE ST
(Ridpath et al. 2007; Langevin et al. 2011; Rosado et al. 2011; Garaycoechea et al. 2012), =
NHEOT7 VT e RITHIFEPNIZE W T H EA XL, DNA 2%t L € ICL <° DNA-Protein crosslink
REOETHEE S TWD EEbns, 7T e ROBEIIH LTI AT e RMUHIEESRE
(ALDH2)IZ & % fi## & FA/BRCA pathway 12 & 5 DNA &8 — Bl 2 ¢ DNA £ ROERE %
BiVTnd EEZ biD, Ball, BAAND Y 7> a=giE#H 64 Fllc>C ALDH2 O#Efx
THLE ORF# AT & 2 A RBREN OIROEE T2 BUGA ~T AR, BIPAA~T 1
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EE)EFFOT 7 v a = BIMBEE EERIR EORIEAN T & ) BLEEGE E232 S u(Hira
et al. 2013), FA (s & ALDH2 QiR BRAFHA/ER A RIE ST %, RecQL5 ¢ F7-
BRCA2 {&f7#) HR (B DL TT LT & RE A=Y DEBRIZHFGT 5006 Liv7any, EEE
(2. RECQLSTHEMRIET & N T VT & RIS L 2 DRERT —#), 7 7 v A =Z1lD
£ 9 GO ERERSMERZFEOYE . (I CRISPR/Cas9 72 EDF 7 LAYZEHAIZ LY
SERETRBAG TIBIRASHENL L2 L LT b, High EEF OSMOEE T2 %A EhRiER o, =
FEERARETHD, Lo T, IRIETIER L BAR EDIERISIEZ TE 721018 585 TG
WRWEOR THY | MlRFO7 LT FREZEKIROZ LT, FA REBICL DT ) LARZ
EALZIHITE B 00b L, d4E, ALDH2 OFEM L3 E LT Alda-1 &5 SAIDH R S
. AEHEE ) DRV B T D ALDH2 (2 OV CHERE A2 TR M L S B 3 &2 Rf> 2 & A3l &
T 5(Chen et al. 2008), F7z, Z DKL~ 7 A ATRE/R IR THEhZoR~7, Alda-1
AW BEEE RO FHINERICIT =7 e —F b £z, SBRRETTREHETH D,
DT40 a2 V7SRRI EITIC 0 | Mg 23 ) T RecQL5 78 ICL #%34: HR D4f
FELEEHIE L CF ) AREEACENSIT S Z & &R Lz, RECQLS \Zi3xid 5 & MElsim
ATELE L72V A3, RecQLS5 O loss of function (ZH159" % RecQ BIEUERGERE (ex. 7 /L— LfE(E
FOHLWNET 7 o 3 =B IMROBIEHRENFEL TH BN LI RWES S, — /T, 777
FHRFNDO—>Th D I NHRT T F AAZNMEAL L2 R IEIZ 35T, RecQLS DFEHL EH LT
W5 DL H 5 [Roe et al. 2012), Z UL, 77 F BN O LRSI RecQL5 73 ICL &
ROtz S LTS3 5 Rtz " L, RecQLS DREHAZF T LF 2L — 5T
& TMMHAIZHHLTE 200 LV, AW THE V72l L. RecQLbS 38 XN ICLAEEIZ
B U727 ) D22 E MR O BB 22 L. FRRAN I TB MR O IR RIERR &g Ris

DORESLIZ AT T2 R L 72 5724 9,
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EIE BRI +— 7 EEEERETF Tipin OV V7 b7 T FHDS
BISAE I1) DIEE DAEYT

B1E Frim
3.1.1 BT +—7BEA&K -DNA BRONERT & FHLERF-

EAI TR, DNA R Y A 5 —F & &t DNA E 7 + — 7 @AKRO B 7@ s kv
17 DNA #RAMARE 71 CV % (Branzei and Foiani 2010; Errico and Costanzo 2010),
MCM2-7 ~7 0 NERITER 7 +— 27 OFTICAIE L, Cdedb, GINS 72 EOMERIA 1 L A
TEHI L C A8 DNA Z—A$#{ DNA IZBRZT 2= 2F5>, B L7 DNA 288 L, U
—7 A Y THOERE pole, TF THOEMEZ pol§ BL U pola 2B e H, PCNAZ Z
V71X DNAR Y A 7 —BOIEMEEE#ET 5, 2 b OR 713 DNAERIZVWEDKT-TH Y |
RN D B FETIESRFEN TN D, —J7, BT 3 —7 OETICHATIIRW b DD, &
BT 3 — 27 ORFREORWETICBD DR T B AHET D, HEFEERHC 351 2 Tofl, Csm3, Mrel(Z
DI BRI BV TENRZE T Swil, Swid, Mrel & LCHEI BTV DNTIEO AT
HTIX WA, R 4+ — 2 ORZEA~DBEH R S 4TS (Errico and Costanzo 2010;
Leman and Noguchi 2012; Aze et al. 2013), Z# S DR FITER 7 +— 27 L L b Itk L4
BB U RS S U T 4 — 7 2RISR S T A RIS STV 5,
Tof1, Csm3, Mrcl OFHEEMWIMIIZIST 54— 17 & LT Timeless (Tim), Tipin, Claspin
MENHAILTN D, FHEEMWIRIRIC T 5 26 ORHIIEIT = v 7 R A FOTEMEALR, i
RGeS R DS ORESLIC b 55 LT A (Kemp et al. 20105 Leman et al. 2010), 45
Tim/Tofl & Tipin/Csm3 1388 % 72 ~7 v # & {k (fork protection complex) % FZHZ L |

Claspin/Mrcl & —#pex EE T2 L OORREE RS> EZ 2 TN 5

3.1.2 Topl & ZDFHEH

FRA YV AZ—E T (TopDiE, MCM ~Y 1 —BIZ &5 A8 DNA ORI - THERL Y
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=7 ORIFIZAET D hARa Y HIVA N LR EERET 5 8E] % F>(Pommier 2006; Pommier
et al. 2006; Tomicic and Kaina 2013), Topl IZ42 UV & f#HET DB DNA $HOAR AR = 2
TAEE YN L, DNA & —EIc 35755 A L C Topl-cleavage complex (Topl-cc) & FEEAHL
HEERETERT 5, Topl-cc DT A TH Y . Topl & ILHHRES L T 7/au DNA $HD
-OH 2 X 55k 8 %17, Topl & DNA OILAREE 2MEHE ST DNA 26 S D,
Ko T, ZOBED DNA S L DNA U A —F 208 L Lavy, DLEOME XY, Topl b
FIHERT r— 7 OIEFRETICNETH D,

Topl OMHEH|ID—>E LTHL T b7 ¥ (CPD)E STV 5 (Pommier 2009; Tomicic
and Kaina 2013), CPT /& Topl-cc (Z/KFEAEE L, Topl D7 v~ F )b OBl & FHE L Tl
HEHE 5L L B2 DNA OF#ES 28517 DNA BRI 2 7 0 v 73 5 2 & Chill ik 2%
9%, CPT 17(£ F CA U HE 7 +—2 & Topl-cc DOffiZ(collision)iT DNA —ASHLIMA
i(DSB-end) DEE A 5| & # Z 97, CPT #%3%: DSB 1% Rad51 35 XU BRCA2 #4 L7z HR &
iz X EIEE Shvd (Arnaudeau et al. 2000), 57 T FO B OFERENRTE D

7o, FEIRDA Y )T BPBRAAIL LTERIES TN D

3.1.3 TIPINE=TREEKRD CPT Bk

DNA A I O¥EFEIZBA G925 &\ O BEMED G | B FEEIC K Vil L~ LT
DAELEIFRETH-> T, /v 77T b~ RAFBIL R DNV EZ X BLD, TR
(2. DNA AT/ v 770 b~ U ABNLOWE TR < TR T DGR
SIED siRNA ZHWe ) v 7 Z Ty HDHWNET 7Y B 2 7 )VIRh 72 & 2 iz
REENOAFIFEIIC LD DO ThH o7z, LavL. RNAL RCHUEZE FIV 2 5ofF bR ClIas
72 R BaERIIRS T I EIEITEY, EHORBUNELNRN -T2 VIBR TH o720
T D —ANELroTc, UHRETIL, /v 77U b~U 2ADOERD EEE: DNA ERIK 112
ODWTHMEIMD /v 7 7 U MllaZ L U8RI 22T 217 9 ~ <. DT40 Mz v

DNA #HHUK 1 OB AS FIER ZET 5 7 v U= 7 M3t Sz, ZivE Tz, CLASPIN,
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SSRP1, TIPIN D& n R 2 BN L & OfORR b FERHER 2D T D BIFF L 728 v |
CLASPIN £ X 0" SSRP1 D&M CIIe MO /) v 7 B0V ReT 7 U Y A~
JVHI IR D S fEBR 258 TUIAG D e d o 7o e 2 KRBV 23 8142 7z (Abe et al. 2011a;
Yoshimura et al. 2011), [F#RIZ, TIPIN B FHEEMIICBIL CTHELFD X 912% < 0%k,
WG HIT,

TIPIN HEERRITAEAAFTRETIEH 2 b OO HEFHREDE L UK T L CU e, HEFHREIK T OJFA
13 S WIHEAT OIEHE & SEMIMIOBEINC & 2 ATREMEAVRIR S iz, WIS, K 223850 2 O TRl
IR ML A% 2 TSR L7c & 2 A, TIPIN BEERRIE CPT (2% LW 2 7R
L7=(Fig.3-1), %72 Z L\, TIPIN WEHRIZH1F 5 CPT &1 chTipin—FLAG D%51
(2 X vk S - (Fig.3-1A), Z OfEHIE., CPT BT ARMED Tipin OKIRIZ L - THl&
HZENTNWDHZEERLTND, B, ANTP F—UEEAITHH A FrX T LT
(HU), DNA RV 2 5 —BEARTHHT 7 4 2= »(APH), DNA 7 /L% U LHI T 5 A F
VA B ZT F F— MMM IFHRRE Dz 2~ L= b OO (Fig.3-1D,E,F). CPT %&£

FELWRSZMETIE Ao 72Uk, YHFESELHRRET Mok I vsIA)., —5H. FRA Y
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Fig. 3-1 Assessment of sensitivity to DNA replication stress-inducing agents.

Cells were incubated for 48 h in medium containing the indicated agents. Cell viability was assessed after 48 h by flow cytometry
using plastic microbeads and propidium iodide (Pl). Percent survival was determined by considering the number of untreated cells
as 100%. The error bars indicate the standard deviation (SD) of two independent cultures.
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A7 —F II (Top2) DILEAITH D= bRy KX° PARP ORERITH D47 /)30 T\ XM R
MR R S 72y o 72(Fig.8-1B,C), 2 HOFERIE, Tipin 23 & VD iF CPT & A — Y ~Dif

TP (B 53 & ATt 2 s L T D,

s

EEIZ, Tipin OFEA/— b —TdH % Timeless DHIZFREREA— Y 1 7 Tofl 13, RBEN
WZBWT IR NRA Y AT —ETHD Topl &OMAESERRKTFRIHE SN T 5 (Park and
Sternglanz 1999), F7-. X OBFZEL 4T L T, H2EERHCIIT 5 Tipin 4—Y 127 Swi3
DR CPT IZmEZ 2~ T & o Wi b7 /- (Rapp et al. 2010), LvL, m%EE
AR D CPT & A — 2 LT 4+ — 7 OFSREMIBEIE IR 72 AR 22 N2\, AT,

CPT &L 2 MNP EERE (2 3 T, Tipin 28 ED & 5 (THERE S 2 D& fidT L 72,

o2t R

3.2.1 CPT/u#E#;0 DSB KO A e
Foe 13 Tipin & CPT 4 A — U~ I
MO BIRIC % B L O % e T, £, anti-yH2AX -t

CPT MLBEFIZE 1T 5 H2AX OV v g{k anti-a-tubulin | e e

(WH2AX) DR & 35 2 72 o 72, yH2AX [Z#EHL Bgw
2 5
Z R L AR L DSB O L LTH LA T « 15
% (Ray Chaudhuri et al. 2012), TIPIN HiEERk g 1:
[ZFNT, AL L CPT f77E Fi otk S —
<& ‘\?\“\‘

RECEAMR L D LRV L~UL D yH2AX 23K
Fig. 3-2 Detection of DSB end in cells.
(A) H2AX phosphorylation (YH2AX). Cells were treated with 40 nM

é j’L‘f:’_ (Flg3'2A)o %&{',‘3 7’;;: ng’fﬂfﬁ 75_’?]—“ 5 7LC &7) ﬁ: N camptothecin (CPT) for 4 or 8 h and analyzed by Western blotting.
(B) TUNEL assay. Cells were cultured in the presence of 50 yM
Z-VAD-fmk for 30 min, then treated with CPT for 4 h.

DSB-end OFEMHBHIM L TWDHNE D
TUNEL 7 v EAIZEVRE LTz, ZHUEERET 4% VAR X7 L AT NSRS (terminal
deoxyribonucleotide transferase; TdT) DMHE % H L 7= DNA BIKiRIGO E &1L TH 5, TdT

X DNA 840 K2 dANTP Z A9 5 1G5 2 F > $RIEK 71072 DNA AFlE%E CTh 5, [EiE

53



L7-#flaz TdT 3 LW Cy3 #Ei#k L7z dCTP TA > F=2X—hL, 7r—% A F A MU —CL
S THREOAIEZ R T 5 Z L THFY 70D DSBrend DEAHIE LTz, EETREZ LI,

DSB-end |3 CPT ALEE DR 7 +— 2 & Topl-cc DELEDOH2 LT, MMENT R h— 2 L
TREBEEOWIALIC L 0 REICAUHBHEE 4 BEM), 7R h—T R L HHBER T2,

H % ) A S—F DIKBIHER Td 5 Z-VAD-fmk THTLE%, CPT ALBE L T HIl & [E0X L 7=,
Z DR, TIPIN FEEERRIZI V)T Z-VAD-fmk (£ FTdh->TH CPT WH LA
TUNEL-positive cells DHINAEIER S 7=(Fig.3-2B)., 7235, 4RO Z-VAD-fmk ORLERL:
T DT40 HIZHB W TT AR b— 20 & 2 EIXLLRTO#AE TR LT 2 (Abe et al.
2008), UL EOFEGF L v, CPT APEL 7= TIPIN WREERR TIX, BAKL 0 IZDE £ D

DSB-end 23 FEL TWA Z LSRRI N,

3.2.2 CPT 4R DNA BEE

TIPIN FH#ERRIZ3 T DSB-end 23 % It S5 5 RIE, 1) DSBIEEAIERIZIZZ 6
2T, BERER LTS, 2) LT +— 2 L Topl-ce NEAHE CEZE L, BN FEAS
NTND, £V ZODHREMNREZbND, WA ITET, B—ormtamst L7, CPTIZ
Ko TAELTZ DNA # 4 —23, EIZ Radsl 20095 HRIEEICKVEES L Z LAmbh
TW%, TIPIN BERIZEH VT HR B IEFITEMET 2205~ 5 72012, Radsl O 7+
— 7 AJEpkHE A @145 L 7= (Fig.3-3A), CPT MUHRHZ I\ T, TIPIN K FTH Rads1-foci 73
BRI NIz, ZORRIT. TIPIN BEERIZ BT HR EERE AN ER ISR LT D A6
PEA TR 5,

Tipin i3 HU, APH 3 K UMRANBRRFIZ 31T DT = » 7 R A o b DIFHAKICNETH
% &S KT S (Brrico et al. 2007; Gotter et al. 2007; Unsal-Kacmaz et al. 2007;
Yoshizawa-Sugata and Masai 2007; Kemp et al. 2010), F7-. #lF = v 7 KA > hDOFH
[K¥ Chk1 OAEAITH 5 UCN-01 Z MBS 5 & CPT BEMEAHIINS 5 &5 s b

& % (Sorensen et al. 2005), 7TIPIN fliErkD CPT 8z D JEK )Y Chkl 24 L7z E#lF =
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7 WA MEREO KR
LD bR DT=DIZ,
BT = v 7 RA v N
R F- ORI 22 I T
MDD HRR 2 36 2
725 7=, TIPIN FEERRDS
Y G L N I S g
WLz A, RADI7
BELW CHKI WD
EH 5 IO TR
e 7R M2 7R S T
-7-(Fig.3-3B), #t\ T,
BT = v 7R A L ME
MHEDIEIETH S Chkl
DY At E AN, B
BRI LN RADI1 7 Tk

BEClE, 757 Chkl

A wT TIPIN-- Cioo
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Fig. 3-3 Observation of DNA damage signals in cells.

(A,B) Rad51-foci formation. Images of cells treated or not treated with 40 nM CPT for 4 h (A) and the
percentage of Rad-51 foci positive cells (B). The error bars indicate SD from two independent experiments.
At least 100 nuclei were scored in each case, and nuclei containing more than four bright foci were defined
as foci positive.

(C) Assessment of sensitivity. Cells were incubated for 48 h in medium containing the indicated inhibitors.
Cell viability was assessed after 48 h by flow cytometry using plastic microbeads and propidium iodide (PI).
Percent survival was determined by considering the number of untreated cells as 100%. The error bars
indicate standard deviation (SD) of two independent cultures.

(D) Chk1 phosphorylation. Cells were treated with 40 nM CPT for 4 or 8 h and analyzed by Western blotting.

DV UL S 7-(Fig.8-30), < ~& Z &2, Tipin MERLTF = v 7 RA > b OTEMEAL

IR D &) HERIC LT, TIPIN BHERETIZte LA Chkl OV Uk L~UL OHE5RH B 22

STz, ZHHORRIE, P &b CPT BRIV T Tipin (3T = v 7R A F D

TEMABICZA T2 BRTF = v 7 WA > hOXKBIZABEIOSRKMATFTD CPT EZPEIIRE

A B 2 Ip L9 Th b, TIPIN FREEREIZEH T CPT 4WEREC Rads1-foci 35 L U8 Chkl

DY AL EN VL TR S LD O, Mg D DNA BIGEED L2 KBk L T2 D7)

b LR, UbaE L b &, TIPIN BEERIZB T % CPTIRSZMEDFIAIL, DSBE1E A

OERENELITRRDFRICE DD TH D Z LRI NI,
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3.2.3 CPT AL3K:MD Topl DZE)

W Fox 1 3BT 4 — 27 L Topl-ce DA EBEEE CTEfZE LT D AIREMEIC DUV TRFT L 72, CPT
1T Topl 227 n~F o LITESED 2 & CHIEZILET 2720 Tl Bl +—7iETO
FEEM LT 5 & CHIREIEZ BT 254 Th 5, £, R T +—7 LEZ2 L7 Topl-ce
FUTOR I BRI a7 %575 2 LS Tna (Lin et al. 2009; Tomicic and
Kaina 2013),1) AV 2 X F A& %Z1F.26S 7' 07 7 Y — AMEFINSER BN R S D
2) DNA Kl 278 E L= Topl <7 F R TDPL EKAFRNCREEND, 3) U —F ¢ o Z SIS
A SR EEBEH L, DSBend L7025, 4) HR #&EIC X 0 # i L7z DSBrend 2MEHE &
N5, $xIZ, H7 +—27 & Topl-cc DEZEHEN 2 TV D72 51X, Topl DT RT 7 YV —
DEIFRISTRNBESND L EZ BND, ZOEERFT 5700, MK EZ1T h—
INBIO v~ F Ul OfitikZTi L, vy o7 myT 0 728D Topl %M
L7-(Fig.3-44), 7 a~F VEFIZEBWT, BAK T CPT 4% Topl O a~F > E~d
BEMBIEEINTEBY . 2T Topl-cc DAL TWDH EBEX BD, —J7, TIPIN
BRRCIL CPT AUEIFED 7 m~F L EANTBW T, KW RD FRNSHT7= 723 RAHEL L7z,

ZDARG IO i CPT FE(FE TR0 P —Z VEZICBN T h T Nt Sz, Zo
FERL L0, CPT AWRIZ XY TIPIN WHERRICIRNT Topl OF 0T 7 Y — MMEIFRIIR D RHVE
CTWD AR R ST, ZORERREET D720, filaz 7w 77 Y — LADOHEAITH
5 MG132 £ 727 2 2AF (LCT)TRE LTz, ZOREE, 7'mT 7 Y — AHEAIZ L LT
TIPIN W3EMTIX, CPT LB DB DA &l U TR Al /S REREE 3BT L 72
(Fig.3-4B,C), ZHUTES FMD AL RNT 1T 7 Y — IMEAFHI 72 Topl S fRPEM) % BOB: LT
L AlREME A RR U, TIPIN SR TITA RO S N TEARR T U722y Topl ORIH7R 53 i
MEETND EEZ BILD,

CPT O#HMD BMI AT 5 7o dI2, T +— 7 & ZORIJTIZA Uz Topl-ce & OFZEI3AR
FEREERIEZR S 720, T 4 — 7 OT 2 — R F IE SEIUTEZREE AL E 5 &5
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26512, TIPIN BEERIZ 1T 5 CPT B MM E IS O X5 b7 61,
7 = O—RHEIIC X W IRl S5 L HIFFS D, Lo T DNA AU 2 7 —LOEAIT
HHAPH Z#&H 50> UM LT & & O CPT G M A7 L 7c, APH OENERIHITH Y |

Ve U CREHIN D ER Br< 2 & THERLY +— 7 13T 2 BT & 5, HiFFE Y (12, APH AR
([Z& V| TIPIN BERICHF 5 CPT Bz s i S 7-(Fig.3-4D), & 52, APH B K

YV Topl D4R S F -8 S 7-(Fig.3-4E), “NHDOfEFIT, #Hl 7 +— 2 L Topl-cc DEsA

FEDTEZEDS TIPIN BEERRIZI1T 23 Ly CPT A 5 & Z 3 rlRetk 2 e L T 5,

A D
- +/-APH PT wash
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5 R measurement
CPT (h) () 4 8 () 4 8 1h 4h 48h
- - - ——
anti-Top1 *SUFTY - 1000
Total anti-Top1 - - ” -
(overexposz)re) ' e —— ;\?
— < 100 ~o— WT
anti-Histone H3 ...“ » E ©- TIPIN*
] ~— WT +APH
: ~@- TIPIN'- +APH
p— — T) 10
anti-Top1 I - | —- o
Chromatin
-bound - ( -
anti-Histone H3 Wil 1 : : w :
0 10 20 30 40 50
CPT (nM)
B TIPIN* C TIPIN- E TIPIN
P L A < L [ L)
(_,Q GQ« OQ«
) oV oV Y @ Y 13
O A& NN A A A S R R
Qob xc’Q x*o ‘“‘0 ¢°b xQ x\’o x\'o & x(’Q xv? xvg
anti-Topl | oo~ = anti-Topt | ==~ =~ — anti-Topt | & . T~ —=
anti-Top1 — anti-Top1 —— anti-Top1 ﬁ —
(overexposge) 'ﬁ —— (nverexposuf:e) — - | ——— (over exposure) | - ———
anti-Histone H3 ’ L cmam— ’ anti-Histone H3 | " s anti-Histone H3 | ™% s s

Fig. 3-4 Detection of Top1 in presence of CPT.

(A) Detection of Top1 proteins upon CPT treatment. Cells were treated with 40 nM CPT for 4 or 8 h, prepared by subcellular
fractionation and analyzed by Western blotting. The black arrow indicates Top1 protein, and the red arrow indicates Top1

degradation products.

(B) Detection of Top1 proteins in the presence of CPT upon MG132 pretreatment. Cells were cultured in the presence or
absence of 10 pM MG132 for 1 h, subsequently treated with 40 nM CPT for 4 h, and then harvested and analyzed by Western

blotting. Total cell lysate was applied.

(C) Detection of Top1 proteins in the presence of CPT upon lactacystin (LCT) pretreatment. Cells were cultured in the
presence or absence of 5 ug/mL LCT for 1 h, subsequently treated with 100 nM CPT for 4 h, harvested and analyzed by

Western blotting. Total cell lysate was applied.

(D) Assessment of sensitivity. Cells were cultured in the presence of 1 uM APH for 1 h, then treated with CPT for 4 h, washed,
and incubated for 48 h in drug-free medium. Cell viability was assessed after 48 h by flow cytometry using plastic microbeads
and propidium iodide (PI). Percent survival was determined by considering the number of untreated cells as 100%. The error

bars indicate standard deviation (SD) of two independent cultures.

(E) Detection of Top1 proteins in the presence of CPT upon APH pretreatment. Cells were cultured in the presence or absence
of 5 uM APH for 1 h, and then treated with 40 nM CPT for 4 h, harvested and analyzed by Western blotting. Total cell lysate was applied.



3.2.4 CPTHFETIZHIT 5 DNA G5k

CPT 77 T TIPIN WEHTIL DNA SRICHENE L TWD EBEZ bRD, ZOREH
REHOIC, F IV UVHEEETH 5 BrdU Z MR Y A £, PI YA & o "Rk it
2T\, CPT ALERRE DM E O T2 T =4 Y > 7 L1=(Fig.3-bA), ZDJFikiz kb, S
Z IR X U CRIIEI 2 8l 5 Z LN TE 5, BAEKRICBW T, CPT APRIZ LY SHiD
HIR OEIE DR Y . G2M HOHBLOEIEHHEIN3 D EE 238122 < 7= (Fig.3-6B), — 77, TIPIN
TREERR I A AL O RAE T S WIoMIn OFIS DK Tl s b 00, CPT ABIZ LY &
DEEIIRE S EL L oTe, LinL, ZWRoeEoR LTCfifa)Eil oo R 2 — AT R & 2228 ks
AU, TIPIN SRR TE S i@ BrdU BV IAABERE LK TFLTWD Z E3H L
e 7o 7-(Fig.8-5C), ZALb DfEEIL, TIPIN WEERKIT CPT AU 31T 5 S B HESTIC

BRI D bREQEFENAEL, DNA BN IEFITITA TORWATEEMEZ R 5,

A Cc WT TIPIN'-
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Fig. 3-5 Analysis of cell cycle in the presence of CPT.
=7 60 (A) Cell cycle analysis with BrdU. Cells were cultured in the presence or
X S ph G2/M ph:
T phasel o o WTP ase absence of 40 nM CPT, pulse-labeled with BrdU for 20 min just before
g% PrY —— harvesting, collected and fixed. Cells were stained with FITC-conjugated
g 40 anti-BrdU antibody to detect BrdU uptake and propidium iodide (PI) to
o % detect DNA, and then analyzed by flow cytometry.
2 :g (B) Quantification of the proportion of cells in S or G2/M phase in A.
Q

(C) Histogram of BrdU uptake in cells during S phase. Cell populations
8h contained in the S phase gate in A are plotted by cell number (y-axis) and
BrdU uptake (x-axis).
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3.2.5 CPTFETIZEIT 5 DNA BT +—27 OEST

CPT f#/£ F CD DNA Ak
A 10min 10 min
Replication direction

CldU or IdU-labeled DNA

O TIX, DNA #HEDB

(DNA fiber) | |
WEHEE DM R LI28E & E B Cldu IdU
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PEEEAMIE T L7 A& 2 5 CldUu  1dU CldU 1dU

%, TIPIN WIEHRIZEIT S

IIII
1]
|

DNA #HHEUF RO ZEZ T~
B1=0I2, DNA 7 7 A 73— C 4 mean=SD
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Fig. 3-6 Analysis of DNA replication elongation.
N - (A) Schematic representation of the DNA fiber assay. Cells were pulse-labeled with CldU (red)
TRPUATYH B 2 & T, DNA  and then 1dU (green).
(B) Image of typical DNA fibers.
(C) DNA replication elongation rates as determined by the percentage of DNA fibers containing

A=zl 74— OMETAE R CldU. The lengths of the DNA fibers (only CldU tracks that connected with IdU tracks) prepared
%E % & 7 LTT%T*E ﬂ: as shown in A were measured, and DNA replication elongation rates (fork rates) were calculated

as fiber length divided by pulse-labeling time. N, number of experiments.

T 57 vk A TH D
(Fig.3-6A), F7=, HETHOER T +— 7 OHEFHWT L 72D “HPEEET> TN D, £T
C1dU/IdU=10 min/10 min O/ THY IAEt, DNA R 7 +— 7 Offi Ki#E (fork rate) 2
LTz, TORER, TIPIN BRI 5 DNA 8T+ — 7 OEEE T, BEMOB L Z
PONTTe D Z EBH BN E 725 7-(Fig.8-6B,C), Z OfEHRIX, Tipin 1% CPT JE{F(E FCHHER
7 d— 7 OEFIBRHEITOMFHIMNIETH D Z L ARE L TV D,

WIZ, CPT (£ F T DNA U RIZ DWW AT L7, CldU BV iAEH 705, CPT
£ FCIdU B0 A%+, CldU/AU ratio ¢ CPT 77/E T DNA #EHRH £ DORES 5

T2 FED LN HE TV A (Sugimura et al. 2008), Zd & &, CPT O CHERE
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Fig. 3-7 Analysis of DNA replication elongation in the presence of CPT.

(A) Schematic representation of the DNA fiber assay in presence CPT. Cells were pulse-labeled

with CldU (red) and successively pulse-labeled with IdU (green) in the presence of 100 nM CPT. T

o unify the encounter rate between the replication fork and the Top1 cleavage complex induced by
CPT treatment, pulse-labeling time with CldU or IdU was doubled in TIPIN-deficient cells compared
with wild-type cells. The rationale for this adjustment is described in the text.

(B) Image of typical DNA fibers following CPT treatment. Cells were pulse-labeled first with CldU (red)
and then IdU (green) in the presence of CPT. Unimpeded or impeded replication-reflected DNA fibers
are shown. The CldU/IdU ratio indicates the value of the CldU-labeled fiber length divided by the

|dU-labeled fiber length.

(C) Distribution of the CldU/IdU ratio of replication fork progression. The lengths of the DNA fibers
(only CldU tracks that connected with IdU tracks) prepared as shown in A were measured, and the
CldU/IdU ratio was calculated as the CldU-labeled fiber length divided by the IdU-labeled fiber length.

N, number of experiments. n.s., not significant.

BEAMME T35 &, CldUAAU ratio 1% 1 £V b REWEEZR~T 2 L1272 5(Fig.3-7A, B), =
CTCHETRERE LT, TIPIN WHERIC BT D87 o+ — 7 OMEITIREE I TEF AR O 0 FR L
T 5 (Fig.83-6C), 1dU % EpAkk & TIPIN WG CRIFFRIE Y A E 7235546 TIPIN TG
(2B DR T +— 7 OUEATIRRE XEF RO L 720 | Topl-ce &R T 4 — 7 3l
7% ffeF(encounter rate)ld TIPIN FIERRD S HMEL 725 &5 % B, CPT ALBRIZ K 2 52288
INSL RN DD, ZORBEZHET 272012, BAKTO CldU/MAU DY AR %
20 min/20 min & §%E L7=DIZ%f L, TIPIN 8544 Tl 40 min/40 min & 327E L 72 (Fig.3-7A),
BUIRZE N2 212, TIPIN Wk <138 ER &l LT CPT f#(E F ¢ CldU/AU ratio ® X Y

FEBEA~D Y 7 PRI N7 (Fig.3-7C), HEZ W47 0i1c, Fx B AKIcB W T

60



CldU/IdU D EL Y AAE %2 40 min/40 min ¢ FRELTZEMHTHLT v A 2R8I 7208, =
DAY TIPIN WHSERD X 5 e~ 7 ML S /e )»- 7-(data not shown), UL I
DOFERIZ, TIPIN WHERRIZ BT CPT /74E ¢ DNA HHL 7 4 — 7 OMATHREENME T35 =

LR LTV,

E3H EBE

TIPIN HEERRIE CPT (ZHRHCHRVVERZME 278 L7205 (Fig.3-1A), Z AT ZEERHC BT 5
Swid ODERKOWE L BT D, —F7. Top2 BHEAITH D MR RITiTE o 72 < Bt
RERNZD(Fig.31B), hRA Y AT —EOHFTEH Topl & OME#EARE SN S, £7-, CPT
4 A —ik Radbl 8L UVBRCA2 72 £ D Radbl AT 4 =—4& —3 592 HRICL B &
57, BRCA2 13 Uh & L7- HR BN 7O XKML PARP FLEHAITH D47 30 7
b i Z 2z ME A ~97(Qing et al. 2011; Roy et al. 2012), L72>L. TIPIN WERRITA Z %Y
TNNFE A EIEE AR S 720 (Fig.8-1C), TIPIN WYEERRIZ BT CPT induced Rad51-foci
MEZE SN2 & L AbETH(Fig.d-34), CPT Bz RN I HR E18 ORERERAE Tldeu
£9TH5, [FERIZ, Tim-Tipin #EAIT HU LB OERT = » 7 1A > b OIEHAL 2R
THIT 5 ENHRE SN TV D2 Kemp et al. 2010), CPT WLFRRFOERLF = » 7 RA > b D
IEPEICIIAE CTdH - 7-(Fig.8-3C), Tim O/ v 7 X728V Chkl OV UEfkaiTe L A1
SR L7 &V ) S & 5 729 (Smith et al. 2009), Tim-Tipin HEEEIILT L HERT = » 7 R
A ¥ N OIEHAUITHELTIZZRN O S LILZRYY,

—J7. TIPIN fEERRIZIU T CPT ALERRRIC Topl Oofi @iz /- (Fig.3-4), Topl &
IRIIER T +— 7 L DR TAELHED ] LW I REZEBRET D & TIPIN WK CIIEF AR
£V b EME CEZENE LTV D EE X Bivd, CPT AR TIPIN f##KIZH C DSB-end
OFTHDHINT 5 Z & BLV DNA EH 7 4+ — 7 OEITHEENME TS5 2 £ 2885 &,
CPT JESMEDFRITK D X 5 I2FE L b5 (Fig.3-8), 1) Tipin Z K LT +— 271

CPT ALEEEFIZ Topl-ce & mfHE T2 L. DSB Kifix K&IZHEAT D, 2) [FIRFICHER T +—
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Fig. 3-8 Model of Tipi diated protection of the replication fork following CPT tr
A and B depict a model of replication fork progression in the presence of CPT in wild-type and TIPIN KO cells, respectively.
The model is described in the “Discussion” section.
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27 DR (collapse) 48 < 72, 4Ll > DNA UM E SR AREIC /2 %, 3) £&d DSB &
280D DNA 7 +— 7 OB LV MRS ) DEEVEEZMERFCE <R TR =
A9, LIzhi-> T, Tipin (IZIIERT +—2 & Topl O 7 v~ v ETOMEEZ HRE
WD ELEZBND, AENTEDEMERR G FHEE THED Z LN TE RN ST2D, BETD
b CEERMANERE AW L VAL TS, HEERERHZB VT, Tim-Tipin OFFE
SrFORIICKY | T +— 7 PEFE T2~ (Katou et al. 2003), £72, /REERHC
BT, Tim-Tipin OFAFESF OB ERA LA 220728, BRl7 y—27 D) 24
— F3TE 2 < 725 Rapp et al. 2010), Z 45 DOFERIT, BERFCIIT % Tim-Tipin (21365~
F— 7 Z—WRFICEA TS L S8, N OIRE L. HEET AR S EDEN H D Z L &R
Mg %, HHEEMICHT S Tim-Tipin & £72, HR T +— 7 HEREE & EE L72BRic, —kr
AT IR S EEEN O LN & 5 Db LitZey, CPT IZ X% Topl-cc DI IT/KERG
IZX DA77 b O Th D72, CPT Nl E 713 ANEL L Topl 287 v~ F > L HEENT
0, &DHWE Topl-ce 73 Mus81 R° XPF e E D RX 7 L7 —BIZ L - THIY H ShbrE
ShauX, BT +— 7 OEITERHTE S5 LB 26D, —75, TIPIN BEEK CIIER 7 +
— 7 HiHIZ Topl-cc DX D REEMNRH > THLREREENB 22T, HlT7+—7 L
Topl-cc DEZENIEZ 5 Dhvh Lz,

Topl-cc LHERT +— 27 &L DOEZRIZCPTIFFE F Tho THHMNTE Z VFLBETHY |
iz Bk D HEIE Tipin 23R OAEBHIBEEEZR Db LivZevy, MMS O L 95 22 AR
(IELZRWMEFE L0 & MlaNICIT) HIFE LSS Topl-cc DA HRT 2 CPT (T
TIPIN FESERRD @R M2 g L0 ISR S| Tipin &\ 9 & 287 B o 30 AR 7l %
A TWDAEERE Z bND,

Tim-Tipin EAEICIE, HIEPIZIWT Tim 7> Tipin O EH 5753% siRNA (2 X 0 FEBH
THE MO LRI EELWITT D & D BBREEE R ® 5(Chou and Elledge 2006;
Unsal-Kacmaz et al. 2007; Kemp et al. 2010), Z#ui3 Tim 33 & O* Tipin I3 &K TIIAAET
&9, Tim-Tipin K E UTHEET 5 2 & THAIZZEL LE > TV S ATREMEZ2 R d 5,
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Tim & Tipin OHAENERZ T vy 7§25 % N7 E-52 87 B A OERIZ, CPT 7%
BIKA Y T 1 EOFN AFIOVER 2 5§ 2= 22 — 7> & LTAR S L

20N,
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B4E SNM XZ7VL7—FOx bARY FBEMT R F— ZA~DH
Eoigst

B1E Frim
411 DNAHBCLVFEINDZTRF—T X

7 AR h— Z(apoptosis)lIANK, HREFHIZZMIIBED D —>Th b, I har YT
EBALOKT, F 7 v b e Ot 1 AR—BOIEMAL, BEOBELEB{bRED T rE A
Ze B CHIRSH2 < -k & THEIR T % (Degterev and Yuan 2008; Vucic et al. 2011), 44
L CHER L RIE & 5| & i 2 35St Cd 5 1 7 = — A (necrosis) & FEREFAVIC X BIT 5 72
B S, OBIZ— RN, TR =Y R% [ 7T A& 7= Hilast(programmed cell
death; PCD)] #5792 L &b, BIEE Lo LORRBOHKIZHADILD TR b— 206
DNA /N 7g Sl HE AT TS 2§ 7 R b= R ETH A 27 R b — 2 ADRFEE
L. B0 7 o™ EOREITIZENENRE S B D, T 2 TIIANRIZEREDZE Y DNA
ENLEIER I END TR b= ROV TIRRD,

AR C DNA $BIEVE UT2BR, F = v 7 ARA o MR U CRpuE B O T 215 11
2, ZOMIZ DNA HEOEEIM TR, Ml AEFOHT M) S, L, Mildo
DNA EiEREA LRIDZERL A—U RN 5 & TR b= AL X o THODNEE Dk
. MO LS Z 0 AT AT 5, 20k 972 DNA HEIC I VFESN L TR h—
VAIZBWTHL R EZE 2RI B2 0N TND DN pb3 T 5 (Meulmeester and
Jochemsen 2008), p53 (i@ HF MDM2 LA L, AU aexF AfbanTrasr T V—2A
AP 72 3R A 2T D72 M CIEIER IR LUV TEEL T D, —J7. DNA #15
IZ& Y Serls <° Ser20 23V E{bXiLnd & MDM2 & OfEADBAE S, IEM(ET 5 2 &M
BTV S (Vucie et al. 2011), p53 (3#AF K& LT CDK inhibitor Tk % p21 DG %
#HE L, CDK2 OrEZ T2 Z & I2L-> TS W~ T4 HE L, MinEH2Z G1 #lic

ik SR BB Z RO,
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*F U C AIRADERERESR RIS ZEOBENNI L & pb3 D Serd6 DV LA IT LT,
2 har RUTOBREANZ L, 7R = ARFHEI N 5H(0daet al. 2000), F7- p53 1
ARIEREICFE L, TR M=V AV T FNELEZD Fas R EDT AL ®T X —I hav R
U7 LT R b= A5 Bel-2 77 IV —BaFORBALZTTET 22 LIV TR B
— 3 A %589 5 (Villunger et al. 2003), & D—H 0D p53 (2L DT AR b—3 AFHEEREN, 28
AATHREIE T & LT pb3 DEEREDO AR TH D EEZ BN TS, ZD XK HIZ pb3 ZHuL &
L7727 R F— ZFHEHAEONIZEIIRE LT b DD, TR h—3 20T TN pb3 ITHEFET S
DI TR, FEEE, pb3 PHEREZ K o722 ONAMIBTH 7R h— v R IREDOZEZ ZH
NHEIND, ZNETOT AR h—T AW TIX pb3 RF DJEN Y v R 7 EOfifT & iy & L
THERE L7223, W, ph3 FEKIFAICT R b= R 2758 50 1-0F D A J1 = X LFBIRIE

AL TR,

4.1.2 DSB#FHFEHEMET R b— ROETHETF

WFFEEE Tl DNA EERFOMBEORRATT O LFFHIT AR b— 2O 5 &
IRHAE LT, DSB EE S T O E IV THR T O 7 R b— ZA~DB 5% #Et LT,
FEBRE LT100 pM &0 9 EFICEIREO T MR Y R TAIEE 70 DT40 ik 4 R0
L, HRONIT R b= ZARFFEINLE N Edi~Tz, #ifke LT, NHEJ (2535
DNA-PK #&A£(DNA-PKes, KU70, KU80)# L UY Artemis 73— bR s REFEMET A h— &
DFEITFITNETHHZ 23 L, LRNCHE L72(Abe et al. 2008), 7=, BHFEAIZH
#7225 DNA-PKes OF T —EEMENEETHLHZ bR LTc, = MRV RORLRHTH
7TV RS E T O RRRORBI NG 5D Z LD, T MR Y RICHRE S voighE
TiE72< DSB#FEMT R = RAZBWTUAS FETHEEZEx b D, ODBIZ, & b Artemis
23 DNA-PR IRTFIINC T AR b — ABED 7 n~F 42 7 b— k&L, TR b—3 ZBED DNA
D51 E(high molecular weight; HMW)Wi i {LIZB 595 2 & 235 & u(Britton et al.

2009), Fx OBFFEAEREAE LTz, LorL, NHEJ O it Cid/z 5 < XRCC4, Lig IV, XLF
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FEN b MY RFFEMET A h— RCE o7 BG Lz, NHEJ KO3~ TH
DNA #EIZ L 57 &R b —3 ARERICE ST 50T TIERWE S THDH, DNA T ¥ —& L
THIENAIRE/R X 7 LAY — NHAL COIRS) 7 & (low molecular weight; LMW) T bix s A
N—B|Z XV iEME(LT % DNase D—FETdH 5 CAD 23H 9 23 (Samejima et al. 2001), HMW

Wr A AEIZBE L IR A2 62 < FUTRIT D EBITIZDD > TUHRLY,

413 SNMXZVv7—ET77IV—

SNM X7 L7 —E7 7 IV —i%, HERE SNM1/PSO2 LHFEIEX 7 LT —EB RAA
(SNM1 R A A )& FHOR -# Th 5 (Yan et al. 20100, SNM1 K X 1 >
metallo-beta-lactamase (MBL) N 2 > & beta-CPSF-ARTEMIS-SNM1-PSO2 (3-CASP) R
AA DD THERIIVTW D, BHEENMHIIL Trd SNM1A, Apollo/SNM 1B, Artemis/SNM1C,
ELAC2, CPSF73 ® 5 S5 THEY, 2D 95 DNA X7 L7 —F & LTI 6L Dl
SNM1A-C @ 35T %, SNM1 I ZHERERHNC BT 5 ICLEE ~DB G5 RIE STV A3,
FHEENMW T H SNM1A 5 L O Apollo 28 ICLIEE A~ 545 = & 23y & Cu % (Ishiai et al.
2004), Apollo L7 17 2 7 OHEFFICI T HHERE D F1 5TV 5 (Lenain et al. 2006; van
Overbeek and de Lange 2006), —J5. Artemis | NHEJ (ZB45- L, DSB &< V(D)J filff

212359 % Ma et al. 2002).,

E2E R
421 SNM X7 L' 7—EOD=x bR RFEWET R F— 2A~DH 5

F# 1Z DNA-PK B X O Artemis SO MR ReBEMET R b—3 2AOFEFTIRF 2R L
72o TR b= RIZHEWT Artemis 1£ DNA-PK O FiiClEizH< OO, ZOfifiit 7 2=
v N Tdh b DNA-PKes &bl LC Artemis % K L 7-flaOFBILI557 > 7= (Abe et al.
2008), Fxix, TArtemis OMIZM 53D DNA X7 L7 —E ) Z OREEIZIB W CTHERE L .

Artemis & B L CHMW KA {bZ24H 9 O TIEZRW D) & W ARG AL Tz, Z O & LT,
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Fig. 4-1 Involvement of SNM1 family nucleases in the rapid induction of apoptosis by high doses of etoposide.

(A) Scheme for experiments shown in Figure 1 B-E.

(B) Cell viability measured by MTT assay. Cells were incubated for 1 h in the presence or absence of 10 or 100 uM etoposide, and
their viability was measured by MTT assay.

(C) Detection of DNA fragmentation by TUNEL. Etoposide-treated cells were fixed, and the termini of fragmented DNA were labeled
with Cy3-dCTP. The TUNEL signal was measured by flow cytometry.

(D and E) Detection of changes in mitochondrial membrane potential with DIOC6(3). Etoposide-treated cells were mixed with
3,3-dihexyloxacarbocyanine iodide (DIOC6(3)) and propidium iodide (PI) to detect changes in the mitochondrial membrane potential
and to distinguish early apoptotic cells from late apoptotic and necrotic cells. Cells were analyzed by flow cytometry (D).
Quantification of the data shown in Figure 1D (E).
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Apollo, KU & D&M R

) 6\\‘*‘ VQO Etoposid
i ST\ % APLF, 750~ m- e O Lamin1
HR EEDH| D A ELRE e ———
THERET DXV LT —F 250 - - ‘;:ct::eaved LaminB1

Tod5H MRE1L IZ2W\ T

Fig. 4-2 Degradation of LaminB1 in the rapid induction of apoptosis by high doses of etoposide.
To examine whether SNM1 family nucleases function upstream of caspase activation, LaminB1
degradation was measured. LaminB1 is a caspase substrate, and cleaved LaminB1 is used as
MTT 7 b 'TZ/I) (100 I,I.M, an index of apoptosis. Cells incubated for 1 h in the presence or absence of 100 uM etoposide

were harvested.The asterisk indicates a non-specific band.

1 hEHANTT FRY R

HEMET R R — v A~ 27 (Fig.4-1A), 35 & SNM1A (ZH 322, Apollo (%
Artemis & [FFREIZT AR b — Y A~OR G- 237% S 1172 (Fig.4-1B), DNA W7 {bof7 EZou
TTUNEL 7 v A 2T L7 E 24, MTIT 7 v A O5E & RO MG 5z
(Fig.4-10), &5HI1C, TR =V ADOHMTH D I b2 KU 7 OEENOHRICHONTHH
Rz b A, SNMIA-C 3R CREENTH R ORIE N B2 &7 (Fig4-1D,E), Nz T,

SNMIA 3 XY APOLLOTSERRIZOWT 7K b— 3 AFFERHI I A 3—RIRAFRYIZ YT &

A Cells B 120
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3-10 uM > o WT
(6 h treatment) % £ 80 = DNA-PKcs™
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Fig. 4-3 Moderate resistance of SNM1 family nuclease mutants to etoposide-induced apoptosis.
(A) Scheme for experiments shown in Figure 2 B and C.

(B) Cell viability measured by MTT assay. Cells were incubated for 6 h in the presence of various
concentrations of etoposide and their viability was measured by MTT assay.

(C) Detection of DNA fragmentation by TUNEL. Etoposide-treated cells were fixed, and the termini

of fragmented DNA were labeled with Cy3-dCTP. The TUNEL signal was measured by flow cytometry.
Open arrowheads (left) and closed arrowheads (right) indicate the positions of the two peaks

detected in ARTEMIS-/- cells (Fig. 2C, panel j).
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D2 ENMBILTN S LaminBl OZF@ha V=A% o7 uyT 4 IR Lic s 2 A, Wik
DRIV T LaminB1 O ST =(Fig4-2), VL EO#SEIL, Artemis 721 T
< SNM1A, Apollo b £72, = FARY RFFEMET R b —2 AT THERET 2 Z L 27" LT
Wb, JVREBRIZRSTT D720, = MRV RORES 10 590 1 O 10 pM £ TR
(Fig.4-3A). XDV (W% 6 W & T 2R a7%E Liz, ZORMETMIT 7 vt A 2175 &
APOLLO # X0 ARTEMIS THEHRRIZE VT H, HHRET R b—2 ZOMEITAR SN
(Fig.4-3B), L7 L., BpAEREE T2 L 7R F— ZREIHME F LT Y . —F T DNA-PKCS
TEEERRIL Z OFIFICHB VT HIRNWT AR h—Y A& R Lz, SHICTUNEL 7 vEA 2362
Tpolzl 2 A, SNMIA-C fEERETi: DNA Wi bORIEN 22 S 7= (Fig.4-3C), L7=723-
T, 320 SNM X7 L7 —EBIIKBIZL D 7H h— (28T 5 DNA Wi T{EORIEME T

I WIREMED R SHLT,

422 SNM X7 V7 —¥ ZEREEEKE AV T

Fxik, SNM X7 L7 —€ =ZFEW I DNA BrR{bicB 53 5 rifetE2 5 2 7, &8
MRBSER Tld~ A /L R KRB TdH % 78 Z HiR s FRdEMia /e 51X, DNA-PKCS M#ERIZIE
27 R b= R L 72 D O TRV E IR ST, AR PR e o & —
DAL L 0t L CIAEW - ARTEMIS #1573~~~ 5% —([shiai et al. 2004) %
SNMIA/APOLLO —FERHERIC F T o A7 =27 3 a v LT-(Fig4-4A), 7/ 2 PCR & if#in5
PCR % M\ C SNMIA/APOLLO/ARTEMIS = Bk 2 B+ 5 Z L 10ksh L7-(Rig.4-4B),
TEBLOCSEBERE AT MTIT 7 v A 282 o7c b 24, PRICK L CH Bl
BEE RIS T AR b —2 20335 S n7-(Fig.4-4C,D), L7>L. TUNEL 7 v & A 2B/ -7=
&2 A, TEB IO ERERRIT DNA WAL OFINRY 2 BE B2 S /- (Rig.4-4E), UL Lo
FERIEL, SNMIA-C OF_THRT MRS FFEMET R b — R85 DNA K B iR

W22 L a2/ LTWA,
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Fig. 4-4 Genetic analyses of the functional relationship of the three SNM1 family nucleases in etoposide-induced apoptosis.

(A) Schematic representation of the generation of SNM1A-/-/APOLLO-/-/ARTEMIS-/- triple gene knockout chicken DT40 cells.

(B) Confirmation of the disruption of the ARTEMIS gene by RT-PCR.

(C, D) Cell viability. Cells were incubated for 6 h in the presence or absence of 10 pM etoposide, and viability was monitored by MTT assay.
(E) Detection of DNA fragmentation by TUNEL. The TUNEL signal was measured by flow cytometry. Open arrowheads (left) and closed
arrowheads (right) indicate the positions of the two peaks detected in ARTEMIS-/- cells (Fig. 3E, panel i).
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ARFFECBNT, Frex X ICLIEBERW LT 1 X THEFFCE G945 SNMI1A & Apollo 73, —
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NTW5b, ZOHIZ SNM1A & Apollo 15 £ TV e Ay, SNM1A X DNA-PK OV & 7
V1582 SQITQ 7 7 A% —i8ai >l IENRIE Th 2 aliethid +aicE 2 b s,
L% OBFBREL LT, 1) SNM1A-C DX 7 L7 —BIEENRT R F—3 2D FEFITIBUTHEE
M, 2) TR P—VRATBEIT D7 nwF o~ SNMIA, Apollo Y 27 /L— k% DNA-PK T/
T 500890, 3) DSB #FHEMET R b — RS T D MMOFE TRV ORIE, 72 ENET 5
nos,

AWFFEIC I T NHEJ R° ICL 18 & W o 7oz A7 S8 2 I HRe T 2 /125,

Wt oEER B O IR RO L WO BIRCIFFIZEEZ 1 H D5, £z, Ak

FRAEIZB W TS BIBRRWES Z 52 5, T4, Top2 PHEIK L DNA-PK FHEHEDMHEEIT X
WS ANERZ RO DT 7 a—F e E3 TS (Deriano et al. 2005; Hisatomi et al. 2011),
DSB D8 & = DEEFRO—2>Th D NHEJ B OE T — RSB X 508, AHFFED
fEH L DNA-PK OFSREIREE ST TldAenizth, 78 b—3 ZREZBHE L TLE > Tk
R T 5, I NHEJ O Tkl 1T 5 Lig IV ORERAIBAE R L X 117223 (Srivastava
et al. 2012), ZOHEHFTHIULT N b — AfgZHET 5 2 L 72 < NHEJ &g D 44 fHE T
E 50T, Top2 PHEIEL OOFMIZHE L TV 5, DSBFHEMET AR b — 2 ABEREORHTIIHI A
WREZ 2D L CHTERSE 5251259,
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55T FAHAEEORIE

AHFFEIT, SAFFER TR BN D BT E 72 RecQ ~U H—E 7 7 I U —D—DT
&5 RecQLS ZHONZ, 7 NETEVEMERFIZEAG-9 D Fix D& L /X7 B ORI OMERE DR %

H¥E L Cirbiviz, fiRke LT, LUFD 3 DO AR R At L7z,

[1] RecQL5 @ DNA &7 v 2 U > 7 BB} HH%EE

RecQL5 2B L CEE D BIn 1~ EMBER A W TR R IBIR PRI 236 Z 720,
RecQL5 23EAIZ U T, BRCA2 35 L U Rads1 & OfEAITHAE L T ICLIEEICH ST 5 =
EERDTHLMNT LIz, & 5I2, ICLREGFHEMSGHBZ SUSZHliE L, & O & IERErE
ZINARADERIN B D Z & & DTA0 Ml D 7 a7 ) BB RO R 215D L T B

IZT D2 ENTEI,

[2] Tipin DX > 7 b7 3 2R 30 1T DHERE

CPT w1 LT TIPIN s RN S M 2 m - L vy 9 UFEEE TOR L2 R S
. Tipin OXKERHIZIT CPT PRI L W R T 4 — 7 OMEITRENE LLBl&RZShb 2 &
ZH BN LTz, Topl OaiH7 25> DNA EHMEITIEEEDIR T & W o - RBIRINE S5 =
& M5, Tipin KIBRFZIZEFARE & bl LT Topl &7 +— 7 O @B O/ U, R

T —7 DRRELZFHIR L CND L ERIND,

[8] SNM 77 X U —Dx bR Y FFFEHET R b — R ITBIT 2HRE

SNMIA-C ¥k L O, —Hiitls Pk 4 VT, SNMIA, Apollo, Artemis &=
FS BRI mIRET AR RFFEMET R h—2 A5 T 52 2B oM LT, ZHUd,
Ak DNA BEECT 1 A THERE, VD) Mz & o 7RI OBREIZ B IR 737 AR h— &
OFEIZHBEET D &) itz R RO RV LU,
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AWTE TR SN R, 7 DLEMHEREE D S B0 ZHRZE U, FEiED DR~ &
HRESE TS TLODOMMEL D LEZ NS, BIEFEANATET 7n—FHEn, b Millas

AW~ R S TN ZERESHOBETH D,

74



6 E ERMEHE LUHE

B1H MR AR

6.1.1 FHAK—E

ABFFE TR L7z DT40 Mtk 2 LU FiooR L7z, DT40 #ifdi: RPMI 5514 FivC, CO2 A

VF 2 _X—Z —NT 5% COz. 39COLMTHZE LT=,

Genotypes Selective markers References
CL18 (DT40 sIgM- cell) (Buerstedde and Takeda 1991)
RECQLS5” Bleo, Eco This study
RECQLS5” +hRECQL5-WT Puro, Eco / Bleo This study
RECQLS” +hRECQ5-T668A Puro, Eco/ Bleo This study

RADI7

RECQLS5" /RADIT
FANCC

RECQLS5" /FANCC
BRCA2"*(con.)

BRCAZ”

RECQL5" / BRCA2/*(con.)
RECQLS5" / BRCAZ”
RAD547 +hRAD54
RECQLS5" / RAD547 +hRAD54
RECQLS" /AID”

TIPIN”

TIPIN” +chTIPIN

TIPIN” /RAD17 +chTIPIN

Puro

Bleo, Eco / Puro

Bsr

Bleo, Eco / Puro

Puro, Bsr/ Hyg

Hyg

His, Eco / Puro, Bsr / Hyg
His, Eco/ Hyg

His, Neo / Hyg

Bsr, Puro/ His, Neo / Hyg
Bleo, Eco / Bsr, Puro
Puro, Bsr

Puro, Bsr/ Hyg

Puro, Bsr/ Eco/ Hyg
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(Kobayashi et al. 2004)
This study
(Hirano et al. 2005)
This study

(Qing et al. 2011)
(Qing et al. 2011)
This study

This study
(Morrison et al. 2000)
This study

This study

This study

This study

This study



CHKI1”" Neo, Puro (Zachos et al. 2003)

DNA-PKcs” His, Hyg, Neo (Fukushima et al. 2001)
SNMI1A7 Bsr, His (Ishiai et al. 2004)
APOLLO” Besr, His (Ishiai et al. 2004)
ARTEMIS” Besr, His (Ishiai et al. 2004)
SNM1A7"/APOLLO” Neo, Puro / Bsr, His (Ishiai et al. 2004)

SNMI1A”/APOLLO” /ARTEMIS” Neo, Puro / Bsr, His / Bleo, Hyg This study

Bleo, bleomyein; Eco, ecogpt; Puro, puromycin; Bsr, blasticidin; His, histidinol; Neo, neomycin; Hyg, hygromycin.
6.1.2 B L URREE
1) RPMI £z

RPMI1640 55t (H /k#E#£) 10.2 g, HEPES (Sigma) 2.4 g, E/LE UERT R U 7 4 (WAKO)
0.1g ZWiA ALK 1ILICHEMR L, BIEAKIEE (1217C, 20 47) LT 4CTHRIT LT, AR
1% 10% NaHCOs T pH 7.2 1272 % X 5 (278 L(RPMI £51#1: 10% NaHCO3 = 500 mL : 10 mL),
S OITHRAMIRE 2mM L(+H)- 702 X 0 A 10% IR, JEEEE2 1% =7 b
Vg, 10 uM 2- AV A7 hX ) —)v 0.1 gLl F~A > (R T 7 1<) L7
HEDICENENIRINL, BRI LT 4CHRAT LT,
2) 10% NaHCOs

NaHCOs10 g % MilliQ 7k 100 mL (=4 L. #kt Ui & i aaiid L,
LH)-T Nz

1.46 g O L(+)- 7 /v % X > (Sigma) % 0.9% saline 50 mL (Z¥72> L., JEEIRE L 7=,
4) FfR{rimE (fetal bovine serum; FBS & 721 fetal calf serum; FCS)

Flow %8 ¥ 72 1% Bioserum fL# D ¢ D % 56°C T 30 4 M@ L7-#% . 100X
Antibiotic-Antimycotic (Gibco) % 1X (2722 X ST L, L T 4CITR7F LT,

5 =T kU IfiF (chicken serum ; CS)
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Sigma LD D% 56°C T 30 /I L L7=1%. 100X Antibiotic-Antimycotic (Gibco) % 1X
272D KoL, EL T 4CITRAF LT,
6) phosphate-buffered saline ; PBS

NaCl 8.0 g. CaCl: 0.2 g. NasHPO4 + 12H20 2.9 g. KH2PO41 0.2 g Z i1 4> 7K 1 L IZIA
fit L7,
7) AFILEILm— R

216 mL MilliQ /K & 7.5 g A F/Lt /L — 2 (Fluka) Z 124500 mL A 5 ¢ 7 2 AL,
EEARGIRE LTz, BU0 9 BIz(65~T5C< B, MilliQ /K% A FLt/bm—2AD A T2RiIc
Iz HER B L, 2XDMEM/F-12 55#i(FEE(8) % 216 mL Mz, KR CT—Bufi#e
L7z, #H 75 mL FFEL#E 7 FBS & 7.5 mL B L CS 2% RIE = T—Bafi#h L. 4°C
THRIF LT,
8) 2X DMEM/F-12 k54

1L 5 A0 DMEM/F-12(Gibco)$ & T NaHCOs(WAKO) 1.2 g % 500 mL DA 4> KIZE

R L. IEmIEE L=, 4°CCTR1FE LT

F2H BEFHERS X OSHROER (FEREA—E)
6.2.1 EHEK—E

s IR T IR BADO® L7 g AR LT3R A LU TIOR LT,

R~ — I — fift P A EEAR A b 7 RE AIRAER
Puro Puromyecin (Sigma) 0.5 mg/mL in MilliQ 7K X 1000
Bsr Blasticidin S (7} =) 3.0 mg/mL in saline X100
His L-Histidinol (Sigma) 100 mg/mLin MilliQ 7k~ X 100
Bleo Zeocin solution (Invitrogen) 100 mg/mL X100
Neo Geneticin disulfate (WAKO) 200 mg/mLin MilliQ /K X 100
Hyg Hygromycin B (WAKO) 250 mg/mLin MilliQ K X100
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Eco Mycophenolic acid (WAKO) 10 mg/mL in DMSO X 1000

6.2.2 DT40 MIA~D FF L RT7 =7 a v

RPMI 554 Tl L7280 1 X 1078 Ol Z 1000 rpm, 5 43, 4°C TiE.l» L TR, PBS 10
mL THIfZYEE LTz, §iV T, H o0 LDESFILL TR\ 30 g DF—F v T 4 T
% —(pGEM-T Easy vector % 3&iZ#2H) % & PBS 500 pL ISl % 58 L T o~y MNP
L7z, K EIZ 10 538#E L7214, Gene Pulser Xcell X O PC ¥ = —/L(BioRad) & iV C,
0.55kV, 25 uF THifuAZ =L 7 bRl — g > L, BEK EIC 10 58E L7, fli% 20 mL
RPMI Hificfs LC 24 WR5f], 39°CTHE#E L7-t4, Milazim e LT Ly va v A%
&A L7- RPMI £5#f 40 & 2\ M E 80 mL IZFH%#& L. 96 well plate (2 100 puL/well & 50
160 pliwell & 705 X HITHE, 5~T7 HEREE 39°CTHEE L, A U7 AME = m =—% 24
well plate (2B L CHs& L7z, 7/ A PCR, RT'PCR, V- RAZ T avT 4T EOFE
EHWTEIEFOBIERN LB AT = v 7 L, BRERIhL LT,
6.2.3 RTPCR

1X 106 B A 1 mL TRIzol (Invitrogen) |Z¥&fi# L. total RNA % [R]I¥ L 7=, Total RNA
800 ng %. ReverTra Ace (Toyobo)% I\ Cififii5 L, ¢cDNA %#437-, Primestar HS DNA
polymerase in GC buffer (TaKaRa) %z fi\ T ¢cDNA ### & L7z PCR 217\, &iaFhiED
AEAfER LI, PCR 7077 AMILLTFOED Th D,

1 98°C. 10 sec

198°C. 10 sec (a)

1 68°C., 1min/1kbp (b)

| @~(b)%& 30~35 [Alif 0 IK L

1 12°C, forever
6.2.4 BIE-THEERAT 74 ~—%K

WHEE L TR LN cDNA K L, LLFOT 74 ~—% AW ClEis HEDO A %% PCR T
fifesd L7,
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Gene Target Primers used in RT"PCR

RECQL5 5-GGAAAACGCTGGGAAAGGTCTTCGGGTTTG-3 (sense)
RECQL5 5-CCAGTGGTGTTCTTCACTTCCAGTGCCTTC-3 (antisense)
B-ACTIN 5-CGTGCTGTGTTCCCATCTATCGTG-3 (sense)

B-ACTIN 5-TACCTCTTTTGCTCTGGGCTTCATC-3 (antisense)

FANCC 5-GGTTGGATAAAGCTATTGAGTGGGGTCAGG-3 (sense)
FANCC 5-GTATCCAGCTGTTGGCCTTCAATTCCACAG-3 (antisense)
RAD17 5-GAGCAGGTAACGGATTGGTTCGCCCAT3 (sense)

RADI17 5-GCGCTTCTTATATCACCTGAACAACC-3’ (antisense)
BRCA2 5-CTCGCTTCTCCTCATGGTATCTGCCACAAC-3 (sense)
BRCA2 5-CAGCTCTTTCATCCTGCTGCTTTGCTCCAG-3 (antisense)
RAD54 5-GCTTTCATCCGCAGCATTTTGTCCAAACCC-3’ (sense)
RAD54 5-ATGCCAGAATTGACGAAGTGCACCAGGCTG-3 (antisense)
AID 5-CTCTACAATTTCAAGAACCTGCGCTGGGCC-3 (sense)
AID 5-CAGAAGGATCCGTCGGAGTTTCCTGGACAG-3 (antisense)
TIPIN 5-CCCACCTCCTACGTCTCCAGGAAGAGGTGA-3 (sense)
TIPIN 5-AAAGCACCAGTCAGATCCCGAGCAACTGGG-3 (antisense)
ARTEMIS 5- GCGAAGCTGGACCACTCT CAGTCGCTATCA -3’ (sense)
ARTEMIS 5- CCCAGCTAGGGATATCAGCATTAGACTCCT -3 (antisense)

F3H Tvo—¥A bA M) —2 AW DR

6.3.1 R LIUEE
1) vA 7 ub—Xjk

EERRIREE D PBS &~A 27 v b —X(Poly bead Polystyrene micro spheres POL
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07313, 757 a)% 19: 15 L <X 91 OFIG TIRE72#%. propidium iodide (PI)% Hof&iREE
lug/mL 725 X512z, K<EMLT, 4CTERRA LT,
6.3.2 FfLHEFEREDHIE

1X 105 fHOMIEA 1 ml O RPMI #5# TR LC—H Z &I L, AfasiEn : ~4 7 m
E— X = 4:1DFEITRDLHITRA L, 7a—H A A NI —ZHNT~vA 7 b —
R —E$(500 {5 & 25 T 1000 DR H L 7= & & oE IS & #Hl L 7=, Forward scatter A
INEVMETZ2 < 230 PLICYSE 67220l 2 Ao & LT L7,
6.3.3 Liquid survival assay

AfRE A T 7 b L, 2X 104 cells/mL OffifciliFik 2 900 pL 72 24 well plate (2572,
30 WUULET LA Fa_X—K LT 5, 100 uL OZEFIFFIEZ UL T 36~48 Kifl1 > %
22— b L7z, Xray DAL, & 572> L H45 dose D Xeray % RS L7ZHIlE Z FV 2, £ D1,
FRaVlER 2 K < S L C BRI L, MIVEEER : ~ A 7 r E— XK = 4:1 OFIEICR S
FHCRA LI, 7a—% A R A M) —E2HNTvA 7 1 —X%—EE(00#H 5\ id 1000
ERRH U7 & & oAMIRE 2 51 L7-, Forward scatter 23/ SVMHETZ2< 7> PLIZYE S

7RVl A AR O & LTI LT,

EAf Tvu—¥A bAMI—EAWIEMRORE
6.4.1 PI H¥ufa |z X 2 3EMEORH

5%105 DAL Z 3000 rpm, 2 43 TiElr L, XL v ~% 1 pg/ml PI Z& e 1% BSA/PBS 400
L IE S, | T 1501 v FaX— L7, 7r—%A FA N —& TR OE
B ME LTz, Al X v & Forward scatter B2V N& < 72> Pl-positive DM ZSEM/fl & L

THH L., 5677 —%% Cell Quest (Becton Dickinson) V7 kv = 7 Tt L7=,

F58 Tr—¥A bR MY —%&FNT-HEE RIS DT
6.5.1 PI Hjufa |z X A HIpaE A6 DT
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5~10 x105 fEOHfEZ 3000 rpm, 2 53 Timls L, PBS TR L CTHERLE, XLy
500 uL @ 70% EtOH THEE L, 4°CTY 7% Lz, 3000 rpm, 245 CiEls L7122
L' v h% 400 L. @ 5 pg/ml PI, 100 pg/mL RNase Z%Te 1% BSA/PBS (Z&# <4, 37°CT
30~60 731 > FaX— Ll BEICTA B Ay az@lLTT7a—H A h A MY —CHIE
L. b= —# % Cell Quest (Becton Dickinson) Y 7 k¥ =7 Tt L7=,
6.5.2 BrdU & PI @ "ESAIC K 5HBIEBISAR OfFHT

[EIUYE ATIZ 20 uM BrdU (BD Biosciences) C 20 47 ffJLEE L 7= #lifid % 1% BSA-PBS (20 L,
3000 rpm T 2 4y L7z, XL h%& 500 uL @ 70% EtOH CTHEE L, 4CTH 7%
P17 L72,3,000 rpm T 343 L7z k% 400 uL. @ 0.5% triton X-100/2.5 N HCI ~
PSR L, =8I C 30 70k L7, 3000 rpm T 2 77DiEl%, XL > % 1% BSA/PBS T 2
[EEE L. 50 {547 L7z FITC-conjugated anti-BrdU IgG (BD Biosciences) T, 30 431
V¥ aX—hk L7, 3000 rpm T 243DElMg, XL > & 1% BSA-PBS T2 [HE4EL, 5
ng/ml PI Z&1e 1% BSA/PBS [ S, IR T 1A %2 _— b L7z, &kl =
VAvyvaziBlT7a—%A hA N —THIEL, fF6hicT —%% Cell Quest (Becton

Dickinson) Y 7 b v =7 T L7=,

F6HI FAVYRAICKDPEAELER OB
6.6.1 Akt LUREK
1) 75 mM KCl (K5E#K)
2.87 g ® KCl % MilliQ /KIZ¥fiE L, SIRICERAT LTz,
2) v TEER
3: 1 DEIGTMeOH & AcOH Zffi 7 2 ERNZIES L THW,
3) 0.5 M phosphate buffer (10 X PB)
11.34 g ® KH2PO4 & 59.69 g ® NasHPO4 « 12H20 (i E DA 4> /K& Mz 7=, pH 6.80
(ZE DR, 500 mLIIZA AT v 7L, mEAKIE L7z b Oz S IRF LT,
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4) 3% X LVIRIK

Giemsa’s solution MERCK) ik & £ FREIZ 0.05 M PB (1 XPB) (247 L THV V=,
6.6.2 EBGIE

4 X105 fEOFMIE % 50 ng/mL MMC % &4 L7- RPMI §5H1C 16 BefilEsss L, &% O 2 FFfH
155315 0.1 pg/mL 7 A )L UAF/E RO R Lz, AMlaZEI L Tl L, PBS C— B
L7ctz, Ny MZ 75 mM KCl Z 10 mL 2 TR BE S 15 n=|RTHES Y-, L
J T EER A 5 mL Nz Tk <EASHE, 1,000 rpm T54mLL, XLy MIEzhL /T
EERZ 5 mL LA EINZ, B SE TR T 30 oE L7z, £D%, 2[E 5mL OB L/ 7 [#H
TEWR CHIRAZ T L, BRI Ly MEEgiol L 7 EERICRE S, Zof oM
NRREIR 2 i A A L K CREMA B O LTIEAT A R T A2 2~3 1 T L, I <HILE S, 60°C
T30 AL LI=DOBLEIRTRE LTz, AT7A4 R T A% 3% ¥ LPVAEIRT 20 pietal, 20
% MilliQ /KIZ 8 2 L7z, T by & MU EHWTHE L, 8%, HF X L AT

HAL, BADNR—HFI R E~v=F 2T To—/IL LI-%., TMEECBIZZ LT,

B vZRFUoTavT4rT
6.7.1 MR LUK
1) 1 Xrunning buffer ; 9.09 g Tris, 43.2 g Glycine, 3 gSDS in MilliQ /K (£ 3L)
2) 5X sample buffer ;
125 mM TrissHC1 (pH6.8) . 10% SDS. 50% glycerol. 0.5 M DTT . 0.0625%
Bromophenolblue
3) Hybond P membrane (Amersham Pharmacia)
4) Blotting buffer ; 80% 1 X running buffer, 20% MeOH
5) 5% Blocking buffer ; 1 g skim milk(WAKO) in 20 mL 0.05% Tween-PBS (fif i 45)
6) —UHUARIUE 5 1% BSA, 0.1% NaNs in 0.05% Tween-PBS

7 ZRPUAERIE 5 5) 2D E £
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8) ECL Prime Kit (Amersham Pharmacia)
6.7.2 SDS-polyacrylamide gel DYESY

Running gel (Separating gel). stacking gel iZ& $1Z, N,N,N,N-tetramethylenediamine
(TEMED)# X O ammonium persulfate (APS)LIAA D2 TORIEEIES L7-#%. running gel
\Z TEMED 3 X OV APS #1280/ it LiA A2, Running gel 23[E{k L7-%. stacking gel
\Z TEMED 5 L OVAPS %l 2 38X°7°Z running gel IZHEE L, 2 — A% A L CE{LSH 7,
HLLIE, filkshTnws =717 17 TGX /v (BioRad) ZfEH L7,

6.7.3 H N DO

1X 106 fEOFII L~ M 25~50 uL. @ 1Xsample buffer ZhNx TE <L, 95C
T 10 9%, K<HALT v 7 AL, AU F U LTHUT Ve L,

6.7.4 SDSHV T2 YNT I FFVEXKHE) (SDS-PAGE)

ERLL 727 ARIZ > 7 v 5~15uL 7774 L, EXxvkEEEE (BioRad) T—HdHiz b
30 mA DEEI CTHE L7z, I =707 17 > TGX 7 /L DRE1E 200 V OEEE THkE) L7z,
6.7.5 Western blotting

SDS-PAGE (C XVl L7z o "V B %, HONCDAZ ) —/IZ L HHKIE, blotting
buffer |2 & % Vil 2% £ H7= Hybond P membrane (2, V= v 71 v MEELZHWCE
W30V T—MBth7 A7 7 —L7, #H, membrane % 5% blocking buffer (Zi% L =i
T 1 W27 LIz, PBS THas L7, —REUAARRIE TAR L7 —RPUAR 2 =R T 1 i
JEEH,0.05% Tween-PBS T 10 559> 3 Al L7z, (RIS, “IRFUAATIRE CTAHIR L 72 HRP
TR RPUA A IR T 1S S 0.05% Tween-PBS T 10 439> 3 mljEH L7, ECL
Prime Kit # M\ T~ =27 /MIfE-> THASE, LAS-4000 mini (FUJIFILM) Tt L7z,
HEO N EE %2 Multi Gauge Y 7 7 = 7 THENT L7,

6.7.6 —WRHHE—K
anti-Rad51 (a kind gift from Dr. Hitoshi Kurumizaka, Waseda University)

anti-chicken FANCD2 (a kind gift from Dr. Minoru Takata, Kyoto University)

83



anti-phospho-Chk1-Ser345 (Cell Signaling)

anti-a-tubulin (clone DM1A; Sigma)

anti-HA (clone 3F10; Roche Applied Science)

anti-Histone H3 (ab1791; Abcam)

anti- phospho-Histone H2AX-Ser!39 (clone JBW301; Millipore)
anti-Top1 (556597; BD Biosciences)

anti-FLAG (M2; Sigma)

anti-LaminB1 (Invitrogen)

anti-B-actin (Sigma)

% 8Hi Igdiversification assay
6.8.1 Akt L UREK
1) anti-sIgM * R-PE conjugated /& (SouthernBiotech)
6.8.2 FEBRHIE

1X105 cells/mL (ZFf#& L 7=#ifla (L7 D8 o D NE Y 7 m—= 7 LIzfiifid(~24 27 =
— U OEE)EIAIANY RPMI S5 U, A~ H iR Lic, ERHIZITMAa 2 (=Y
LT 3000 rpm. 24y CiElrL, 1% BSA/PBS 300m pL TRk L CHRESE L LZ#%, 2Ly b
(2 anti-sIgM * R-PE conjugated A& A 30 pL (1% BSA/PBS T 50 {5247 % N 2 CR&
B, KETHEL DD 20~25 551 ¥ a~X— L7z, £DO%, 1% BSA/PBS 1 mL Z/lx
THE L, L v MZ 1% BSA/PBS 400 uL # M2 CHIES > 7 v e Lz, 7a—H A A K
U —Z& AW CAMIEZ 10000 fERIE L, sIgM+ifilddo®| &% Cell Quest ¥ 7 b7 =7 THHAT
L7, v—7 = AfEFTREIZIE,. MinIMACS Starting Kit 3 KUY Anti-PE MicroBeads
(Miltenyi Biotech) & IV THf A sIgM- &+D 7 5 7 a ATHBELTZ, ThEND T T 7>
3 >/ 5 PrepMan Ultra (Applied Biosystems)% VT /% / A% [ENt%, IgLC $Ei% PCR

THME L., N7 2 —ITfAL T n— Ak, IgLC MO X 7 VAT FESIZ T L, &
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? pseudo V Bl 2T LTV D 05~z

B fmkYfasr R (SCE) DRk
6.9.1 PR URAR
1) 75 mM KCl (K3ER) GF 6 Hiz M)
2) B L THEER G 6 HisR)
3) 0.5 M phosphate buffer (10X PB) (5 6 fiz: )
4) 3% ¥ LVPEER GF 6 Hizi)
5) 2X MaclIL valine solution (2 X MB)

58.9 g ™ NaeHPO, - 12H20 & citric acid - H2O (ZE& DA A+ K &M 7=, pH 7.02 12
BB T%, 500 mL I A AT v 7 L CEETRIE LT,
6) 1 mg/mL Hoechst 33258 solution

Hoechst 33258 (WAKO) % 1 mg/mL (2725 X 512 MilliQ /KIZIEfiE L, 4°C YR TT LT,
6.9.2 EBRGIE

4 X105 fFEDOMMZ . 10 uM BrdU Z&#e 2 mL > RPMI £54#1C 2 M@ (16.5 W) k5%
L7, SEAVLER D 3 01 100 nM CDDP Z F A [RIRFRIN L, Btk o 2 B 15 4313 0.1 pg/mL
Ik I RIF(E FOREE Lz, MIfaZEI LTt L, PBS T—EF Lz, <Ly hC
75 mM KCl % 10 mL N2 C L <R S 15 =R THfE S ¢z, B L/ THEERE 5 mL
Mz TEEEESHE, 1,000 rpm T 5750 L, XLy MIERA LV TEERE 5 mL UL
Az, MBS ETEIRT 30 0KELZ, £k, 21 5 mL O L/ 7 [FEERR CHllla 2 G
L. &ZRIZ Uy NEEGRO V7 7 EERIIFE STz, 205 b7 ik 2 b1 4
VIKTREEZES LIZATA R T A2 2~3 i F L, K<L S, 60°CT 30 47JEEL L7z
DHLEIRTHRE LTz, A7 A R A% 1XPB THM L7 10 ng/mL Hoechst 33258 Tiie )t L
5 20 394 L, 1XMB TR W, @gabi <=8 1XMB i R, A3
—H T A%EhsSHE, lem OBEENST T v 7 74 b (352nm DOEINR) % 20 73S L7z, &
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WA= F A%, O 1IXMB TEL< 39X, 58CD 2XSSC 1T, 20 pfRiE L7z, 1
XPB TELTT W, 3%F AVPIAIR T 20 modeta Lz, %I milliQ KiZ 8= L, 7k
& M ZHWCTHR L, §olitt, hFE SV A TEHA L, %BH, I—TT72%

~=Fa T TU— VLTt BEMEECEIER LT,

%108 MARAEYLE
6.10.1 #PEkS KURAEK

1) 4% /3T RV AT LT e R

RIFNVLT VT R 4%E 725 X512 MilliQ 50mL (2%&# L. 1M NaOH % 2. 3@/
277 B0~60°C TN LI-f%, 10 mL 92437 L T-200C THRAF LT,

6.10.2 EBRTIk

3X 10 EFEEE O & UL L, HA ~ 7 =—F/LA(Thermo Scientific)3s & OVKHLm D%
FWTAPS 2— MEA T4 RH T ZAWNRAST) IR Y D 7z, & 20 CTHIRRE IR O 5 PR
w—X T, A% XTIV AT VT E R 10 SpABRIZ K0 [EE L, PBS THEEE,. 0.1%
NP40-PBS i T 10 73LBE L B OZlEE 2, PBS T 2 [3E44%. 1% BSA-0.05% tween-20
PBSCT7ryF 7 LT, HiVT, 1% BSA-0.05% tween-20 PBS {iZC 1000 {5AfR L7
anti-Rad51 HUACRAR RS SAPKSKIE L X 0 A 5)720 L anti-FANCD2 HUiR G R &
TRV EE)TER 1R A ¥ 2— | L7, PBS T 3 [EE44. 1% BSA-0.05% tween-20
PBS i T 250 {75 R L 7= Alexa488-conjugated anti-rabbit fiiA(Invitrogen) T, 1 K1
¥ an— | L, 2ok E BRI L LT DAPL b [FIRHCIES L7, PBS T 3 B4,
ROUT AT AT A ULEM L, A=A T AL EALTH T E Uie, 8B
#(DM5500B; Leica L1 BZ-9000; KEYENCE)IZEWTHEZ L, BV AAFEEN S
foci-positive cells OEIEZFHAI L=, 5 DU LD v —T 727 4 — 7 ARENIZH 5 Hlld %
positive cells & L7z, ZOW AL AE T CTWAHIEIET R h— ANFHEE I LTV D HE &
WrL . FIEFHIREO 3 RHIIIIN 2 22035 72,
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# 11 % DNA fiber assay
6.11.1 MR LUK
1) Lysis solution

A A 7k 2 I TRGEIRE DY 0.5% SDS, 200 mM Tris-HC1 (pH7.4), 50 mM EDTA & 72
LEIITREE L, |IRTRAELT,
2) v TEER GF 6 HiSR)
6.11.2 ERFGIE

#ifa 2 CldU (Sigma), IdU (Sigma) ClEK 7 ~L L7, 2:05(3,000 rpm, 2 53) L CEYL L,
7 PBS 1 ml (28R L7, MERVFIER 2 ul %2 APS =2 — MEA T A KA T ARARAS 1) EIZ
B0 OF, JRHL L7z, Lysis solution THifZ Al b L, A7 A4 R T A %MiT5HZ & TDNA
EATA NATARZGIEME LIS Tz, a7V Py =TV T 3 790 4 T0%
EtOH 1 FffffLl =, MeOH 3 43 DIRIZALEE L DNA DEEZ1T>7-, PBS %, 2.5 M HC1
T304 %52 & TClAU & IdU @& H S+, 0.1 M NaBorate T 3 Z3LBL L Tl HFn
L7z, PBS #4514 .1% BSA-0.05% tween-20 PBS #ZC 1000 %A fR L 7= anti-BrdU rat IgG
(Abcam), 500 {7 L 7= anti-BrdU mouse IgG (BD Biosciences) T, 1 FFll A o F =
— b L7z #8TL 0.05% tween-20 PBS TR, 3 73t & 2 [MHT-7-4%, 1% BSA-0.05%
tween-20 PBS #ZC 1000 {47k L 7= Cy3-conjugated anti-rat IgG (Jackson). 1000 ##7fR
L 7= Alexa488-conjugated anti-mouse IgG (Invitrogen) T=R., 1WA o F =2 X—p L7z,
< D% 0.05% tween-20 PBS ik C==ili, 3 /7Ueif& 8 [FHTo7c, Mk, AT A R T A RIZ
~7 T 47 AT 4 7 (Diagnostic BioSystems) 2 F L, I/ 3= T AL VEALTH
VTNV E LT, BOEEMEE(BZ-9000; KEYENCE)ZRBWTHY JAAZE# % Image J V7 b
V=7 THT L. B5NTc fiber DR S ZFHAIL7., DNA BT 3 — 2 OHEIT IS THE

(kbp) AT T L, A% 1 um = 2.59 kbp (2 X v HiH L7-(Jackson and Pombo 1998),
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F128 MR SE
6.12.1 PR LURZE
1) Subcellular Protein Fractionation Kit #78840 (Thermo Scientific)
6.12.2 EBIIL
5X 106 {H DA A L L, PBS THg L7=, = D%, Subcellular Protein Fractionation Kit
DO7'v ka—/VZHEVV7HE L, western blotting sample buffer Z¥7I L CHR/LT v 7 A LT,

95°C. 10 E%, AU Ao LT 7Le Lz,

#1387 MTT assay
6.13.1 #Bh LURARK
1) MTT 73 (Research Organics)
2) Lysis solution

MilliQ 7k % FIVN T, FfIEEE DY 50%(viv) NN-2 A F LRV AT I R, 20% SDS L7425 k9
WZIEA L, S|IRCHRF LT
6.13.2 ERHIE

MRz Ao L, 2x105 cellssmL T 90 uL 92 96 well plate (Z#&\ 7=, 30 53D LA
FaX— Mg, 10 pL OFEMIZLOABL, 7y BSOS TE BT, »FaX—F LT,
MTT 3% 25 pL /well o012 CTE 51 3 FFEMEE L. Lysis solution 100 pL /well % ¥R
ML T overnight TA »FaX—hkL7, #H, v 77— —%—"T 595 nm OW

EZRE LTz, FROGEII n=5 TITV ., KR AR RS TR LIS,

% 14 %7 TUNEL assay
6.14.1 #rEH L UBRSK
1) 1%/ T RNV LT LT E R

HI0E TIERIL7-t D& PBS THAWR LT L7,
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2) TdT mix

TdT recombinant, TdT buffer, 33X O Cy3-dCTP % 1 : 25 : 0.05 DEIGTRA L7,
6.14.2 FERHik

1x106 fEOMfE 4 I L, PBS THAHE, 1%/ 37 R/ L7 LT B R TKE 15 53, T0%EtOH
T4C, 307 LL BB L CHEE L7z, 1% BSA/PBS THEEH%, 25 uL @ TdT mix (ZFHE#E L
T 37CT 1WA % 2_— b L7z, 1% BSA/PBS T 2 [H1{:i%1%, RNase % %1 1% BSA/PBS
ISR L T3TCT30 A »Fa—h L, TAurAy ok, 7u—4A hA L
Y — TUNEL-positive cells DEIGZHE Lz, HFoh7=T —% % Cell Quest (Becton

Dickinson) Y 7 k7 =7 TN LT-,

#1658 I bar FY 7REMELOBRH

6.15.1 #PRhR LUK

1) 3,3-Diethyloxacarbocyanine iodide (DIOC¢(3); Sigma)

6.15.2 ERGIE

5x105 fEOMEZEYL L, IR T 1% FBS-PBS ImL (2 Fif# L 7=, 10 pg/mL DIOCs(3)F
FO2mg/mLPI & 72 % 20 uL DIREHK AL, BV T /VTHIML TER TS5 01 ¥ =
N—h L7z, FA Ay 2 W %, 7 a—3A kA U —"T apoptotic cells DEIE % HIE

L. &6z 7—#4 % Cell Quest (Becton Dickinson) Y 7 kv =7 T L7=,
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