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Src family kinase-driven inactivation of the DNA damage checkpoint and novel
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The DNA damage response is an important determinant of effectiveness of
cancer chemotherapy and radiotherapy. Here, we revealed that receptor and nonreceptor protein
tyrosine kinases promote inactivation of DNA damage responses. Analysis of the molecular mechanisms
identified novel amino acid sequence motifs, the KYxxL motif and IVERGE, that regulate interaction
between DNA damage response proteins, the Radl7-RFC and 9-1-1 complexes. We also revealed regulation

of the iIVERGE by protein kinases (CK2 and CK1).
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1. WFZERRRE LD =

DNA S8 & 3508 - HlE

77 I DNATIINI « AARO BRI K » THsx 7152 5 T TR Y . BREHROLE - K&, Ml
. b, B, BERENGI &R SND, £ 2 TEWIL, 7/ L% DNA BIE) LIR# Ll
TE A L EITEDT2 DT DNA HBIEIS A 2 52 S C & 72, DNA RIS BRI OEIZ K- T
Sl & Z SN EEMERBOMIT)N D DNA IS A IR B OMBEICEZE CTH S Z L5
NTW5 (Nature 2004, 432: 316), T OF THFEH I DNA FREISEHERE & = © 5% F AKEFN
& XSy - DNABEERL . & X s T BT ALES - ~T 1 7 a~TF A & oBSEIC
DWNTHE L T& 7, —FH T, BAMARIE DNA B EISEHEOTEERFIZ L - T, DNA 2547
2 G RRIE R L O DNA G ERBHEANC L 2 EFBFREIC KT S i 2 5 L TR,
DNA FE 555 B A% 1308 O B RRIG I - (LB OIE RN R BT 2 EEARRN T THH EENT
W5,

Src BF 1z ¥ —V¥ L DNA BIESEHE

G2 ] DNA BEEF = v 7 7R A > M i&, DNA 2450 DNA BB (2 IGE L ¢ — a9 e & # o
HITZ G2 Hlc W TR I S, YR ARoBE, R, R, Yotk R &2 b5 1k 3 2 gtk
Thd, DNAEEDEERZE TRIZIITF 2y 7 RA L I IR —HECX > CDINABEF = v 7
RA Y MBIARIEMEL S, MBI OET N Sz i uE e 5720 (Curr Opin Cell Biol
2007, 19: 238), WFZEBAMASWIOE R E LT, FeBlE Sre 77 I U —FF—E2 62 #i DNA 8
EF 2 IRA L N AN —ZHIET L2 RH L, $-200 7L LT Src 2% ATR-
Chkl F = v 7R A > MR ZHIET 5 Z & &2 LH LTz (Fukumoto JBC 2014), F£7-, Z®
oy FHkE © LT ATR-Chk1 #RI&IZBI4> % Rad9-Husl-Radl AL Src Ik > THIIEN 2 Z &
(Fukumoto et al., Biochem Biophys Res Commun, 2014a). & 51T Rad9-Husl-Radl #E& % 1l
B35 Radl7 23 Src 2k »TY Vb ENAZ L F R LT\, F7- . ATR BRI 2 T ATM-
Chk2 B Sre I L~ THIf SN2 Z & 2 RH LT /2 (Fukumoto et al., Biochem Biophys
Res Commun, 2014b),

2. HEOHAMW

G2HEIDNABETF = 7 ARA L MU AN 28BS Sre 77 2V —FF—EBDHEREIZ DWW T
Bl N ECTORREREZESre 7 7 I U —FF—8IZ L % ATR-Chk 1 #&E& il D 55 1A )
ZBNCT D, ZAVE TOMHTC DNA HBIEILE R 7D Src I X Dl H T, K2 ATR-Chkl
TR 2 AT 5 Radl7 & 9-1-1 HAIKE O EAVEAD Src 12X % DNA HEEEISEREE OHI#E ST
HY ., Radl7 £721F 9-1-1 HAEKD v T F NVARERKEIZ L DHIENEE CTH D aREMEZ2 R~ T 5
R AEHB T 5D (Fukumoto et al., Biochem Biophys Res Commun, 2014a), Src {2 % Radl?
D HIEN T BB IRAT 21T D,

3. MrEED 5B

DNA 8IS & % o H A # o BB

FE SEFE K HeLa S3 Ml F I O U ABRIZ K-> T GL/S BATHICRHEHI L., 7 R T~A v
IR L CDNABE T = v 7R A v b ERIEMAL L=, T D%, F 20 2R\ CHKE I o1 T
B L7, HEHUC ) a2 XY — VRN U2 T Licilaz 27 v 7952 & T, G2
DNABET = v 7 T4 v b ERIEMAY U TSRS ELT Ui in g 2 5HRI U 7=, Afe S AR o
MG RNT T A 7-D12, F IV UVRERICKFEOMREAZ I L= (Fukumoto et al., J Biol
Chem, 2014; Morii et al., Cell Biol Int, 2015), DNAJ%§§%3F3:3/57ﬂf/rL/i\0>§¥ﬁﬁa:a
SVVEE R U LT AHH LU Miura et al., Cell Biol Int, 2016),

Radl7 & 9-1-1 BEEK & O EANER OfFHT

LB 3k COS—1 HIMAIZ FLAG & 7 Z AN L7z Radl7 # > /37 B 2 —@PEI @RI L, Al
NORITENET Z 7 2 a il e U CGRI L7, ZoMlafhiii L v flag-Radl7 # X
7B IR ERE L. EICNFENMED Radl O3LGEILEA RN T 5 2 L1k > T, Radl7 & 9-1-1
BEMKE OMBEAERZ S L 72 (Fukumoto et al., Biochem Biophys Res Commun, 2014), %7
— B OB 52 REH 2 BRI IR fh H iR o 8RR & BRE AN iR LT,

Radl7 @ CREHD Y BRI DFRHT

LU 5K COS-1 MRS FLAG & 2 & L7z Radl7 & > /R 7 B & —i@ M@ RIEE L, Al
WNORIRIE T Z 7 > a % ERREAE FICB W CRR L, MR & L, Z ofiafh iR
£V flagRadl7 # U Ea%EkEL St ) U U iR iR LA =0 U bR,
iFe U vgbiikE VLT Y CEEbZ R L7 (Fukumoto et al., Biochem Biophys Res
Commun, 2018; Fukumoto et al., Biochem Biophys Res Commun, 2019)0 U RV ERNE D[R E



(21 Radl7 DR Z ATz,

RBRENXFT—E¥T7 v A

X —VORHTSTAI R o R_IEFRBH/I7 7 V7 BL21 (DE3) IZE A L, FIEIIHE-T
KM 2 2 8y AR HL Lo, 3L T A 3 RiT AddGene 72 & X 0 ATF L7, HIIQVSHRIK %
AR LZDOBIZR) e RAF U H 7AW 2 X BEREEIL, in vitrolZBWTH
F—¥T v A Lz, Radl7 @ C RKRBHIX FLAG ¥ @G X v /R0 BE LTI T VT T
FEL, ¥T—EBT7 v OEE L L THEMHLA (Fukumoto et al., Biochem Biophys Res
Commun, 2019), VU VER(LEUSIEPTE Y > U UEEHUA, HLA I/ﬂ‘w—/ U B bR A VTR
HL7=,

4. WERE
WFursrEF—LOFzy 2R A v ) INY —~DEEDIREHT

A<= F =TI X B ATM/ATR BB DO RIEMALDRLE

77 5 DNA IZHEERAET D & DNA 15T = v 7 R A U HBIEIC X > THIE I O T T 23 1k
L. DNABENEE NS, BIEBEENET LERIZIE, T v 7 WA AR UAIARE
DT BT 2, LARNZEATZ B Sre A% DNA #5514 OMBLE I OB (F= > 7 RA MU D
N —) ZRET S Z L AW L7 (Fukumoto et al., J. Biol Chem, 2014), AHWFFETITIZHE
FHF o v —8 B PDGFR/cKit 77 I UV —DMEAINT = v 7 RA > h U BN —
ERRETAHZ EERM L, BEROWMIICK - T, 7 NI 7T~ A 2 U ALER% O iaJE #1 o 755
MIEEIE L, & BT ATR-Chk1 fREE DIEMAL R/ L7z, S HIZ ATM #E38 & DB 2 ~e 4 5 6 R
NELNT,

PO b2 B AR F oy %7 —F L DNA BEREISEROF = v 7 RA 2 B Y BN
U— L OBEN R I, FRICA ~TF = 7“75*‘{[:?‘%%%0)753‘}\/%51)3@@@&%5@%@%‘3‘5Efﬁ‘é‘fiiﬁ
RREINT, ZOEEE SO TE “Imatinib inhibits inactivation of the ATM/ATR
signaling pathway and recovery from Adriamycin/doxorubicin—induced DNA damage
checkpoint arrest” & L THE L7 Morii et al., Cell Biol Int, 2015),

Src IZ X% DNABRF = v 7 R4 L OHIE

BRIEH A S 7/ L DNA D3 IERE IS B S VIR s S 41D 72 1213, DNA B DHEAT 23
DNA LT = v 7 ARA v M Lo TREBICHIE SN D Z ENEETH D, mm@%xbvxﬂi
UbEDNAERT = 7 KA 2 ML > T DNAERISUS A EE S5 23 FA72 B IX Sre A% DNA #
WF v 7RA L MZE D DNA BRI IME% O DNA BRI SOFHEE2RET LI 2R L
720 Sre 77 2 U —0 9 BEFIZ Lyn OFLEIZ X > T DNA L2 L 2% D Chkl OIEMEAL 2 e
L. DNA RSOGO FFBAASIRAE L7z, [RIERIZ DNA L7 4 — 7 HRlEf% O DNA BLRLSOG O FFBE & 3
JEUT-, VLB Sre [XIDNA ERIZA L2 L DNA HBLF = v I ARA L L DT U 2 %G
LTS EREBINT,

CORRAEE O AE “Src family kinases maintain the balance between
replication stress and the replication checkpoint” & LT3 #FE L7z Miura et al., Cell
Biol Int, 2016),

Q) F =z v 7 RA v b F 27 E RadlT IZ2W T DE[LZERFENT

O-1-1 EAE L OHEERICE DL 2 EBENTT —7 (Radl7 KYxxL motif) DFRIE
&c&i6MR&%Tﬁﬁm%%® ST HEEOMMT A2 B9 & LT, Radl7T oF m U UERvb
Z K L BERERIE & ATR FREE O RIEMEILIZ BT 2 &ENZ DWW THNT 21T > 72, Radl7 IZ 2\ T Y >

%Méﬂ%é%m//%% IOWT, VUMb aEMT 5 7V 4 I UERERIC LD SRR
(Rad17-Y195E ZEF4K) ZERL L. @EIFEILHS ATR RSB 2 kit L7z, 7ERk L7= Radl17-

Ym%%ﬂwmkmmiéuyﬂm#ﬁﬁb ATR BRI Z BB A ATREME DS R S -, E 7.

Radl7 & 9-1-1 AL DF LRy E-5 R EREAEM 202, 2 O Radl7-Y195E Z8 Rk

@im%mﬁm%MWLto%M7H%EﬁQWi911@AW&®mﬁwm%kw1wtoi

72 Y195 JES OO T X 7 BREANCIX AR CIRIFHENRH D . ZORFEINIT X IR OE

H01L Y Radl? & 9-1-1 AWK E OMBEHEZIRE Lic, ZORER, Radl? RIZEBIT 2 9-1-1 #

HBREOHEERZELZHHOT /@Mﬂ%%~7(mmLmuﬂhﬂménto
PLEDFATIN G, MAERICED 2B T 2/ BT T — 7 BFEE S, Radl? & 9-1-1 #

AR L DFEAERIZ DT DAL LIRS D — SR AN 5 2T 72 5 72, 4% D Sre 12 K 5 Radl7 il

OGN ORZ 0BT b Z LIS ND, ZOMREE E LD L% “The KYxxL motif

in Radl7 protein is essential for the interaction with the 9-1-1 complex” & L CTHF*

L 7= (Fukumoto et al., Biochem Biophys Res Commun, 2017).



Radl17 @ C KEEBIC L Dl & iVERGE EF— 7 DFEIE

Radl7 % L /X7 BITHOWT, 9-1-1 AR E DAL 28D KA A L LT Radl7
D C KEHZFE LN LTz, C KEMIZIEEZAEN D Radl7 Zi@ U TRFEIIL TN DK 12~14
7RO TH D, CRKEBHBOKBIZED Radl7 & 9-1-1 HEKRE DX LRI G-2 2R
EFEERNHEE L, S0, REEOFEWT 2 JEBRESIE L THROT 2 Byt T—7
iVERGE (IxxYxS in Vertebrates at the Edge of Radl7 with Glutamate/aspartate Extension)
N CRBEICIFAET D 2 & &2 R Lz, iVERGE 0 SZEFAK (Y665 35 L1 S667) 12k 0 =ik h 9-
1-1 AR EOMEAERNEEL L, 6> T, Radl7 @ C REHICFEET S iVERGE 2% 9-1-1
BREDREGICEETH Y, ATR RESITHHADEREZH > /RIS N/, S HIT iVERGE OF 1
URRHIT Sre T a v xS —BIC Lo TU VEMEERi AT, Sre 12 X D DNA BIEINEARTE
AL ~DBE N RIE S Tz,

PLEOfEYNT XV | Radl7 @ C KRS ATR BB OHIH 21T 5 701 AA v F Th 5 AlRetE D mig
S, & 5T iVERGE OFHFRIZEE 2N HIE BN TV D aIREMEAVRIR S iz, ZOMREE LD
7-#m X% “The polyanionic C-terminal tail of human Radl7 regulates interaction with
the 9-1-1 complex” & U CT3FE L 7= (Fukumoto et al., Biochem Biophys Res Commun, 2017),

Radl7? @ CKEEBD VU v ER{LIZ & 5 Hl4 (CK2)

DNA B EEIEEIZBE D % RadlT # /X7 BIZHOWT, U VBB b AN T 5 2 7 T IVRERKIC L 5
BN SN CHRAT 21T > 7=, Radl7 Z > /X7 8D C KBEIZFELET A iVERGE 23 U > U U lig{l
WX DRRREM 22D 2 L2 R L7, BERMIEIC Radl7 & /X7 8 &I B LaEib
lZ L RSB L 72453, Radl7 # VX2 BOEHEE) v VEENBRE ST, 20V Ukl
AR L > THESNZTZD, ZRETICHREDH S Radl7 @ ATM/ATR I L5V VRl
EIXBRRDHIAD Y VEALENL TH D AlREMEN RIB S VT2, RadlT & X7 E D28 BAKZ FHW T
REt L7z fE R CREH O R KRERIKTY VEMEAIEA LTz, & HIZiVERGE D& Y 7Rk (S667)
DEFNZ X > T CRREEDY UEfIZHI L, C REBE & iVERGE 28V Vb &% 5 Z & 3R
iz, Z D Radl7-S667 V U ER{LICEE S4B F—BE2EE LTz, In vivo lZEB T CK2 (casein
kinase 2) OFHEFNZL > TCRKEHO U VELITIER LIz, Fio, CK2 Offaz % X7 EIZ
XV in vitrolZIVWT iVERGE U VEAL S 4172, & BT CK2 DFLEANIC K-> T Radl7 & 9-1-
L EAIRE OFBEAEADNRE S, K212 X 5 Radl? CHREFD U VLD 9-1-1 AR E D
HEHICEETHD &R Iz,

PLEDFENT /D ATR #RIE28 Rad17 OV U E{LZ N LT CK2 IZX > CTHIEI SN TWD Z LN A
HEniz, V7 INRERKE LT, Ty vk 7o rsa X s—7 BNIEET S 0]
BN IND, ZOEEE L O C%E “The polyanionic C—terminal tail of human
Radl7 regulates interaction with the 9-1-1 complex” & L T3%# L 7= (Fukumoto et al.,
Biochem Biophys Res Commun, 2017),

Radl7? @ CKEEBD U v ER{kIZ & 5 HI4 (CK1)

Radl7 #Z > /37 B D C KBEBIZAEIET 5 iVERGE OMERERZ S BHICH LM TAZ L2 HE L
T, Radl7-S667 OIEFFIZALE T 5 A LA = FEE (T670) ([ZDOWTHENT L7c, T670 [XrfFLEAIC
BOWTHRESN TV, BEEEMIEIC Radl? Z > /37 B & —B M3 B X4 Radl7 @V U igfkiz
DWNWTHHL7ZEZ A, RadlT DAL A=V gk &, 2oV gkl 1670 DR
ERTIEHER Lz, - T, T670 23N TEEMIZY VLI TWnWD Z RSz, T670
DV UL AR TIL Radl7 & 9-1-1 AR E O AEERAMEE SN, 9-1-1 HEERED
FAAERIZISNT, T670 & S667 IXIFEREMIMRBI &2/~ L7z, 16> T, T670 U »ER{L2’ 9-1-1 AR
EOMEAERICEE T 5 LRI, RIZ, T670 U o bicf54 5% —B 2R L=,
CK1 (casein kinase 1) ®FHZEFNC L > T T670 U B3 L, F£72 CKLIX in vitrolZBW
T iVERGE &V VBt LT=s & BIZ in vitrolZBWT CK2 & CKL IZFNFho ) Vb Z A
WA L7,

PLEOENT NS . CK2 & CK1 25FE AARMERIIC Radl7 @ C KEED VY b 24T\, Radl? & 9-
1 EEEREDZ I E—2 R EFHAERZRET S Z ARSI, Radl? @ C KEFHD
U U b E I U CHEBO X F— BRI ATR R4 HIT 5 ATREME S R S -, = ORk
RAF L D75 CIL” Human Radl7 C-terminal tail is phosphorylated by concerted action
of CK1§/¢ and CK2 to promote interaction with the 9-1-1 complex.” & L THEKLZ
(Fukumoto et al, Biochem Biophys Res Commun 2019),



10 9 0 3

Yasunori Fukumoto, Yuji Nakayama, Naoto Yamaguchi 517

Human Radl7 C-terminal tail is phosphorylated by concerted action of CKld/e and CK2 to promote 2019

interaction with the 9-1-1 complex

Biochemical and Biophysical Research Communications 310-316
DOl

https://doi.org/10.1016/j .bbrc.2019.07.076

Yu-ki Tanaka, Yoshiaki Futami, Yasunori Fukumoto, Noriyuki Suzuki, Yasumitsu Ogra 1

Role of Metallothionein in Transcriptional Regulation by Metal-Responsive Element-Binding 2020

Transcription Factor 1

BPB Reports 22-27
DOl

Fukumoto Yasunori Takahashi Kazuaki Suzuki Noriyuki Ogra Yasumitsu Nakayama Yuji Yamaguchi 504

Naoto

Casein kinase 2 promotes interaction between Radl7 and the 9-1-1 complex through constitutive 2018

phosphorylation of the C-terminal tail of human Radl7

Biochemical and Biophysical Research Communications 380 386
DOl

https://doi.org/10.1016/j .bbrc.2018.06.038

Yasunor iFukumoto, Yuji Nakayama, Naoto Yamaguchi 490

The polyanionic C-terminal tail of human Radl7 regulates interaction with the 9-1-1 complex 2017

Biochemical and Biophysical Research Communications 1147-1153

DOl
doi: 10.1016/j .bbrc.2017.06.159




Yasunori Fukumoto, Masayoshi lkeuchi, Yuji Nakayama, Naoto Yamaguchi 477

The KYxxL motif in Radl7 protein is essential for the interaction with the 9-1-1 complex 2016

Biochemical and Biophysical Research Communications 982-987
DOl

10.1016/j .bbrc.2016.07.014

Masayoshi lIkeuchi, Yasunori Fukumoto, Takuya Honda, Takahisa Kuga, Youhei Saito, Naoto 17

Yamaguchi, Yuji Nakayama

v-Src Causes Chromosome Bridges in a Caffeine-Sensitive Manner by Generating DNA Damage 2016

International Journal of Molecular Sciences 871
DOl

10.3390/ijms17060871

Tomomi Natori, Masachika Fujiyoshi, Masashi Uchida, Natsuki Abe, Tatsuro Kanaki, Yasunori 53

Fukumoto, lItsuko Ishii

Growth arrest of vascular smooth muscle cells in suspension culture using low-acyl gellan gum 2017

In Vitro Cellular & Developmental Biology - Animal 191-198
DOl

10.1007/s11626-016-0098-x

Yasunori Fukumoto 5

Radiosensitization of cancer stem cells in glioblastoma by the simultaneous inhibition of 2017

parallel DNA damage response pathways

Annals of Translational Medicine S1

DOl
10.21037/atm.2017.03.39




Mariko Morii, Yasunori Fukumoto, Sho Kubota, Noritaka Yamaguchi, Yuji Nakayama, Naoto Yamaguchi

39

Imatinib inhibits inactivation of the ATM/ATR signaling pathway and recovery from 2015

adriamycin/doxorubicin-induced DNA damage checkpoint arrest

Cell Biology International 923-932
DOl

10.1002/cbin.10460

Takahito Miura, Yasunori Fukumoto, Mariko Morii, Takuya Honda, Noritaka Yamaguchi, Yuji 40

Nakayama andNaoto Yamaguchi

Src family kinases maintain the balance between replication stress and the replication 2016

checkpoint

Cell Biology International 16-26

DOl
10.1002/cbin.10517

11 0 1

D-box Rad17

140

2020

2019




Rad17 C CK1d /¢ CK2 9-1-1

41

2018

MRE

2018

2018

2018

2018




139

2019
Rad17 C 9-1-1
138
2018
Rad17 C 9-1-1
40 ( )
2018
Radl7 9-1-1 uv Rad17
38 88

2015




Rad17 9-1-1

136

2016

(Yamaguchi Naoto)

(00166620) (12501)
(Nakayama Yuji)

(10280918) (34306)
(Yamaguchi Noritaka)

(80399469) (12501)




