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FHZE  DNA i MU R AERF L A AR E YE A A . A KA TP B B T e I R . e 5,
PUNIE A Soks at i B A is ENEME S8 5—
QEIR E P AN M SRR, s LA R], A4 i e 2 4 N BT —
TeiAs S N S A T, DNA XUERTZE (double strand breaks, DSBs) S& ELAZ JL K4 J5 R dp ™ F 5 28 8 2 —,
K, ] R A5 N 20 () A I S s DA % Bk JE 4 7R . DSBs 4545 [ VAR

PAELEN I BARCHBALE. — T, A& B
PP 20 L S 2 L

AT
Jr T, B DNA 5145 b
KON B
HiEg

5% 7 ATM-Chk2-p53. H2AX 25 ({20 i ki

e, R T 1S ST S R AR P9 T T O DR, LA AR ORI RS R R A R D AL RS R A 4 A T A

H. B4k, HIV i
P I8 /N3 T HRIRIAE BT HIV e b 7% 3 1) o
Je HATE IR R L R Rt HIV G v () 1= 27 7 X

XH8iF  DNA il R WV,
ZRPES Q343

BE DA A0 RS € R A A0 MO 4E FF A AR P T (cell
homeostasis), KA. 2. JET R P I0
oA S LA B S M B L A A I BL LR
F S AR AE B A 25 (genotoxin), A W RETI K
Yt AR 2R AL R 20 DNA 22 Fh IS 1) 25 7 53 4
(%R RUEEWT S, B IEME T, DNA 4 1B ) 5k
DNA- & 7 1ML 27 AS 064, kBRI ZH #% D13k
Ag, BRAIE IR AT B0 R ) 4 5 RAEALAAIK
P FEUMIE . MEIRAT IR AR, R b K
CEOIESEIR IR . RRE.

HUARLER A P R e T %44 DNA 4l e
2. (DNA damage response) Blj 1l & 4t i i 4 #5 4
“Sensor” HJE N 4% 4> T (ATM. ATR)fg L 315
i, il “Signaller” (Chk2, Chk1)/ 21k %
N, Ja s NiEE R “effectors” 43 F (p21 WA,
Cdc25A, Cdc25C), Fim 4 fa A IS 25 s (cell cycle
checkpoint), 5| & & FABH A, F& Ak I )42 52 45040 5
WA RS E AR EFIE S, WERET-FHE
A T-PEFE T (apoptosis and non-apoptotic death) £ /37,
TH B 007 0 A0 m) 48 1. Hakt, DNA 545 e v
4 RS 977 0 2 00 B R PR b AR P Tt A% R 9 AR fs s

R E N AN R DAL R AR T AR ATM 43 (18 DSBs #5305 [ A5 54 5 ATM %55+
AEJE . SO B R I 5 DSBs #4730 WA

W &5 1 T 2T Tk e

DNA XUHEWiZ4(DSBs), ATM, p53, DNA fil i s

JFHERE S, dE A S0, DNA XUEE KT % (double
strand breaks, DSBs)J&: FA% Jk K 41 i 5 5™ [ 407
P 2 —W, AR f e 5 DSBs 455 & W
o W 285 1 S A U e S SR B e i X

1 ATM RtEXHEEEXZIRS DSBs 58
% DDR BYEF X

DSBs A 7E 1E H ARG B sl 3R 55 PR 2% 20 2R

A N AP, DNA #1515 2 (DNA damage repair,
DDR);%Q&?F%IQH%M@E(H%@%, Wit 7L 4 4 i
DSBs i 2 M EE B H kit =2, ARFVEAR N
$% (nonhomologous end-joining, NHEJ); —J&, f&
I JC 2% 14 [R) Y5 2 2H (homologous recombination,
HR). & FE ) Mies 52 77 2 32 ST 52 450 I 10 4 i
JAI. HR ZERA [R5 DNA B, R A= AE b ok G
Ak LB MM S AR G2 #1; NHEJ 3254 G1
WA S BAfY DDR #i57. (2 R I & PR 2 Mk

*[E 5 A ARRHE RS T H (30600162, 30600109).
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AR MG SR EERMERILAZYE, UMRER
() i R OR L, 3 A AH DG SR VPR B, PR
ThmlE, ARSCA T AR,

Paull 5PHF 5T A BL: 40 U & 7 DSBs Ji7 1~
3 min R4 Ser139 A7 @5 MRAL K H2AX (y-H2AX) H I
71 DSBs AL, 68T a] WARFAE 1 14 £5OIR 4544 (foci),
foci # 4t 10 min & WA . y-H2AX 12 L DDR 1)
53BP1 (p53 binding protein 1). MDCI (mediator of
DNA damage checkpoint protein 1) LL J& Mrell/
Rad50/NBS1(MRN) & & 455 /1 DSBs AbJL g 7. iX
WORIESE), W HE I (lonizing radiadion, IR)75 S
) % 2 9¢ Y6 A 5 (irradiation-induced foci, IRIF) 7
DNA #i 11 15 & 58 Wl i — H 44 5 /& DSBs 4t
v-H2AX ] foci V. % X T 53BP1. MDCI.
BRCA-1 LLJ MRN & 5 ) 45 DSBs 4b ) 55 5 3¢
i, — H DSBs {7 1 y-H2AX LBk, Lk
EARE AW IRIF M40 K. y-H2AX
53BP1, BRCA-1 (Breast cancer susceptibility gene
1), MDCI1 4§ & [ i Jir B A ) BRCT (BRCA1-C-
terminal) fl FHA (fork head-associated) 45 #4)38 7F &
R SRS BoREE DR, 91 AR
J&, Petukhova %K IL: MRN &5 & 44 IRIF
FHAHI T4 ATM, NBS-1 8{ BRCA-1 FE K5
B, N, BE S ATM BIE R RAR,
Wk SEBE R WY, H ATR(ATM and Rad3-
related protein kinase) /£ DSBs 4b (1) 5 4 5 K #fi
ATM. HIt, Rt EAZEGY, Rl
ATM 1F DDR 3345+ 73 B2 A 10

ATM J2& FUIL PR AL 5 - BN ok L 5 2k
4T (Ataxia Telangiectasia, AT)P)EUH 5E K7, B 57
LWl 1Eh PI3KKs(PI3K-related kianses) % % 1) -
B 01, ATM J&iF 7 P52 DSBs 41 4)i 1) Sensor
gy ¥, & DSBs it 5 N ) N FE S e
(hierarchical kinase). DSBs fRi# 5t ATM, il i
PR A A FH R4 T U0 400 s 00 5 i, 18 SRR
Tl P 2 R E LT RE > T, A DNA 14 X
AT 5 . Hoor 1 C i ¥ PI3K 2 74 S F 5 4R 1)
FAT(FRAP, ATM, TRRAP)%:fif /e ATM K 4%
O S P 1) S5 A BE R WIESCUERT, WAL ATM g
Wi DSBs YUl 5 BEE ZEAR G P EZ >
¥ : H2AX, 53BP1, BRCA-1, Mrell, NBSI
(Nijmegene Breakage Syndrome gene), MDCI,
SMCI1 (structural maintenance of chromosomes 1),
Artemis Z5F0 Forf, BRCA1 71 4k 47 2k X 20 48 €

PE, RS0 52 rh B ] T B . Wang SFIE
H]: BRCA-1 {57014 11 24> Dy RE 45 i) 1l B Ho At
THE A EA BAR ), TR R A JE R 4 e 3
PE I R D BE 1 B 4y ¥ 2 A % BASC (BRCA-1
associated genome surveillance complex), BASC £y
T MRN & &2 & & % . MSH2/MSH6 #l
PMSI/MLH 5 54k, ATM M LA} RecQ 12 iE
filf BLM %%, BEA#EEMCED, WA IR
PO EEE, USa HaxX 2 PRI Re 4 T
DNA ik A L 5 4505 18 AL /e e 2k A
HEETET AT 2y, BT EEWNIE sl
S AT o A% 3 S DN PRI AT . A7 5% 3 T 9K (master
switch) 731~ ATM HI3E LI, Kastan 55 O BH :
DSBs A, ATM 43 2 AN IEEGE. — &, ATM
Ser1981 H & WM, — AR 2 RAKME Ny i3
e, FFIRYFIT; &, ATM 54 % DSBs i
B, WA ISP 731, 4G DSBs J V. B i it
FRIM: X2 ANBETYZ MRN &4 97 £ 0.
MDCI1 . gEil i /3 yH2AX Fl ATM (1) 45 & e it
ATM JEA BN R B RR AL, RATAR 5 TBORAE .
XEEHFR R : BASC L&MW i 2 il BN 4 7
B 7 5 &2 2% (7 ) 1t 15, NBS1. 53BP1. MDCI
& ATM JEY) 731 [A) IS R ATM 0S4,
SEA 210 S B AEIR M, A V2 AT A R
%[10].

2 DNA i E R RHEFMARER T ER
BEEMXF

1 DNA #4725 £ (DNA damage checkpoint).
DNA £ iiill ki 7 £ (DNA replication checkpoint).
22 453 3 47 F AR 21 2 A6 ¥ £ (miitosis spindle assembly
checkpoint)H [ #) ji 1) 40 1 SUTAG: 7 st B i 4 i
fifif& DNA 13 LUSSES ], Gt AR 19 LOR A 247
B0 I A% DAL 72 DR BE 30 DNA 22 F 45 F 40d
53, 5 DNA &IV ¥ (DNA replication stress) %
28 107 R i (allelic imbalanced) Az 5L PR 20 AN Fa & 1k
S Z NN AR )R, DNA U5 A s AU
A2 4 B A SRR RO AL, 2 Y4 DNA $i)i18
2B/ R L T S N b Ry B OGR4 i
firis PR d H OGS ORI HLHZ —. DNA $ifika &
SR DSBs #5408 SO LS S s AR R
2.1 ATM/ATR-ChKk2/Chk1-p53-p21WArvert g p%

DSBs i if # #% ATM/ATR J¢ 3 R i Chk2/
Chk1, Pir[AfiE4L p53 Serl5. Ser20 Rk, [A] i}
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REZH: DNA WM RRGREREHNEFEX *931-

ATM % R /& MDM-2 (mouse double minute 2
homolog). COPI1 (constitutively photo-morphogenic
)% B3 R, 0] p53 72 EALPEMR. X & p53 Fa
ERIE, RYED) e RIS B0
(1) pS3 AEF B 20 7 N ity B SR BTG 465 R 3l R P 970 S
PEMY) DNA 54 25 f 3l i A R o 1. AF 4 ps3
R U ) e S, p2 ] WAl — T 4k 4
CyclinE-Cdk2, i3 GU/S B, % — 7 M4 &
CyclinD-Cdk4/6, fi# [ Rb g1k, 04| E2F-1 B
B AMEIZ R S WHHE P BE DR 5k

2.2  ATM/ATR-Chk2/Chk1-Cdc25C %1 ATM-
PLK3-Cdc25C &2

DSBs I 4k G2 SR 4l B J0is G2/M k1
5 7 DNA $i0 i 4n B A+ M 2/, Apeit
NA 2253 38 0 A TR (1) 32 5 T IR
2.2.1 ATM/ATR-Chk-2/Chk-1-Cdc25C.  Cdc25C
2= G2M K A R OGB4y . ATM/ATR-
Chk-2/Chk-1 i 12 1] 7F Ser216 47 i R ft. Cdc25C,
et ety 14-3-3 454, K TR, Ml
i Cde25C X Cde2(Cdk1) 1) 2 BEIR AL . R Ak 1 11
PR A Cde2 TLiEMEAL CyclinB 1 B2 46 A1 8K 5 G2
990 MO, 51k G2/M FH.

2.2.2 ATM- PLK3-Cdc25C.

ATM fig¢ # 35 PLK3 (polo-like kinase3) %I
Cdc25C BRI, 75 G2/M BH AR, Bridt e s :
PLK3 it EIE i M1k Chk2 Ser62, Ser73 [IHmz1L,
{213 ATM X} Chk2 Thr68 [FIEER 1L [ G2/M F3 X
WO

I N R K ATM-Chk2-p53 i % [7] B2 5 G2/M
BH R 425 05 1) pS3 Ik 4% s iG 4k p21, 14-3-30,
GADD45, #3%4H] Cde25C, 4EkF G2/M Pl
2.3 ATM-Chk2-Cdc25A-CDK2 #1 ATM-NBSI-
SMC1 &%

DSBs Ak S 1 (1) 40 o 545 475 A5 52 ARk it
T G1/S K2 AP 4N BB S K A A, Fil 520
3. T # 4 ATM-Chk2-Cdc25A-CDK2 FI ATM-
NBS1-SMC1 2 410305 S WA A i, # ATM
PR A E A 1Y) Chk2 Jl i 46 Cde25A Ser123 fif i 1k
BRI AL B, B CDK2 53240, 514 S
WIBH 7. ATM & fig L)L NBS1 Fl BRCA1 i1 77 =
T DSBs At 2 1t SMC1 Ser957, Ser966, 4% S
WA A . ATM 1 % R {6 iS4 53BP1, BRCAL,
MDC1 b ] i& & il #5 ATM F ¥ Chkl, Chk2,
NBS! KRz S Wk sl .

3 pS3EFEMK AT “EX” HF
E R AR EMHERIAZOHLF]

3.1 pSIAEMpRELEFSAmAT, HEER
AFaEM

CORILAZ ps3 ¥ 1 SE R 160 2 R (Hrp
e BOE 100 RFR,  FHes il 60 &A1), EATHA
W75 DNA 305 N3OSN, 140 i 2 e, el g
T p53 FEDR R 2% (M09, E k) DNA #4515 4k (1 4%
OEESER T, pS3 BT 2 M I 15K
JEHHBH Y. 40 pS3 e sUE I p21WAreet 43, W T]
8 & 40 %] CyclinD-Cdk4/6 F1 CyclinE-Cdk2 %5 &
G1/S BHL#, X n[#l ] Cde2/CyclinB, 5 & G2/M
BHAT, AB1E AT R, R RI1E . ps3
o 5 E B4 Cde25C H e SRl IR L)
)5 3l G2/M B

BN E L, pS3 BRI TS 5 S
AR Y AR N SRR, VFZ pS3 IR
WL F AW TS FE G, W PUMA. Apaf-1,
Bax. Noxa %§. 1E 4 # sk K1, p53 w7y
+ C ¥ij 364~393 {7 Z JEPR IV H| DNA 45 & 45 4 1k
(DNA bingding domein, DBD) [d] %5 57§ /5 51) 1) &5
G, MR TS S0 7 I S eE, Wl C
5t 55 5 [X (oligomer domain, OD)-5 T i 8 £ 1 i AH
HAEF SO AN, 1 pS3 X e S S5 1 e
0 A IA ) Survivin ZEHTR TS0 T BoRI0IE
PERE SR D RS, T p53C I BER AL . 2 ek A%
B 2 Al FL 2 2ot DBD (R4, 8 3 i i
D sigifl, AR TS S

Hiik, DNA #i45 S, p53 BERE 17 4 41 i
FAAS R RS, Bt ie AR, B
i, A AR, RS S Bk B 2R
MM RAEDET, R IE E R TS T 1 S
S, TR S0, dedr RN 2 R e v AN Al
L B AR R RO AE L R X ps3 1K 2 Rl A
[ S BE M BAEENLE ARG, (HEARRN: [H
PO LD S 31 A SE A I 25 5 BL K ASPPL/2
(apoptosis stimulating proteins of p53, 53BP1/2) %%
e I 1 (cofactor) Y5 M pS3 5% T U RN 731 1Y)
3.2 AT ps3 B EMFEMER EMEIER
RE1EFA R > F & A

PLCUER, 1T 50% AR I A R e R] ps3
FER AT e M, g, Bk S AH G, /£ DNA

HAED
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BTG pS3 JERIM 45, p53 IR D e A 4 MKt
TIe A, Foet AaE . BERAL, WL,
2 ZLL A& SUMO(small ubiquitin-like modification)
2 2% R B0 R A U ek T ps3 A%, 4N i e
v 5 AR (1 SO AR T pS3 ThE.

p53 AFaE M FERIE T A S 47 % -
AR, IEW A pS3 LR EFTEMR K
-, Mdm2. COP1 4572 % E3 MM & o FE
GO PE R 7. WETIR &2, DSBs W H, ATM K H:
T A B AR OC R Chk2 fe Dl B [ 5 5 ps3 A
Mdm2. COP1 @Ak, Aff p53 Feig Phifgom, Kik
[T | N
ubiquitin-specific protease) §& i i #f {b p53 2z &
1k, XHHT ps3 BEfR, 15 ps3 &5 411 ING1b Al
Mdm2 45 45 () pRb. pl19~% %5 i 3 iof FHL A5 p53 Al
Mdm?2 45 & d i ps3 FasE k.

p53 C i 2 AR 2 B iR L (1) S AL B 1 TR F e
X HCAG S P AN S PN Dk SR B A
TG H A R A A LSS . LRI T rT G
PU pS3 WA MZ F k. LBEEMIRTZ 220 ]
YERANUR IR T4 CBR AL I R R A &, b el
DSUAR A O AR AT A ) FL At 3 17 2 R (132 3%
b, FEREFEHB BT pS3 1) DNA 2543 PE. Mdm2
55 p53 44 44Wi CBP/p300 Xf p53 1 L Wik, IF
T IR 25 LA ) S AR A R E p53 1) 25 LMEAL
FZ FE AL

B &R AMEAL, MR SCEAE pS3 DyRET
W AN AT BB R IR N, Pind (prolyl
isomerase 1) il it 45 & p53 W MR 1L 1 Ser33 H
Serd6, I T AL, | pS3 7] Mdm2 45
B, o pS3 MR TE, RN pS3 1K
o7
3.3 pS3 BNy “HEE” 4F—PML AH
YRR R AR T M SRR

Hg) K40 Mg B I i R B (promyelocytic
leukemia, PML)HEfH )43 1~ 1) RBCC 45 #4) [F] it
50 iy T Th BE 1) B 1T BLAE FH T T 2 R
2 %) PML-NBs(PML nuclear bodies). PML-NBs 5
ST, 22— DS MWL, {E RSN
23 ek P 1) v 2 OB R AR AL R
WEH: PML & F(PML-IV) A p53 {7 4F B HAH BAE
Ji 1. DSBs L ATM, Chk2 # #i (1) 77 30 _F i
PML-NBs ##, MH, p53 #% %54 £ PML-NBs,

HAUSP (herpesvirus-associated

I Serd6 # [F] £ 5 4 F| PML-NBs [f] HIPK2
(homeodomain interacting protein kinase 2) f /g 1t. ,
CBP/p300 fi# 1k ) p53Lys382 £ Bt 1k th & & 7
PML-NBs H1. FIR IR (0T L WAk &1 % ps3 1117
TSR SRE N B o B Wei LUK FRATT 8256 % B it
FURI: DNA $i4) e PML i 244 3 5 p53 &
SEVETR NS, SRS R oA SCHE R R R R
UL I, AE A DXE AR S R —— G B ] X%
(K1 Zh g 547, PML-NBs 4 p53 [ At 2% 11 i 1 A
AR KEmE g geF &, 308w
PML-p53 %% 55 1 25 W9 25 A Bh i B 08 T2 S AL
FEAEY I R 2 AR M R IR .

4 DNA BGRMESMENEFENX

B R 7R . DNARAS &AW 2 2
21 F2 o T 1 FE A4 (the cornerstone of genome
stability), [RIE, FAG5 LRG0 RS i 4 A 40
T P Bt B (anti-cancer barrier)!'”, JEAEHT HIV &
gerp R E P E XL
4.1 PHIERIH (oncogenic stress) 5 DNA 1154
&S BE

2005 4 Bartkova 4% 1 5t A BN JBS e i A A
W ATM. Chk2. p53. H2AX %% DSBs X N4> T
RIS, H ATM-Chk2-p53 15 5 I IE b 56
T p53 SRARHN / BIE BRI AUANRG e PR R 0. % LRI
G5 g e R s A5 SR A0 PR PRI AL I &5 SRR s, 28
I I 98 A7 28 T B B (pre-invasive stages) ¥4 17 7E
ATM-Chk2-p53 fil ATR-Chk1 %45 55 41 ek 351k
76 40 g p ik % 3& CyclinE.  Cde25A fI E2F-1 %%
oncogenetic stress 57 7 Ml F 51 & DNA K ] I #4
(replication stress) I, 8 & 4% B4 [A] 2 00 A5 5
GRIBE, A0 M R SRR A / s e T, R AR
SRR A E PR LRy, ZEIR JF Bt A2 vh 4 B 24
M 1), 24 FR A5 5 0 1 kA 5AR sl 28 57 5 I
FEDRIH AR E PRGN, 4 M B A A, 40 P PR G
B RTPERAL, (R MR R AR K e . Hong S5 1SIYE
Myc 5/ B W aF 5, B — D #iE T
ATM-p53 axis 75 4 3 5 R AL Re e 1« P8 AF
hREEE X, Kk, DNA#UfE S 9 7T
ATM-Chk2-p53. H2AX 4 [ 41 R 15 40 52 il I B
FSC SO PR AT 5 0 e b, A A DR A
Ty R IE e Ty Re K A R et bR kAR AR

i |
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Wk

? e
JEDR A
T2 A
f ik | R
DNA
DSB:s:

oxa DNA #ifi

53 AT/
HHING —————F o oo > T

R /B

Fig. 1 Model for activation of the DNA damage checkpoint in cancer DNA damage response as an inducible
anti-cancer barrier in early tumorigenesis
B 1 ZHEEMERETMNENSE RIS SEA DNA SHIMNH, s&EESEERE DNA G REESHR
B, BSMAaRE A FA/SMA T, HFERERARE M, EREHET ™

42 U DNABGRME Y FARNMPEERFS
HIV B

DL HIV i 55 4 i 25 1V 4 6897 B AR 1B 9T R
B, SRR AR R, AR, B
itk ik, BESCN AR, T E B )l
St B A T 06 T (A 2 1 (0 R IA BT fES
YEIT HIV G . 10 407 R L HIV 3845 A
fi 3 DNA I, i ie 5 D) 1E & DNA, 7742
ANFE I PSR 11 (short single-stranded gaps), WA
MBS, /S RE i i DSBS, 3T 11 sS40 UF
S, MEHEE B0 7. {REEE T DNA FUE B A
AN FRERI A R, 2l 4 40 e 1Y) DNA $idt
WAL BB 73 FIAT R, HIV &Y GEE 0% S
A4t ATM-Chk2 15 %5 2 B, PI3KK 411 il 51
Wortmannin I Caffeine H€ 5| & 95 5 $& A I 4 Jak G
i FAM PRI, Rk ATM /NG54 7]
KU-55933 e 45 %3M k] HIV 40 & I 8N 4% 40 o 1)
S, H6E IR SR AR T P A 29 Pk Y HIV 3 354K
(R A 20020, e 7 S 56 45 R R, KU-55933 41011
ATM VG PEL P HIV G, W38 Vpr X5
2 M HR A& SR8 7 (P30 7 52 21 7 e, igf
—BUESE HIV RS HOB T 15 40 ATM /-7
(] DNA #5305 15 5 S 5. ATM F 3 E 10/ 7
FOHIFIREA 2P HIV B, o HOL B IT &

2 % X
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Cellular Responses to DNA Double Strand Breaks and Its Medical
Significance’

SONG Yi”, SUN Zhi-Xian™
(Beijing Institute of Radiation Medicine, Beijing 100850, China)

Abstract The DNA damage response is a cornerstone of genomic stability. The cell utilizes mutiple mechanisms
including damage detection, cell cycle regulation, damage repair and apoptosis to keep cell homeostasis. The DNA
damage response include several biochemical pathways: first, the recognition and repair of damaged DNA; second,
the activation of DNA damage checkpoint, which arrests cell cycle progression so as to provides time for DNA
repair and prevention of the transmission of genomic abnormalities to the daughter cells; third, apoptosis, which
eliminates serious damaged cells. The double strand break (DSB) is believed to be one of the most severe types of
DNA damage, and errors in DSB repair could result in genomic instability that might lead to malignancy. It has
been reported recently that constitutive activation of the ATM-Chk2-p53 pathway and phosphorylation of histone
H2AX acts as an inducible anti-cancer barrier in the early stages of human tumorigenesis. This ATM-regulated
DNA damage response network maintains genomic integrity and delays or prevents cancer by eliciting growth
arrest or cell death. In context with a recent report, the ATM-dependent DNA-damage cellular signaling has also
been shown to be involved in the integration of human immunodeficiency virus type-1 (HIV-1) into host genomes,
and KU55933, a specific ATM inhibitor, attenuated the infection of HIV-1 into host cells. The regulation and
mechanisms of the signaling pathways of DSB response, and its role in HIV-1 infection and malignancy genesis

were reviewed.
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