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DNA Damage: A Double-edge Sword in Tumor and Cellular Senescence

Li Xiaoman, Xu Hongde, Lin Meina, Song Xiaoyu, Feng Yanling, Yi Fei, Liu Shuang, Cao Liu*
(Key Laboratory of Medical Cell Biology, Ministry of Education, China Medical University, Shenyang 110001, China)

Abstract Both exogenous and endogenous insults can result in DNA damage, which can be readily sensed
by DNA repair machinery, and consequently trigger a series of cellular events, namely “DNA Damage Response”
(DDR), to achieve cell cycle arrest. Transient cell cycle arrest will allow DNA repair and prevent the passing of
aberrant DNA to the daughter cells. However, persistent DNA damage could result in irreversible cell proliferation

arrest (senescence) to terminate cell function, or programmed cell death (apoptosis) to eliminate impaired cells.
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Under circumstances of excessive accumulation of incompletely or inaccurately repaired DNA and hence gathering

of oncogenic mutations, cells may acquire unrestrictedly proliferative properties and propagate into cancer. Despite

the fact that cancer and senescence are oppositely characterized by hyperproliferation and hypoproliferation,

respectively, they are not mutually exclusive and actually driven by a unified mechanism: DNA damage.

Key words

88 (tumor) A Y5 1 PR R 58 4 a0 b B E R
SCE A T 0 A0 I 40 i 5 22 PR 2 i (senes-
cence, aging) M| & 8 1E 5 4l Mo it N T —Fh AN Al 3 (1)
ARAFHPRE . MR AE M KA R EIHRAIRZ
ILFERHAE, A4 SR K I IEA G . DNAS
RMIAEZ NS5 L Sk (S0 S A 8 77 2 ) e
AR VLS 20 1 J] S 4 DKL (1) 1 47 ) 48 2R 1R, GX Lt
LA e s 8 e R AR e TP A BT N A
AR, PRAIXMPIRE A4 72 48 1 IoRg 5 32 22 T8 L)
IOCHE . AT, Tl 1K 2370/ 4ADNA# 47 5 DNA
W16 5N, I R pS 34 b Hs ) AU A7
JiRg b 3 2 R A R SRR R R T SI

1 DNA#{%5 R DNAH 5 1& & R L
1.1 DNA#551EE

DNAE N AL Jot, o0 S ) 4 200 A dr A
RAER TG DR IR B AL A B AL 4 T — U R 2R E
LM SR, fE/Efr bR, DNAKE 22 1%
Tt gl i, X6 B PR 35 AT RV T AR IR i AT FH
. BRAN LA S G . [N, TR AR &
M7= A2 ) H Hi 3 (reactive oxygen species, ROS).
A0 M5y R B SR AR e RE R R G S
"E“DNAK il [k J7(DNA replication stress)” L A $l1J
FE AR i S5 34 0 it EUDNAS 7. 3 WL I DNAS 5
RIMALFEDNA L BUHE T2 A% B IR B A A R R
(B,

FEREAC L RE b, RS R SRAT T N AT DNA$
i) — R PME Z Dyfe, o0 iR AL A5 B A5 LR A
iz 40 P BT XTDNASA 1 3 SR B 5 4 6
53BP1(p534% 4 5 11)5 41 B [1H2AZE 53 /A (histone
family 2A variant, H2AX)%%; 1 HAEE K4 NH—41
DNA# & 2 K 741k, fLF5NBS1(Nijmegen break-
age syndrome 1). FANCD2(Fanconi anemia 2, com-
plementation group D2). BLM(bloom syndrome).
BRCAI1(breast cancer gene 1). RADS51. Ku70.

DNA damage response; cell cycle arrest; apoptosis; tumorigenesis; senescence

Ku80%% . X LET)jfE i F AEDNAF PN X1~ 1K 45
51K, HIDNA$ 1 15 52 55 45 K 1 Wi: MRN(Mrel1-
Rad50-Nbsl). ATRIP(ATR-interacting protein) A&
RPA(replicative protein A)%%, K DNA# 15 15 & [F 1
FHSE BB R, B R Rt B A 44, JL1R] 58 DNA
B & AR,
1.2 DNAHH1EE R 5188 R Mk

T AT R S DNAS 5 18 52N, 4 T A
— RAN P R S SRR E0E, 35 ATM(Ataxia telang-
iectasia-mutated)-CHK2(cell cycle checkpoint kinase
2)-p53 . ATR(Ataxia telangiectasia and Rad3-related)-
CHK(cell cycle checkpoint kinase 1)55 & 5. X Ffi
B R “DNA# 1715 5 ) .(DNA damage response,
DDR)” )5 2 A= 2 5z 3 A DA 2o 175 3 41 i ) T BEL iy
(cell cycle arrest), FHIEDNA$ A5 5 40 fitd 2k SE 38 58,
ADNARUGE i fFif (i), ATM 5 ATRIE T-[F—%
TG, A EARA Dhfe I E S, (H A ATM 3 2
JXTDNA ¥ XUEETL, 1 ATR U2 fEDNA FRE IR 4
I BT o IR DL, 530K 2 A, TR AR 2>
REM R I 2], NI AE T, ATM 55 ATRIF S 8 RE AT LA
LA W IR A p530-), i m] DU i R (L MDM2JF: 175
5 IL B AR R AR FRMDM2 X0 pS3 IR A T, B T
ATM-CHK2-p53i8: 4%, it Jk DAL 3% A4 Fir 3 350 &2 ) 1
& 73t m] DIOH i 300 ARF K fif BRMDM2 % pS 3 11 1l
i, BEMTHOEPS3 . Al Wi AL B L IEAL A5 B 1 B
Jei, pS3 A E PR RG5> SRR R
TR 20 M LI REL A L 328 M T AR AE N — R A
0 SIS N (BT )

g0 M 5> 22 W 53 A GaWL S G RV,
FLE R 52 4 0 FE 9 2R A (cyelins) B U A P K G
P (cycle-dependent kinases, CDKs) Al J& 31 2K 11 #¢
#5100 ) 20 (cycle-dependent kinase inhibitors,
CDKlIs)4 K 1) 7™ %5 i ¥ CDKIsZ 15 41 Jfd J& 1]
A PR, 20 AN K% INK4AMICip/KIPZK
o BT AL FEpl1E™NKA, pl15NKO | ] 8INKe I QINKA



136 RRALRIR -
uv ITonizing ROS Telomere Tumor suppressor Oncogene
radiation shortening inactivation activation
DNA Replication
damage stress
| ( ARF )
\ \-/

‘ ATM-CHK2/ATR-CHK1

| pathway

Q&

/
>y
#\g

\V Acetylation

Cell cycle arrest

,—>

Apoptosis

p53 target gene [ Senescence

El1 DNA{5FIDNAR51EE R L
Fig.1 DNA damage and DNA damage response

5 # EEAT 210, M4 EDNA K A #5 , CDKIs
Wipl6. p21 540, Wit/ Fp53/p21/pRb/E2F
pl6/pRO/E2F5 5 4% T A2, 51 G I PR i 45 i,
BT 40 Hfw JL SR BELAT -
p53/p21/pRb/E2F [ p16/pRb/E2Fi 12 & £ 5 4

Jita ) S BEL iy (%) T L A, 55 0 i e 0 g TR T
HYIFAOC. DNAII 2 B0spS3 78 7 5 7K P
fep21, B iE i M HICDK2/cyclin EffipRb#EAL 45
TR RR A IR R RS, AT 5 [ 4t e J) S0 4 vy O AT
DNAME A, 12 KA 40 it Bl 2RSS . SRR, 95
A -fp 1648 nJ 3 iof #11 ] CDK4-6/cyclin DX £ ki FH
1EROIBE IR A S5 — R AAE 5 4 s, AT 40 i
1559 T Go/ G 91T JC2: 330 NS B 4 (5 4k 1) 52 i 58
FSCAR R . 7 R, I A % PR A
HLEE Rl 6 Ip1 9 (15 /N W Ayp 1445 F) i [7] — A
LT S-INK/ARF 25 ([5]2), $#27RINK/ARFAZ A5
A BEAEDNAT 1515 52 DA B 38 22 R I Jga 1) A R e
Wl B B e B R . T TR, A SR
i SEAEAE K FINK4a/ARFA 55 4l 4 i 0%, 24
CDKIs T g Bl [ mkcyclins & CDK s 4L 0 I, 41
Ji ] G B 14 5, 3R I TR J iR, DAL, CDKIstH % 41
R T

2 DNAWFIEERNMEMEBINREZLRYE
SRMER

LT 1 0 ) 399 BEL Y T LA DNAS 18 52k
A [A], Pl 4 i FE T IA AR A . (HA e R
SNAN A2 BA5E 418 5252 45 IRIDNATTT A 40 A 9 52 7R
I Z 0 FDNARKS, 40 i v] gk A LU R =FioR& 2z —:
(DA I ) AR AT DR A, BT IE B 4l i 3225 (2)
SEA AR A oy 5, dee 243 BUMR 1) kAR (3)4
O T, BLAE BRAN AT A2 52 A 40
2.1 RERRE

TEL M H AR B E I AE AR AR K A
frid AR, ALV B ISR, Dhfeg b R A AT
IR AT PEAR A, & — s BE A= 340K 3 kA A
Fio AW Fih, 8RR AR IR 4l K
RG> TP EEANF RS2 I A %E & (cellular se-
nescence) e i 41 M AN AT 3054 13 25 20 1 5 399 9k 2 0
AL RE I 5 1E NI — Mo B8 IRPIR S, 3 M 4 i
A ARUHEPE, TR KM F . A ROk 0 I
B-2I= 1 4 ¥ (senescence-associated B-galactosidase,
SA-B-gal)i& PE 5. 1E G OL T, A 40 1) AN
O35, A0 A Sty PRV Bk 45 1) it KL (telomere) "4 18
o 4 L, > i AL A L 3 RIS, R B A



/NS5 DNASWIIE S5 N R L) S NAE IR 5 38 28 R A R T (K 4 137

PR MM EE L, IXPIEZHR 2 A S8 YE P 3 2 (replica-
tive senescence) i A= H P 35 2, 42 Hp53/p21/pRb/
E2FfF ST Moy Fagd—R g
(premature senescence), &= ZEYE T4 AL B, g L DA
O P 3t G RIDNA 5 M2 3 51 % RIDNAS 5 18 52
o AR TE b AR 5 51 K RIp53/p21/pRb/
E2F 5l p16/pRb/E2F {5 5 18 i 45 ¢, o T 1X P Fig 42
(R8¢, B T4 i i 28 R RN b et 10,

1B 10 o, X e oo INK/ARF
B —p _ == sene locus
p16[NK4a —— Bmil p14ARF
1 1
ROS MDM2
1 l' 1
CDK4/6
—> P53
p21
L
CDK2/cyclin E
|

pRbY MRb 4+  E2F
=

&2 p53/p21/pRb/E2F K p16/pRb/E2Fi&E
Fig.2 p53/p21/pRb/E2F and p16/pRb/E2F pathway

- .

\ T Modification f_.»-"‘@\‘
U)o =

DNA
damage

™ p21-dependent reversible

cell cycle arrest Completely
repaired
p21-dependent irreversible % —
cell cycle arrest S
enescence

L Bax, PUMA, Noxa

22 MERIAE

JitRg 2 B A JC B B4 B e ) 40 4128, DNATR
3 KNG SIHLHIER B 2 2 EOLTE i R 3R . g
HU A, AATTEEH 2Kl 2IDNATR 5 S 3X A4 1
WOE IDNASAE 5 N A%, HARR IR K & 5
HEEATM, Chkl. Chk2. H2AXAFIp53. pl6ffIiGiL
S DNA$ 7 b5 & Py foci BRI, i 4pS3 8L &
FEPR TR P (WATM) & 4258747 . DDRIZIZ TN HEA 4
N, o T A2 At £ 2dE Jig Jh Jienggg 71820230 A — 2 DU
PR S 98 S A FHpS3 BA B R 211 2R 5 Lk 1R P
WAk, ploths & 52 (14 I8 1, B I 30% 0 A & i
A Ep 162K

3 DNA#UA1EE K5I T) & 3 Sy

TEDNA A% P 75 3 (1) 40 M 2 380 B 3 o, pS34d
TR AT B, pS3 T IIDNAF i 16 5 I X} T-
Y F I R 2RI 4l R A R 4G AR (1813). 4R
I, NSRRI RESEAFAE, A 2511502, i pS3 s
S ML SR TR B A2 IR AN M R 4k s . H
A A 2, p212 HpS34 3 (1 5 32, pS3H I 7
TS U PN R B A/ O T % R 2 A R
(WTPUMA. NOXAZ%F)>k S B 1112528 p53 1) X 2K Bk
KA PEUMFE I &L LRI R,
PS3MIIE T RSB 1E g 1 K A=, AELED R At HE AR
M, pS3L BEVEIRAE AR R A R 2 I

(@] -

Apoptosis

Tumor

E3 pS3ERENRHEEZEBXDNARGIEE . ME. RERBATHIPEER

Fig.3 The key role of p53 as stress protein in regulation DNA damage repair, tumorigenesis, senescence and apoptosis



138

R LRIR -

BRCAIl& & Z [IDNAf i & E R T 2 —.
BRCAIT SR 51 R FL N AR e 40 M 52 K IR
AT I OE DNAS 7 12 5 ) 9 3 45 DX Wip53.
ATMAICHK25, B WipS3. ATME(CHK2W] BL1E
—ERRSE LU, (B S BN PR
Gy RPIRAER, X — U F SEDNAB U 18 5 = .
L5 3 2 RN IR AL B D) AR O, e S s 2 2 P A
B PSSR, P9 A I 2 1) by 1 K 1R %
.

DNAFT & 42 11 5 — FE P Fpleth 2 51
PR A O HERE . T RWE ST BN, Bt 40 e 4y
ZAVEHI N, pl6KIEAWT i, pl167K- P FFE: Tt
ey 5 B R 4 FECEL R, pleff Rk /K L4
VEJ i 2 A R bR . ML S, JE A plel
RIS W IEH A LUK, I H A IE30%M A8
fAAEp166 2% . BmilJE T polycombZ %, n#llflpl6
LA, I AR A IR R R 1, 00 A e R DL (12)
Bmili& o] L] ROSII=2E, Mifi 2 5 i #% DDR&
FEBY, Bmi L i B /)y BB B 5K U (19 08 i 14T 4
A hplesK P8, I R 3 T Bmil Mpl6
5 Bmil fICHK2(DDR % 12 5% 8 [K 1) % T B B 1) 7
BRI P R I R AR B G2 i

1t AT AL, p53/p21 5 pl6/Rbidk 4% 7EDNA: 1
1853 S N 3 4% T IR XU P B L E MR S 1
L. DNABGE 5L 8 ] i A& — 4RI 81, &
HAR AT LU B 8 (9 B R, 12 AT HLAR B N 3 2
DNAB A A2 e A A 8 5 3 2 1o v g 3 [ 9 2
MG, Y4t ZRDNABUGAE 5 N8 A% 1B BH P i
PR S 1 R

4 FEHEMRATHREZIIATERNEX
4.1 FSMEMERET
iy S A i DR S e L v
DLAE AN 52 Wi J [ 40 i 1E AR A IR S D0 V8 BR Al A5
(20 i, oh 4 2R SR BRSO AR . PR T ]
SR i A /R o0 W Y o = S K 28 W
f2h, Fas'y L A4 (Fas-L) 45 &, 451 caspase-8(Jit
KA 1 #§8) M caspase-3 111 3k 1L, #x 2 5 2040 o I
T 100 PR R TR E O T IR (Bax ) A
T BRIF (U Bel-2) 8] 1P e i 422, S8 i 715 5
Bm i, 2 5 2 ki Ak cytochrome C(4H A {5 22 C)
BN caspaseidi AL AN T A A 40 o8 1252 3

PR L DR, W E N Bel-2. C-myce. $E 5L
DKl p 5 345 #8 J2: T 2 (1 440 ) 1 i 4 R, JL, ps3
VB J# s RF, ] EAF5 PUMAP), Noxa",
Bax®), Bid®FlApaf-1BEAE N 12 AL T3
DL, ] ISt P AR A2 (R AR TR KT SR R s 110,
p b o] DL, 40 O T 5 R A S ] g I R
TE ST 2R I e e A= ik Fi o, IDNAS A3 1T 15 5 1
DRI SR I 5| I IRe 1) P9 7E R 25, DNAS % 1& ST AL
(R BE L3 i BE IR 4R I ARRT . 24 T'DNA
P16 52 R, A I DRI A o N AT IR AS I, 41 07
AL B 5 20, DNAATS T 1) 40 i ik 20 i o8 7~
MU T B 37 e, AT G 8 & 2B IR AR T g
Wb, JRTIEAR AR R R A R R () P LE AL
Jigea T R It A Y, R T R AR 52 B, A4
PRI T TG 0 R S, W PR A VR 22 IR ) R AR
J& T Z PR T N SN T RS Y, Rk, FRAT T
AT DURE R 2 PR T I o AR R
(R IR VAT b, BB i 5 ss 40 a0 T & e
JiRe 1) A2 SR W 2 —, H RTIR IR B TR A B8 v
I7 LA K 2 BT 29001697 2 0 15 5 e 40 i 7
TR 53R Je e 41 17
4.2 FEMEMBERZE

3 2 N B P A KA i 5 e 8 4 P ) T PR AR K
(1) A= 4 2 R T A T o 1 A1 L A 400 01 e
TR 5) — RAR BB, ST AT 9T R BN, 6 T
993 A8 T A7 3 2 AN e 2 A T TR R e M AR B )
Wipl6. p53 1% £ ML (1) 40 i 3% 2 b B WIS A-B-Gal 55,
T8 iR b L 3 22 40 B M X B
I Rk M4, [R5 5 I JRT 40 1 5 22 3k 1 T
I R R T S . I RO S R R, iR 4N
M2 sy i A B s T Ap16. p53. pRbJip21%5
FEJE TN 2R, A2 RIERE T
Jei B PIAH OCEAT 9L g H i &, A8 SR
0 0 e A 3 AT AE A — R [ AU, 5 3 1 4
ZHE A DNAIRG . AN i DS R
i DR (PR 8L, 33X 16 PR1 35 28 S0 1 e A K 1
ALREESN, IR B, E R 5 3 2 IR Rk AR R AL
T AEAE T 2 R AR 25, ik — 2D B R S e
2 T0) ) YA B 30K 2 AT 14 i i v 1 T R

5 BESRE
TR 2B A IR A T 1 40 B et 2 45 40 1 45 4 1Y)



/NS5 DNASWIIE S5 R ) S NAE IR 5 38 28 R A R T (K4 139

e LR B 1 D0 R U U, R A
TR I AL, 7 1646 2 A i R, 40
MR o 20052 B0 g S 54 R 6 O, AT 7
BT WA SRS 1609 2 BLARAS 1T 7, B4 95
06562 5 IR TS 10 R e B
PR, R G AR T — R A AR A 1
BLIB, €055 DNABIE 52 R 401 KO0 24
LA T 5 L VS ) AR I B, 4T e
ARSI A . DNAB7 BRI DAL R
DNAS Y 1652 2 i, il 40 el AL 00
VT AR, MO A R, R,
DNAB 1 5 5% Wi 72 2 58, BLAR R A B
RoASBE.Z M. S5 i, DNAS 15 5 R M ALAT
SR TIP3 DNAJ 52 [ = 1B P
o 0 B TR 0 RS P B 5
VA BB 5 R AR 0 R R,
B, 40 LR A T 20 L RS L 1 <) A
87, T R B A R A e B B P4,
F5 AT GESEE S IR R R

S 23k (References)

1 Bartek J, Bartkova J, Lukas J. DNA damage signalling guards
against activated oncogenes and tumour progression. Oncogene
2007; 26(56): 7773-9.

2 Lowe SW, Cepero E, Evan G. Intrinsic tumour suppression.
Nature 2004; 432(7015): 307-15.

3 Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L,
et al. Enhanced phosphorylation of p53 by ATM in response to
DNA damage. Science 1998; 281(5383): 1674-7.

4 Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi
K, et al. Activation of the atm kinase by ionizing radiation and
phosphorylation of p53. Science 1998; 281(5383): 1677-9.

5 Khanna KK, Keating KE, Kozlov S, Scott S, Gatei M, Hobson K,
et al. Atm associates with and phosphorylates p53: Mapping the
region of interaction. Nat Genet 1998; 20(4): 398-400.

6 Lakin ND, Hann BC, Jackson SP. The ataxia-telangiectasia
related protein atr mediates DNA-dependent phosphorylation of
p53. Oncogene 1999; 18(27): 3989-95.

7 Meulmeester E, Maurice MM, Boutell C, Teunisse AF, Ovaa H,
Abraham TE, et al. Loss of hausp-mediated deubiquitination
contributes to DNA damage-induced destabilization of hdmx and
hdm?2. Mol Cell 2005; 18(5): 565-76.

8 Meulmeester E, Pereg Y, Shiloh Y, Jochemsen AG. Atm-mediated
phosphorylations inhibit mdmx/mdm?2 stabilization by hausp in
favor of p53 activation. Cell Cycle 2005; 4(9):1166-70.

9 Stommel JM, Wahl GM. Accelerated mdm?2 auto-degradation
induced by DNA-damage kinases is required for p53 activation.
EMBO J 2004; 23(7): 1547-56.

10 Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

A, et al. DNA damage activates p53 through a phosphorylation-
acetylation cascade. Genes Dev 1998; 12(18): 2831-41.

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella
E, et al. Mdm2-hdacl-mediated deacetylation of p53 is required
for its degradation. EMBO J 2002; 21(22): 6236-45.

Jacobs JJ, Keblusek P, Robanus-Maandag E, Kristel P, Lingbeek
M, Nederlof PM, et al. Senescence bypass screen identifies tbx2,
which represses cdkn2a (p19(arf)) and is amplified in a subset of
human breast cancers. Nat Genet 2000; 26(3): 291-9.

Sherr CJ, Bertwistle D, W DENB, Kuo ML, Sugimoto M, Tago K,
et al. P53-dependent and -independent functions of the arf tumor
suppressor. Cold Spring Harb Symp Quant Biol 2005; 70: 129-
37.

Lundberg AS, Hahn WC, Gupta P, Weinberg RA. Genes involved
in senescence and immortalization. Curr Opin Cell Biol 2000;
12(6): 705-9.

Jacobs JJ, Kieboom K, Marino S, DePinho RA, van Lohuizen
M. The oncogene and polycomb-group gene bmi-1 regulates cell
proliferation and senescence through the ink4a locus. Nature
1999; 397(6715): 164-8.

Carnero A, Hudson JD, Price CM, Beach DH. P16ink4a and
pl9arf act in overlapping pathways in cellular immortalization.
Nat Cell Biol 2000; 2(3): 148-55.

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, et al.
DNA damage response as a candidate anti-cancer barrier in early
human tumorigenesis. Nature 2005; 434(7035): 864-70.
Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsi-
nas A, Liloglou T, et al. Activation of the DNA damage check-
point and genomic instability in human precancerous lesions.
Nature 2005; 434(7035): 907-13.

DiTullio RA Jr, Mochan TA, Venere M, Bartkova J, Sehested M,
Bartek J, et al. 53bp1 functions in an atm-dependent checkpoint
pathway that is constitutively activated in human cancer. Nat Cell
Biol 2002; 4(12): 998-1002.

Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Is-
saeva N, et al. Oncogene-induced senescence is part of the tum-
origenesis barrier imposed by DNA damage checkpoints. Nature
2006; 444(7119): 633-7.

Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P,
Luise C, ef al. Oncogene-induced senescence is a DNA dam-
age response triggered by DNA hyper-replication. Nature 2006;
444(7119): 638-42.

Nuciforo PG, Luise C, Capra M, Pelosi G, d'Adda di Fagagna F.
Complex engagement of DNA damage response pathways in hu-
man cancer and in lung tumor progression. Carcinogenesis 2007,
28(10): 2082-8.

Fan C, Quan R, Feng X, Gillis A, He L, Matsumoto ED, et al.
Atm activation is accompanied with earlier stages of prostate tu-
morigenesis. Biochim Biophys Acta 2006; 1763(10):1090-7.
Soussi T, Wiman KG. Shaping genetic alterations in human cancer:
the p53 mutation paradigm. Cancer Cell 2007; 12(4):303-12.
Kaeser MD, Iggo RD. Chromatin immunoprecipitation analysis fails
to support the latency model for regulation of p53 DNA binding ac-
tivity in vivo. Proc Natl Acad Sci USA 2002; 99(1): 95-100.

Yu J, Wang Z, Kinzler KW, Vogelstein B, Zhang L. Puma medi-
ates the apoptotic response to p53 in colorectal cancer cells. Proc
Natl Acad Sci USA 2003; 100(4): 1931-6.



140

RRLRIR -

27

28

29

30

31

32

33

34

35

36

37

38

39

Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T,
et al. Noxa, a bh3-only member of the bel-2 family and candidate
mediator of p53-induced apoptosis. Science 2000; 288(5468):
1053-8.

Haupt S, Berger M, Goldberg Z, Haupt Y. Apoptosis - the p53
network. J Cell Sci 2003; 116(Pt 20): 4077-85.

Cao L, Li W, Kim S, Brodie SG, Deng CX. Senescence, aging,
and malignant transformation mediated by p53 in mice lacking
the brecal full-length isoform. Genes Dev 2003; 17(2): 201-13.
Cao L, Kim S, Xiao C, Wang RH, Coumoul X, Wang X, et al.
Atm-chk2-p53 activation prevents tumorigenesis at an expense of
organ homeostasis upon breal deficiency. EMBO J 2006; 25(10):
2167-77.

Wang W, Wu J, Zhang Z, Tong T. Characterization of regulatory
elements on the promoter region of pl6(ink4a) that contribute
to overexpression of pl6 in senescent fibroblasts. J Biol Chem
2001; 276(52): 48655-61.

Palmero I, McConnell B, Parry D, Brookes S, Hara E, Bates S, et
al. Accumulation of pl6ink4a in mouse fibroblasts as a function
of replicative senescence and not of retinoblastoma gene status.
Oncogene 1997; 15(5): 495-503.

Tsutsui T, Kumakura S, Yamamoto A, Kanai H, Tamura Y, Kato
T, et al. Association of pl6(ink4a) and prb inactivation with
immortalization of human cells. Carcinogenesis 2002; 23(12):
2111-7.

Liu J, Cao L, Chen J, Song S, Lee IH, Quijano C, et al. Bmil
regulates mitochondrial function and the DNA damage response
pathway. Nature 2009; 459(7245): 387-92.

Thornborrow EC, Patel S, Mastropietro AE, Schwartzfarb EM,
Manfredi JJ. A conserved intronic response element mediates
direct p53-dependent transcriptional activation of both the human
and murine bax genes. Oncogene 2002; 21(7): 990-9.

Kannan K, Kaminski N, Rechavi G, Jakob-Hirsch J, Amariglio
N, Givol D. DNA microarray analysis of genes involved in
p53 mediated apoptosis: Activation of apaf-1. Oncogene 2001;
20(26): 3449-55.

Moroni MC, Hickman ES, Lazzerini Denchi E, Caprara G, Colli
E, Cecconi F, et al. Apaf-1 is a transcriptional target for e2f and
p53. Nat Cell Biol 2001; 3(6): 552-8.

Robles Al, Bemmels NA, Foraker AB, Harris CC. Apaf-1 is a
transcriptional target of p53 in DNA damage-induced apoptosis.
Cancer Res 2001; 61(18): 6660-4.

Rozenfeld-Granot G, Krishnamurthy J, Kannan K, Toren A,

40

41

42

43

44

45

46

47

48

49

50

51

Amariglio N, Givol D, et al. A positive feedback mechanism in
the transcriptional activation of apaf-1 by p53 and the coactivator
zac-1. Oncogene 2002; 21(10): 1469-76.

Fridman JS, Lowe SW. Control of apoptosis by p53. Oncogene
2003; 22(56): 9030-40.

Chandeck C, Mooi WJ. Oncogene-induced cellular senescence.
Adv Anat Pathol 2010; 17(1): 42-8.

van Nguyen T, Puebla-Osorio N, Pang H, Dujka ME, Zhu
C. DNA damage-induced cellular senescence is sufficient to
suppress tumorigenesis: A mouse model. J] Exp Med 2007;
204(6): 1453-61.

Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki
M, et al. Crucial role of p53-dependent cellular senescence
in suppression of pten-deficient tumorigenesis. Nature 2005;
436(7051): 725-30.

Braig M, Lee S, Loddenkemper C, Rudolph C, Peters AH,
Schlegelberger B, et al. Oncogene-induced senescence as
an initial barrier in lymphoma development. Nature 2005;
436(7051): 660-5.

Schmitt CA, Fridman JS, Yang M, Lee S, Baranov E, Hoffman
RM, et al. A senescence program controlled by p53 and p16ink4a
contributes to the outcome of cancer therapy. Cell 2002; 109(3):
335-46.

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C,
Kuilman T, van der Horst CM, et al. Brafe600-associated
senescence-like cell cycle arrest of human naevi. Nature 2005;
436(7051): 720-4.

Chang BD, Swift ME, Shen M, Fang J, Broude EV, Roninson
IB. Molecular determinants of terminal growth arrest induced
in tumor cells by a chemotherapeutic agent. Proc Natl Acad Sci
USA 2002; 99(1): 389-94.

Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi
J. Senescent fibroblasts promote epithelial cell growth and
tumorigenesis: A link between cancer and aging. Proc Natl Acad
Sci USA 2001; 98(21): 12072-7.

Schmitt CA. Cellular senescence and cancer treatment. Biochim
Biophys Acta 2007; 1775(1): 5-20.

Campisi J. Senescent cells, tumor suppression, and organismal
aging: Good citizens, bad neighbors. Cell 2005; 120(4): 513-22.
Dilley TK, Bowden GT, Chen QM. Novel mechanisms of
sublethal oxidant toxicity: Induction of premature senescence in
human fibroblasts confers tumor promoter activity. Exp Cell Res
2003;290(1): 38-48.





