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Current Research Status of Cellular Senescence
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Abstract As one of the hottest biological research topics, cellular senescence has a close relationship
with embryonic development, normal agingprocess and age-related diseases. Study along with cellular senescence
development continuously thorough, its essential role in biological field receives more and more attention. To
provide a useful reference of this field and push the research more deeply, the concept, mechanisms, cellular
markers and relationships with diseases of cellular senescence in current status are briefly introduced in this review.
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Fig.1 The main signaling pathways of cellular senescence



B AR AR SR

3

YR 1 HDM2) A] AR 3 AR OC 25 B X PS3RE AT %
fift, B Hz 4 G PS3 M A L VE PER, T 5 Ink4a
R p H B ARFEE R 3 w5 (P19 2 (9 ]
PGS & FE I HIMDM2IE M, T2 5 BIP53i& 4212527,
2 DNASZ 3 45349 (b G Fe 25 8 S R ity 67 T e P ),
PIOAREE (4 b i, #0#IMDM23E 1%, #3EP53, R 5
P5315 5 H R P21 P21V CDK A | A 12
Lk RBEE R 1k, MIAS RE S E2F4: &, FHA TG
W, Bl g 207230, PO A ) N N, ]
BT AN AR K AT, I HAZ BIPS3/P219P iR 1R
WA A 2 YR AE 52 IPS3/P21CP iR 42 o, 4R BE
kel Az K, TN 3 52 41 A% B R I A2 R b AR K
5 i R A FH B BB HILR B R NS 20T

3 MEEE RS
3.1 SA-bGal(senescence-associated b-galactosidase)

SA-bGal/Z H A N Hl & ) 2 B 40 i 3% =&
bR B —, LU b T i 0k 3 A 2K g Ak
AP IX 2 HF k. 4l b T 32 2 RS I
HAGKEARKIEEE S RKEBREWL H
GLBI(galactosidase beta 1)FE K2 At [{1b-f= L4 1 g
(b-galactosidase) {E 1F 7 A AR 40 i v 3= BEERIA ALV 1
PR, fidipH94.0~4.5, T 3500 N W AEpH6.0
FIk v B TS I, 1% ) A M A R,
ik TR A Jo R oo A 1 A0 2 ) 2 A
AN RS T IR X-gal FIpH6.0FF PR B, 3% 2 41 i
A DAFED-F FURE i 801 ] R S e A A A
=4, A FH B DY 2 AU A AT AR 2B

20T R ERAE T, B — o 1R R
5, bR A B AR IEE AR N R IA T —
Be RS 2SI 40 I, PR Al B A, RO ) B
20 6 (P I P PR 2 2 4 L B A G ) /0N J 5 4 i
S, K, Coates®5P VR I, IEH KL 72k
PHIRIE J L AN 1 b- 2= FUNE 1 il 76 12 52 i L 25
S51 hN s A] DA IA M s Bl A, 3 SR X pS3-LacZ
RPN RARIAE RS . R, i T 57
S8 Y S 2 I S, T AR B 9 A I A B T
PIZAR . DNASZ 445 4R 15 28 R A i gg #H O
(1 G 2 55
3.2 P16™*

P16™ 2 [ 3 41 B il 399 4K A8t 1 2R 3 9 g
% K2 A(cyclin-dependent kinase inhibitor 2A,

CDKN2A), HHINK4aKEF7 5 dwtS ik, 43 F 2290
16 kDa, H3M4ME - gmhid 11561 2 L R R FL 4 X,
TR LI75% e 20 i ik v A7 A8 B 2k BUR AR, I HL
Y Z 2 5 N HCDK4RICDKG, K% T
SEER, B AT DME NI 2 inE 2 —. L
T E (I INK4aE R A7 2 B 7 ] DL4R RS P16 4 4h, ik
Gt —Fp B A AR B R 37 BIP19MON IR [ R )
P14, VENPS3I R A, [FIAE 2 5 R 4 40
TG B NATTRI FH R R AR
[IINK4ai s 53R 55 /N B (Ink4a-Luc) & B, 38 % 15 I
N, Pl6™ 8 LR R s W /. TR ) RO
H LRGN g AR > 3Rk, Bl /N R WS 3, JF
RTEREE . . VIR S AR ERIE, HE
ik AR (B AP, AR A 2 R A,
Ple"™ & [ (1) = PR ME R BLAE LR LS 7 T, P1e™
A I} 2RI TE — Be 3 2 RS B4 G358 43 S e 2
AR 4R b, 2 S TAH I SR AR OK P16
HAMEANRIE AL ZAREY), — LB 7N R
73 B8 HIX A i IR 45 TS L IS R A, X SR AT i
AT DSR2 i ] 0550, A R SRR ) 3 A
W AT R IIP 16 I ik U253 3 B H A %A 4L
L /N ER P16 SR LR T DLA T 28 e e, BRI 1%
P B TE /N B PN SIS B 780 S, B DA P AR R
Y 3 2 bR E AR S E T
3.3 p21™

P21 1P S L 241 i S H A At M i SR A ) R
1A(cyclin-dependent kinase inhibitor 1A, CDKN1A),
AT N tufkep21.2, 701 & 421 kDa, H3MME
it 164N R IEBR IR LA . 1E ApS3E N RN
1 o JE) R P A e S D ) ) 5 e 1 G O
AT DA 48 i BAEAT 4 . SR CDKNTAR /N R
R G-SHIG,-MIJ % 1 K45, 18 Mo AEAH LL BT 2R
RN B A 5 2 R R o) fln A W T AR A
Mz 22 —MS 5 IG IR K& R G 240
VRS /R R G R, B Ak
ELFE. PR E TSN Z I8 1) 9E 50 244t f b R A
KB ML, A P21P FISA-bGal 1] ik,
3.4 UmRIAERE

Uity A A2 AL T AR W G 8 R R i 1) — BURE IR 1
DNA R B, HVF2 W B 7M. 7EIEH 1S
LR, NS M A n] LA s i A P s oL I 1 v
SZ B, A5 A5 i A K I A A 2 2 R 1



4

RFAIGRIR -

T 240 R (B 28— IR i o — A X By B G B R &Y
30~200 bp), 4 g 52 il 58 1 32 B B 55T, Aer i g
WK B 22 Mt J7 1 Southern PR i 4 4 U1 B i 17) 77 A2 R
i by B ABZINET R AR 2, BRAE SR 3% ), T
HAER LR IAPI6™ AR 2 4 i, AT DL
) i WL 45 R RN Th RE SRR, JF HLAT S8 R385 | RS ) 20 i
FE ST R 4 R AR ), BT AR AN 2 — MR
Ui R 4T 8 22 A s 351002

3.5 Hits

350 ABEARBRILEREA XA R ERLE
LRI ZH 10 56 BE VOO A I v 1 R AT B . 1R
R, ARG . AT 255 SR R JEON S
LR T LA Rz — 26 A YR DR 7 R AT DA I 25 e
15 5 10 I 24 00 41 2 PWROS(reactive oxy gen species)
AKF, AT 5 EE 20 DNAS %, L WTDNA F Bk 2k |
DNABEWT ., Getib A, =g 2 R g
JFi i /4 (senescence-associated heterochromatic foci,
SAHFs). SAHFs;e KHR 74420 i A 7 1 P4 48
T EGEN, R, FRATTRT DAAE S22 4 i Hh R
YH2AX 5, # p53-binding protein 1(53BP1)%e it il £

41 i WDNAME & = 2 s ik s B8 212, iRk
ERg, RERVIREERE, HHEEREETSE,
{EL I & F 08 34K, A R DN AT 112 & T e 32381 14
K, RRERANTE R B R, L2 FEARARS
()98 I 210 (R AEAE 4 B DN AT 1% 1) 48
IR 2 A, FL R AR A 4 I 3 o2 0 R AN 00 T
bR ED)

3.52 R EZ A% ik & A (senescence-associated
secretory phenotype, SASP)  AAMTHFF R I, TEZ K
R ] CLor b 2 PR A R, bhin s . AR K
BRI e 75T R 755, (et B B 328 Ao A
FRIMAN S5, EE 22 AT DA b Jes 77 400 e A g AR 1609, e,
K 4 % -6(interleukelin-6, IL-6)& Ak & 5 % [()SASP
Z—, H¥E HDNAME Tl s 4%, BN 54
3 2 A RSOl SASPIE A X ENEM, — 7T
A MR ENUA S 3 0 RGTE FR A 24 M, Itk
MM KA, 25 g R; 5 —J7 i,
LM WA SASPZ 5 il IR H 2R 45 ),
5 I B 18] J5i #% {1 (epithelial mesenchymal transitions,
EMT), A B e 2E 5P s g 3 70", (H7E — LK
WA B s 15 e A A S Mo ik AR FE R, A

A RE7 AL 5 SASPAT [A] BRI 40 I X 7, T4 %t
SASPIFIWr, BT LA AR 2 PSR IAR &

4 MRESER
4.1 BhiE

Jie I8 2 WL AR 52 & Fob B0 DT 2R 1) 2 1 171 £ =) 358
FEmE AR A, 2 KETEZFEN, 5N R
R g, 2 PR R RE . 4 B 3 2 AR LA
s ok A o B L) — 2R, 5 R BRI O R TG E
Wo REZHOUW RN, LTI, w2 R n) LU &
YA R A 32, L AR P L4 i 73 2, BT DL BHAS
R R, ORAPAILAA T AE R % R Ja 3, BEE 32
MHAL R, TR REM R 7 AKE T
G R A T4, U A SRS, HORE 41 4 o 1
B, AR 3 iR e AR A ST #8774, Collado 557 R B,
E 22 R i F g AP0 g PRI ABE 28 K BR (K -ras V 12) 4 1A,
T LE R RS I ) 240 i 3 Z AR S M (SA-bGal . P16
P15, Decl. DcR2. HP1-r), ifi £E i o A7 ik
ChenZ5UF 78 < I, 1E Preniit 5 1 11y 51) Ji g A5 Y
AINER, S BR EYLERE DR AR A L = R, A
AL H R A TRIE, RANEE T Prentft B 11 41 g 12t
ANBEZREG, ATHEPS3RIFEW#H, 1R/RPS32 5 T
Y1t 3% 2 9 (K A2 A . Burd 2R FHP16INK 4a-
Luciferase/)> i, 7 PASZ I 52 7 40 ff 3% 22 36 40 i F2,
RIAE /N SRS AR Y A B0 2 R 2 A, X
FT B — YR A S N UL 5% 1) 35 52 20 i £ e ohE 3 2R
EERIBY B AENG IR R Y, 240 5 2 hs B mT LAE
N 5L R AR A 2 —, AR 8 e i AR I AR
HH 2 5 2 A ) B AR BB A5y 1) B, i A
RN 28 2 4 R (R B 76 B B R
4.2 FEKRHEREL

B kK FEREAK (atherosclerosis, AS)/e 51 A A
Ao P AR A T S5 T B 2 R TR 3R, 10 I T R
IE A g B AR B, BhKHS 23 9 T R s A 2 A b
FRUTHA, AR 118 LAH B ) R & 14 5 A0 £ 4E 20 211
R, AR BSR4
AR S N B A LA B s 2 A oG . 2N
B A EER IR R K, TS >, a8 PR,
NOA: WP FEAIC, 20 i 0 Bt D8 - 14 hn 45777, #£ 1F
WO, MV W40 M (vascular smooth muscle
cells, VSMCs) 3= A7 T 145 HH I, 7 3 fikook A A 4k
RE, WA BT R 22 I, BT DA A R R A 4 3



B A AR SR

PR AE S5 7 TR AT AT 4R . VSMCs I £ 0 4
FRETYENE RS E PR E AR, fEASHEER
TR LU B B HA TS HIVSMCs, ERIP16™
P53, P21 SR RIE, (EVSMCs#E A KAT IR
A, YETRRS E 132 B ROA, (EBEsh ko REREAL 1 &
PEOTSOS, AT, Childs3 M RIRT FU R, 32 1A,
=5 LR UK 41 i (foam cells), 7E sl ik o6 #1816 & A=
AN IS AR 1 S SR . AR RERE AL Y]
$0, 22 WV R 4 PT A S8 i E RORE S B B AR B
Wi L o BT A, T 30 D) e A o e 5 e 1) g AR
B, B4 BT YRR AN E TR AR
4.3 RHHRZF4E1L

£ i SO IE S 5T 40 D 58 0E 3493 1) A A
P Bl & IR 2T 4 3G A A0 48 i A1 B )5 (extracellular
matrix, ECM) ] K& JTAH, 1X 2B R0 25 5
VB H B B AR GRSP SN, AB AT ) JH 21 Ak 25 38 W K
J& L R AL 2 i, P A T AR RS B
FOOR I, JHE &MY A0 i ¥ 52 52 P R AE 1%
RAE T EEAE B, KuilmanZ5 % ) Lechel 55 ™1k
IR, A8V B 27 2 A DX I, T 4 P s b P Sk 4
HENFZEZ B B, 1K R IR 40 AT DA A Bl i R
AN, SR AE IR, 7T RS AH 5K i D e Y
58, 7P WK EIL-65 RVED 1, S I NI EE . T
Krizhanovsky 2P iff 50 & I, 7 25 4E 46 B2 AL/ i
oh, R e R AR S A R O ) R, S o)
Wh— e i R T 2 B R0 4 VR 31 I B i 21 4
L, 0 AN o 23 Wb R D, A R PR T 44K
MAEPS 3T RLT EAG /N B, BRI 455 B2 s A
WgE, R T AR . E R R TR, 1R
'R R VE St 45 4 4k (idiopathic pulmonary fibrosis, IPF)
K5 I 2 23 b [ v 20 2 0 3 2 O AR SR AR IE ),
8l FH 28 4% T B BURR Bk 24 I AETPF AR 2R /)N (R4 N 16 4%
PR R AEIX LU 3E 2 40, 7T DARA S s i e
4.4 PRk EEFMHERRE

Canf) A ERIPIREBE TR I, /N BIEF IEIG &
BUEPHEANE . WS, M AR T4
IR S U 45 AR PRI AE 73 R4 AT P21 AN 2 bR B IS A-
b-Gallf) E Ik, Hm 4 M 52 22 mT fe AL T- 40 A%
PERFE SRR T, MRS 5 IEE K E R EE
e, BTN AN A B wETE 2 (E2). 4
et kA, A E St BT, SR )52 i — L
2 L DR 2 0 P P A RO B, S AR LA . 4H

TGFB PI3K
SMAD FOXO

P21

Embryonic
development

E2 MER%BIEFITHERRE
Fig.2 The programmed cell senescence during
mammalian embryonic development

T AL A B R, (R G 2 4 LS i e 2 4
f, 51 PG R A I, BT s B,

5 HESRE

gk LRTR, S 2 AE R . Bk RERE AL
YA S M OEE R TR R E . 2R
R A . E NN I R4 i DN AT AT |
HIFENI e TRV A ST, HLARCKS S 2 4t
WAREPHAT BIRAY . 2T Ll % A E
5 I A B, 3R] DLy WA Ok RIS A
P2 240 1 3 BT AE IR B BT, AT IR BR IRk A 2k A
AR, AR MR A AR R, RS — HATHl, =2
J0. 53 Wk (R S AS P IR % H AR ME R 5 A FH, It DA i 5
AR RARIG LT RN FH A AL A 15
Ht— B W9, Lopez-Otin%5P1E (4 i) & B
HHEE T AN F AR 1) JURRHE, B4 BRI ZHA
Fa5E « Ui BLAA R RO AE K AL DO SR AR e A
BRI ZORRTIRE . IS, T4
JIf0 3% 9 AN AT D 18] A2 I AR, BTG FE 2 S ARk
WX BB RMEIEA R — WS, X4 22
FoA] LAy ) B AR AR S 22 AL SR i — AN BT i)
WEIE 210 o 20 LA 7K 1R 3 2200 A =LA



RFAIGRIR -

o AR RTINS il e A GRS
FR SRR AR AL, {EL4H 0 3 22 A6 I 77 32 mie AR 4K
558, H A — R 5 i mT DL A o 4 i
&, WHE R Z RO BN Gk &g, 7T LA
FH 32 [ 9 o BOR A5 T Bk SR AT FUA 58 A0 G
SEIN, AR 3 L AN IR R E LR SR A B
IRy EE AR . IR AE R R IOBE T, RERE A LS
Z AT 2 (R T #E AR, oD et Xt U 40
M s A RE A SR G W R S i e, a2 AR
TS R B 6 e T B B AT 7535 o

SE 3Tk (References)

1 Hayflick L. The limited in vitro lifetime of human diploid cell
strains. Exp Cell Res 1965; 37: 614-36.

2 Campisi J. Aging, cellular senescence, and cancer. Annu Rev
Physiol 2013; 75: 685-705.

3 Harley CB, Futcher AB, Greider CW. Telomeres shorten during
ageing of human fibroblasts. Nature 1990; 345(6274): 458-60.

4 Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW.
Oncogenic ras provokes premature cell senescence associated
with accumulation of p53 and p16INK4a. Cell 1997; 88(5): 593-
602.

5 Chen QM, Prowse KR, Tu VC, Purdom S, Linskens MH.
Uncoupling the senescent phenotype from telomere shortening
in hydrogen peroxide-treated fibroblasts. Exp Cell Res 2001;
265(2): 294-303.

6 Young JI, Smith JR. DNA methyltransferase inhibition in
normal human fibroblasts induces a p21-dependent cell cycle
withdrawal. J Biol Chem 2001; 276(22): 19610-6.

7 Blackburn EH. Telomere states and cell fates. Nature 2000;
408(6808): 53-6.

8 Rodier F, Campisi J. Four faces of cellular senescence. J Cell
Biol 2011; 192(4): 547-56.

9 Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G.
The hallmarks of aging. Cell 2013; 153(6): 1194-217.

10 Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of
senescence. Genes Dev 2010; 24(22): 2463-79.

11 Hartwell LH, Weinert TA. Checkpoints: Controls that ensure the
order of cell cycle events. Science 1989; 246(4930): 629-34.

12 Jacobs JJ, de Lange T. Significant role for pl6INK4a in p53-
independent telomere-directed senescence. Curr Biol 2004;
14(24): 2302-8.

13 Stein GH, Drullinger LF, Soulard A, Dulic V. Differential
roles for cyclin-dependent kinase inhibitors p21 and pl6 in
the mechanisms of senescence and differentiation in human
fibroblasts. Mol Cell Biol 1999; 19(3): 2109-17.

14 Smogorzewska A, de Lange T. Different telomere damage
signaling pathways in human and mouse cells. EMBO J 2002;
21(16): 4338-48.

15 Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini D,
Gargiulo G, Beekman C, ef al. The polycomb group proteins
bind throughout the INK4A-ARF locus and are disassociated in
senescent cells. Genes Dev 2007; 21(5): 525-30.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Itahana K, Zou Y, Itahana Y, Martinez JL, Beausejour C, Jacobs
11, et al. Control of the replicative life span of human fibroblasts
by pl6 and the polycomb protein Bmi-1. Mol Cell Biol 2003;
23(1): 389-401.

Beausejour CM, Krtolica A, Galimi F, Narita M, Lowe SW,
Yaswen P, ef al. Reversal of human cellular senescence: Roles of
the p53 and p16 pathways. EMBO J 2003; 22(16): 4212-22.

Kim WY, Sharpless NE. The regulation of INK4/ARF in cancer
and aging. Cell 2006; 127(2): 265-75.

Kareta MS, Gorges LL, Hafeez S, Benayoun BA, Marro S,
Zmoos AF, et al. Inhibition of pluripotency networks by the Rb
tumor suppressor restricts reprogramming and tumorigenesis.
Cell Stem Cell 2015; 16(1): 39-50.

Sherr CJ, McCormick F. The RB and p53 pathways in cancer.
Cancer Cell 2002; 2(2): 103-12.

Narita M, Nunez S, Heard E, Narita M, Lin AW, Hearn SA, et
al. Rb-mediated heterochromatin formation and silencing of E2F
target genes during cellular senescence. Cell 2003; 113(6): 703-
16.

Itahana K, Dimri G, Campisi J. Regulation of cellular senescence
by p53. Eur J Biochem 2001; 268(10): 2784-91.

Kubbutat MH, Jones SN, Vousden KH. Regulation of p53
stability by Mdm?2. Nature 1997; 387(6630): 299-303.

Sherr CJ, Weber JD. The ARF/p53 pathway. Curr Opin Genet
Dev 2000; 10(1): 94-9.

Carnero A, Hudson JD, Price CM, Beach DH. pl6INK4A and
p19AREF act in overlapping pathways in cellular immortalization.
Nat Cell Biol 2000; 2(3): 148-55.

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.
Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing JR,
Ashmun RA, et al. Tumor suppression at the mouse INK4a locus
mediated by the alternative reading frame product pI9ARF. Cell
1997; 91(5): 649-59.

Shay JW, Pereira-Smith OM, Wright WE. A role for both RB and
p53 in the regulation of human cellular senescence. Exp Cell Res
1991; 196(1): 33-9.

Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R, Beach
D. p21 is a universal inhibitor of cyclin kinases. Nature 1993;
366(6456): 701-4.

Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The
p21 Cdk-interacting protein Cipl is a potent inhibitor of G1
cyclin-dependent kinases. Cell 1993; 75(4): 805-16.

Gire V, Roux P, Wynford-Thomas D, Brondello JM, Dulic
V. DNA damage checkpoint kinase Chk2 triggers replicative
senescence. EMBO J 2004; 23(13): 2554-63.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et
al. A biomarker that identifies senescent human cells in culture
and in aging skin in vivo. Proc Natl Acad Sci USA 1995; 92(20):
9363-7.

Bursuker I, Rhodes JM, Goldman R. Beta-galactosidase—an
indicator of the maturational stage of mouse and human
mononuclear phagocytes. J Cell Physiol 1982; 112(3): 385-90.
Kopp HG, Hooper AT, Shmelkov SV, Rafii S. Beta-galactosidase
staining on bone marrow. The osteoclast pitfall. Histol Histopathol
2007; 22(9): 971-6.



i

WA AR E T SR

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Coates PJ, Lorimore SA, Rigat BA, Lane DP, Wright EG.
Induction of endogenous beta-galactosidase by ionizing radiation
complicates the analysis of p53-LacZ transgenic mice. Oncogene
2001; 20(48): 7096-7.

Quelle DE, Zindy F, Ashmun RA, Sherr CJ. Alternative reading
frames of the INK4a tumor suppressor gene encode two unrelated
proteins capable of inducing cell cycle arrest. Cell 1995; 83(6):
993-1000.

Pomerantz J, Schreiber-Agus N, Liegeois NJ, Silverman A,
Alland L, Chin L, et al. The Ink4a tumor suppressor gene
product, p19Arf, interacts with MDM2 and neutralizes MDM2’s
inhibition of p53. Cell 1998; 92(6): 713-23.

Kamijo T, Weber JD, Zambetti G, Zindy F, Roussel MF, Sherr
CJ. Functional and physical interactions of the ARF tumor
suppressor with p53 and Mdm2. Proc Natl Acad Sci USA 1998;
95(14): 8292-7.

Zhang Y, Xiong Y, Yarbrough WG. ARF promotes MDM?2
degradation and stabilizes p53: ARF-INK4a locus deletion
impairs both the Rb and p53 tumor suppression pathways. Cell
1998; 92(6): 725-34.

Krishnamurthy J, Torrice C, Ramsey MR, Kovalev GI, Al-
Regaiey K, Su L, ef al. Ink4a/Arf expression is a biomarker of
aging. J Clin Invest 2004; 114(9): 1299-307.

Burd CE, Sorrentino JA, Clark KS, Darr DB, Krishnamurthy J,
Deal AM, et al. Monitoring tumorigenesis and senescence in vivo
with a pl6(INK4a)-luciferase model. Cell 2013; 152(1/2): 340-
S1.

Zindy F, Quelle DE, Roussel MF, Sherr CJ. Expression of the
pl6INK4a tumor suppressor versus other INK4 family members
during mouse development and aging. Oncogene 1997; 15(2):
203-11.

Sorrentino JA, Krishnamurthy J, Tilley S, Alb JG Jr, Burd CE,
Sharpless NE. pl6INK4a reporter mice reveal age-promoting
effects of environmental toxicants. J Clin Invest 2014; 124(1):
169-73.

Jun JI, Lau LF. Cellular senescence controls fibrosis in wound
healing. Aging (Albany NY) 2010; 2(9): 627-31.

Serrano M, Hannon GJ, Beach D. A new regulatory motif in
cell-cycle control causing specific inhibition of cyclin D/CDK4.
Nature 1993; 366(6456): 704-7.

Shapiro GI, Edwards CD, Kobzik L, Godleski J, Richards W,
Sugarbaker DJ, et al. Reciprocal Rb inactivation and pl16INK4
expression in primary lung cancers and cell lines. Cancer Res
1995; 55(3): 505-9.

Nakao Y, Yang X, Yokoyama M, Ferenczy A, Tang SC, Pater
MM, et al. Induction of pl6 during immortalization by HPV 16
and 18 and not during malignant transformation. Br J Cancer
1997; 75(10): 1410-6.

Witkiewicz AK, Knudsen KE, Dicker AP, Knudsen ES. The
meaning of pl6(ink4a) expression in tumors: Functional
significance, clinical associations and future developments. Cell
Cycle 2011; 10(15): 2497-503.

Migliaccio M, Raj K, Menzel O, Rufer N. Mechanisms that limit
the in vitro proliferative potential of human CD8" T lymphocytes.
J Immunol 2005; 174(6): 3335-43.

Jaruga E, Skierski J, Radziszewska E, Sikora E. Proliferation
and apoptosis of human T cells during replicative senescence—a
critical approach. Acta Biochim Pol 2000; 47(2): 293-300.

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Di Mitri D, Azevedo RI, Henson SM, Libri V, Riddell NE,
Macaulay R, et al. Reversible senescence in human CD4"
CD45RA'CD27 memory T cells. J Immunol 2011; 187(5): 2093-
100.

Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, Tsao H,
et al. A two-stage, pl 6(INK4A)- and p53-dependent keratinocyte
senescence mechanism that limits replicative potential
independent of telomere status. Mol Cell Biol 2002; 22(14):
5157-72.

Yamakoshi K, Takahashi A, Hirota F, Nakayama R, Ishimaru
N, Kubo Y, et al. Real-time in vivo imaging of pl6Ink4a reveals
cross talk with p53. J Cell Biol 2009; 186(3): 393-407.

Deng C, Zhang P, Harper JW, Elledge SJ, Leder P. Mice lacking
p21CIP1/WAF1 undergo normal development, but are defective
in G1 checkpoint control. Cell 1995; 82(4): 675-84.
Martin-Caballero J, Flores JM, Garcia-Palencia P, Serrano M.
Tumor susceptibility of p21(Wafl/Cipl)-deficient mice. Cancer
Res 2001; 61(16): 6234-8.

Storer M, Mas A, Robert-Moreno A, Pecoraro M, Ortells MC,
Di Giacomo V, et al. Senescence is a developmental mechanism
that contributes to embryonic growth and patterning. Cell 2013;
155(5): 1119-30.

Munoz-Espin D, Canamero M, Maraver A, Gomez-Lopez G,
Contreras J, Murillo-Cuesta S, et al. Programmed cell senescence
during mammalian embryonic development. Cell 2013; 155(5):
1104-18.

Blackburn EH. Structure and function of telomeres. Nature 1991;
350(6319): 569-73.

Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM,
DePinho RA, et al. Telomere shortening and tumor formation by
mouse cells lacking telomerase RNA. Cell 1997; 91(1): 25-34.
Lansdorp PM. Telomeres and disease. EMBO J 2009; 28(17):
2532-40.

Aubert G, Hills M, Lansdorp PM. Telomere length measurement-
caveats and a critical assessment of the available technologies
and tools. Mutat Res 2012; 730(1/2): 59-67.

Armanios M. Telomeres and age-related disease: How telomere
biology informs clinical paradigms. J Clin Invest 2013; 123(3):
996-1002.

Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM. Telomere
shortening triggers senescence of human cells through a pathway
involving ATM, p53, and p21(CIP1), but not pl16(INK4a). Mol
Cell 2004; 14(4): 501-13.

d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler
H, Carr P, von Zglinicki T, et al. A DNA damage checkpoint
response in telomere-initiated senescence. Nature 2003;
426(6963): 194-8.

Papaefthymiou MA, Giaginis CT, Theocharis SE. DNA repair
alterations in common pediatric malignancies. Med Sci Monit
2008; 14(1): RA8-15.

Young AR, Narita M. SASP reflects senescence. EMBO Rep
2009; 10(3): 228-30.

Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-
associated secretory phenotype: the dark side of tumor
suppression. Annu Rev Pathol 2010; 5: 99-118.

Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van Doorn
R, Desmet CJ, et al. Oncogene-induced senescence relayed by an
interleukin-dependent inflammatory network. Cell 2008; 133(6):



RFAIGRIR -

69

70

71

72

73

74

75

76

77

78

1019-31.

Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, Raza
SR, et al. Persistent DNA damage signalling triggers senescence-
associated inflammatory cytokine secretion. Nat Cell Biol 2009;
11(8): 973-9.

Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J,
et al. Senescence-associated secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and the p53 tumor
suppressor. PLoS Biol 2008; 6(12): 2853-68.

Liu D, Hornsby PJ. Senescent human fibroblasts increase the
early growth of xenograft tumors via matrix metalloproteinase
secretion. Cancer Res 2007; 67(7): 3117-26.

Campisi J. Suppressing cancer: the importance of being
senescent. Science 2005; 309(5736): 886-7.

Campisi J. Aging, tumor suppression and cancer: High wire-act!
Mech Ageing Dev 2005; 126(1): 51-8.

Laberge RM, Awad P, Campisi J, Desprez PY. Epithelial-
mesenchymal transition induced by senescent fibroblasts. Cancer
Microenviron 2012; 5(1): 39-44.

Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ,
Barradas M, et al. Tumour biology: Senescence in premalignant
tumours. Nature 2005; 436(7051): 642.

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.

Minamino T, Komuro I. Vascular cell senescence: Contribution
to atherosclerosis. Circ Res 2007; 100(1): 15-26.

Khaidakov M, Wang X, Mehta JL. Potential involvement of
LOX-1 in functional consequences of endothelial senescence.

79

80

81

82

83

84

85

86

87

PLo0S One 2011; 6(6): €20964.

Voghel G, Thorin-Trescases N, Farhat N, Nguyen A, Villeneuve L,
Mamarbachi AM, et al. Cellular senescence in endothelial cells
from atherosclerotic patients is accelerated by oxidative stress
associated with cardiovascular risk factors. Mech Ageing Dev
2007; 128(11/12): 662-71.

Matthews C, Gorenne I, Scott S, Figg N, Kirkpatrick P, Ritchie
A, et al. Vascular smooth muscle cells undergo telomere-based
senescence in human atherosclerosis: Effects of telomerase and
oxidative stress. Circ Res 2006; 99(2): 156-64.

Gorenne I, Kavurma M, Scott S, Bennett M. Vascular smooth
muscle cell senescence in atherosclerosis. Cardiovasc Res 2006;
72(1): 9-17.

Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J,
Deursen JM. Senescent intimal foam cells are deleterious at all
stages of atherosclerosis. Science 2016; 354(6311): 472-7.
Pinzani M. Foreword to liver fibrosis. Best Pract Res Clin
Gastroenterol 2011; 25(2): 193-4.

Hoare M, Das T, Alexander G. Ageing, telomeres, senescence,
and liver injury. J Hepatol 2010; 53(5): 950-61.

Lechel A, Holstege H, Begus Y, Schienke A, Kamino K,
Lehmann U, et al. Telomerase deletion limits progression of p53-
mutant hepatocellular carcinoma with short telomeres in chronic
liver disease. Gastroenterology 2007; 132(4): 1465-75.
Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J,
Miething C, et al. Senescence of activated stellate cells limits
liver fibrosis. Cell 2008; 134(4): 657-67.

Schafer MJ, White TA, lijima K, Haak AJ, Ligresti G, Atkinson
EJ, et al. Cellular senescence mediates fibrotic pulmonary
disease. Nat Commun 2017; 8: 14532.



