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Abstract

Cellular senescence is a program activated by normal cells in response to various types of stress. These include telomere
uncapping, DNA damage, oxidative stress, oncogene activity and others. Senescence can occur following a period of cellular
proliferation or in a rapid manner in response to acute stress. Once cells have entered senescence, they cease to divide an
undergo a series of dramatic morphologic and metabolic changes. Cellular senescence is thought to play an important role
in tumor suppression and to contribute to organismal aging, but a detailed description of its physiologic occurrence in vivo is
lacking. Recent studies have provided important insights regarding the manner by which different stresses and stimuli activate the
signaling pathways leading to senescence. These studies reveal that a population of growing cells may suffer from a combination
of different physiologic stresses acting simultaneously. The signaling pathways activated by these stresses are funneled to the p53
and Rb proteins, whose combined levels of activity determine whether cells enter senescence. Here we review recent advances
in our understanding of the stimuli that trigger senescence, the molecular pathways activated by these stimuli, and the manner
by which these signals determine the entry of a population of cells into senescence.
© 2004 Elsevier Ltd. All rights reserved.
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1. Senescence as a cellular stress response that parallels the well-studied phenomenon of pro-

grammed cell death—apoptosis. Studies performed in

The biologist attempting to experiment with normal recentyears, discussed below in detail, have shed much
mammalian cells will frequently encounter the phe- light on the mechanisms and molecular pathways re-
nomenon of cellular senescence. Be they of mouse or sponsible for the activation of the senescence program.
of human origin, of fibroblastic or of epithelial nature, However, the physiologic role of senescence remains
most normal cells will ultimately undergo senescence. poorly understood. We have yet to identify the situa-
This may occur after an extended period of propaga- tions in which it is activated in the living tissue, the
tion in culture, or in response to inadequacy in growth molecular and cellular characteristics of senescence in
conditions or physiologic stress. In fact, senescence is avivo, and the molecular pathways executing the multi-
major obstacle to the continued propagation of cells in tude of cellular changes associated with senescence.
culture, and a defining feature of almost all transformed ~ Senescence has been viewed historically as a cell-
cell lines is their inability to enter into this state. intrinsic mechanism designed to restrict unlimited cell

Itis difficult not to notice cellular senescence onceit proliferation. This view was derived from the classi-
has occurred in the culture dish, as it involves dramatic cal experiments performed by Leonard Hayflick in the
changesin almost every aspect of cell function and mor- 1960s, who found that normal human fibroblasts cease
phology. Cells entering senescence cease to respond tdo divide following a period of proliferation in culture
mitogenic stimuli, undergo dramatic changes in chro- (Hayflick & Moorhead, 1961 Subsequently, it was
matin structure and gene expression, and become enfound that the attrition of telomeres plays an important
larged and flattened{g. 1) (Shelton, Chang, Whittier,  role in the senescence of certain cell typBednar
Choi, & Funk, 1999 Serrano & Blasco, 20QNarita et al., 1998 Harley, Futcher, & Greider, 1990Stud-
et al., 2003. Typically such cells acquire increased ad- ies performed in recent years have revealed that nor-
hesion to the extracellular matrix while losing cell-cell mal cells undergo senescence in response to various
contacts. Cells that have undergone senescence can retypes of stress, such as DNA damage, damage to chro-
main in this viable, non-dividing state for months. matin structure and oxidative stre§sd. 1) (Serrano &

These observations suggest that cellular senescencdlasco, 2001LIoyd, 2003. In addition, cells undergo
is a fundamental cellular program that is activated in senescence in response to overexpression of activated
various situations of physiologic stress and acts to pre- oncoproteins, specifically Ras and its downstream ef-
vent further cell proliferationgen-Porath & Weinberg,  fectors Serrano, Lin, McCurrach, Beach, & Lowe,
2004). This function places senescence as a program 1997. The activation of senescence in these situations



I. Ben-Porath, R.A. Weinberg / The International Journal of Biochemistry & Cell Biology 37 (2005) 961-976 963

telomere uncapping

DNA damage

oxidative stress

oncogene activity

lack of nutrients/
growth factors

FHahaipn improper cell contacts

cellular senescence

others

Fig. 1. The signals activating senescence. Multiple types of stress can induce cells to undergo senescence. The combined levels of stress determin
how rapidly the entry into senescence will occur.

occurs relatively rapidly—in a manner of days. These 2. p53 and Rb as the central activating

findings have led to a distinction between “replicative pathway of senescence

senescence”, aterm referring to senescence that occurs

following extended proliferation, presumably triggered 2.1. Parallel or linear senescence pathways?

by a cell-intrinsic mechanism, and “stress-induced pre-

mature senescence”, a term referring to rapid senes- The two paradigmatic tumor suppressor proteins,

cence triggered by extrinsic stress. p53 and Rb, have been shown to play critical roles in
As useful as this distinction may be, it probably does the induction of senescence. Both p53 and Rb are ac-

not refer to two independent cellular mechanisms, but, tivated upon the entry into senescené&ég( 2). The

rather, to the fact that disparate signals can elicita com- p53 protein is stabilized and proceeds to activate its

mon cellular response. As discussed below, most stud-transcriptional targets, such as FFL/WAFL (Kulju &

ies indicate that the senescence program is activatedLehman, 199h Rb is found at senescence in its active,

once a cell has suffered a critical level of damage, what- hypophosphorylated form, in which it binds to the E2F

ever that damage may be. A population of propagated protein family members to repress their transcriptional

cells may simultaneously suffer from multiple stresses, targets Narita et al., 2008 These targets constitute

which can exert a cumulative effeétiy. 1). Moreover, the majority of effectors required for cell-cycle pro-

extrinsic stresses, such as oxidative stress, may affectgression.

intrinsic factors, such as DNA damage accumulation ~ Numerous studies have exmined the relative roles

and telomere shortening rates. Thus, a combination of of p53 and Rb in the induction of senescence by as-

various stressors may exert a complex cumulative ef- sessing the consequences of their inactivation. Various

fect on a heterogeneous population of cells, ultimately methods have been used to this end: overexpression of

triggering the senescence of the population as a whole.viral oncoproteins such as the SV40 large T-antigen and
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Fig. 2. The molecular circuitry of senescence. p53 and Rb are the main activators of senescence. p53 can activate senescence by activating F
through p21 and other unknown proteins, and also, in human cells, can activate senescence independently of Rb. Rb activates senescence |

E2F

shutting down the transcription of E2f target genes. Rb is activated either by p21, or by tNE*B1Boduct. p53 activation is achieved by
phosphorylation, performed by the ATM/ATR and Chk1/Chk2 proteins, and by tHpH8oduct of the INK4a locus, which sequesters Mdm2
in the nucleolus. The transcriptional control of the INK4a products is not fully elucidated, indicated are some of these regulators.

the human papillomavirus E6 and E7 proteiShay,

Pereira-Smith, & Wright, 1991 germline homolo-
gous recombination in the mousBgnnenberg, van
Rossum, Schuijff, & te Riele, 200@age et al., 2090

activity of both p53 and Rb is required to maintain
this state—inactivation of either of these genes in
senescent MEFs allows these cell population to resume
a proliferating stateQirac & Bernards, 2003Sage,

and somatic homologous recombination in human cells Miller, Perez-Mancera, Wysocki, & Jacks, 2003

(Brown, Wei, & Sedivy, 1997 Wei, Herbig, Wei,
Dutriaux, & Sedivy, 2008 nuclear injection of an-
tibodies Gire & Wynford-Thomas, 1998dominant-
negative forms of these protein8dnd, Wyllie, &
Wynford-Thomas, 1994 Beausejour et al., 2003
and, recently, RNAi expression knockdown methods
(Moorhoeve & Agami, 2003Wei et al., 2003

A complex picture emerges from these studies.
In mouse embryo fibroblasts (MEFs), inactivation
of p53 is sufficient to prevent senescence, allowing
these cells to divide indefinitelyDjrac & Bernards,
2003. Cells carrying a null mutation in the Rb gene
senesce normally, yet inactivation of additional Rb
family members — p107 and p130 - is sufficient to
prevent senescenc®dnnenberg et al.,, 2000; Sage
et al., 2000. This indicates that both p53 and Rb

These findings suggest a model of a linear activa-
tion pathway, in which a stress signal activates p53,
which in turn activates RbHig. 2). The p21 protein,
an inhibitor of cyclin E/Cdk2 complexes, is the natu-
ral candidate to mediate this linear activation of Rb by
p53; however, surprisingly, MEFs carrying a null mu-
tation in p21 undergo senescence normafgritoja &
Serrano, 199Q indicating that p21 is not a crucial link
in this linear chain, or that other proteins can com-
pensate for its function. This model therefore carries a
missing link between p53 and Rb, and the role of p21,
whose levels are strongly induced during the senes-
cence of these cells, is not fully clear.

Various experiments with human fibroblasts indi-
cate that, unlike the behavior of mouse cells, the in-
activation of both p53 and Rb is required to prevent

are necessary for the initiation of senescence, butthe onset of senescencenjogorzewska & de Lange,
also that the other Rb family members are capable of 2002. Accordingly, the inactivation of either protein

providing redundancy for this function of Rb. Once

alone generally only delays the onset of senescence.

MEFs have undergone senescence, the continuedThis suggests that in human cells, p53 and Rb are ac-
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tivated in parallel (as opposed to the linear activation Inactivation of p16 in human cells causes a delay
envisioned in mouse cells) and perform partially redun- in the onset of senescence, quite significantly in some
dantrolesFig. 2). Such a mechanism could provide an cases Brookes, Rowe, Gutierrez Del Arroyo, Bond,
extra layer of protection against the bypass of senes- & Peters, 2004 The most dramatic effect of p16 can
cence and thus against tumor development. be observed in human epithelial cells, specifically
More recent experiments, however, provide exam- mammary epithelial cells and keratinocytes. pl6
ples of cases in which the inactivation of either p53 or is solely responsible for the induction of an early,
Rb seems sufficient to prevent senescence or, at leaststress-induced, senescence stage in these cell types,
to significantly delay its onset. Most compellingly, in-  often termed MO Foster, Wong, Barrett, & Galloway,
activation of either p53 or Rb by somatic homologous 1998 Kiyono et al., 1998; Rheinwald et al., 2002
recombination in human lung fibroblasts allows pre- However, cells can spontaneously emerge from MO by
vention of senescence, suggesting a linear activationsilencing p16 expression through promoter methyla-
pathway between these proteins, as in moifgei et tion or deletion of the p16 locus, which permits them
al., 2003. Moreover, in contrast to the mouse, inacti- to continue dividing until they reach a subsequent,
vation of p21 by homologous recombination is suffi- p53-dependent senescence stage termed M1. In these
cient to prevent senescence, supporting the proposedepithelial cells, the activation of senescence through
linear model linking p53 and Rb via p2Biown et al., p16 and p53is thus separated in time, providing a clear
1997. Inaddition, it has been shown thatinactivation of demonstration of their independent modes of action.
p53 alone in cells that have already entered replicative  The activation of Rb’s growth-suppressive functions
senescence, using a dominant-negative proteinto do sopy p16 does indeed seem to represent an extra layer
suffices to allow these cells to resume growth and divi- of safety that is significantly more active in human
sion Beausejour et al., 2003This is true for some hu-  cells than in mouse cellpl6is one of the most fre-
man fibroblast cell strains, but not for others, in which quently inactivated genes in human tumdrRe¢co &
Rb growth-suppressive activity is apparently main- Sidransky, 200} to an extent matching only the fre-
tained independently of p5B¢éausejour et al., 2003 guency ofp53 mutations. In contrast, while inactiva-
tion of p53 in the mouse germline causes widespread
2.2. The independent arm of ghi§*@ tumor development, p16-null mice suffer from only a
narrow set of tumor typeK¢impenfort, Quon, Mooi,
Which is the correct model, then, the linear Loonstra, & Berns, 20Q1Sharpless et al., 20D1Ex-
p53— p21— Rb model, or the parallel, p53/Rb ac- pression of p16 is induced during the senescence of
tivation model? It seems that both are correct. The key MEFs in culture, but its inactivation does not prevent
lies in the function of the p1842 protein, which pro-  or delay the senescence of these cells or of most other
vides an additional activation inputline feeding directly mouse cell typesSharpless, Ramsey, Balasubrama-
to Rb (Fig. 2). p16 is an inhibitor of cyclin D/Cdk4,6  nian, Castrillon, & DePinho, 2004
complexes and is not normally expressed in adult tis-  There are, however, examples demonstrating that
sues [Lowe & Sherr, 2003Zindy, Quelle, Roussel, &  the p16 signaling arm does function in the mouse in
Sherr, 199Y. However, it is induced in various situa-  certain settings. Although p53 inactivation is sufficient
tions of stress and is highly expressed in senescent cellsfor the immortalization of most mouse cell types, the
(Alcorta etal., 1996; Palmero et al., 199Rb can thus additional inactivation of p16 is necessary for a subset
be activated by either the p53 p21 linear arm, or by  of them, such as bone marrow-derived macrophages
the p16 arm, or by both in parallel. As discussed below, (Randle, Zindy, Sherr, & Roussel, 200Mouse lym-
the specific combination of stresses and their severity phomas induced by Myc and Bcl-2 overexpression un-
determine the levels of activation reached by p53 and dergo senescence in vivo in response to chemotherapy,
Rb in different cell types. Thus, p53 and Rb function doing so in a p16-dependent mann&climitt et al.,
as a complex stress—signal integration and processing2002. The wiring of the senescence circuitry seems
unit, whose input is the total level of stress and damage therefore to be conserved between mouse and humans
a cell is experiencing, and whose output is the activa- in its outline, but the importance of the p16 Rb arm
tion of the appropriate cellular response. is clearly enhanced in humans.
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To fully reconcile the linear and parallel models, same extent at senescence in human cells as it is in
however, one additional issue needs to be addressedmouse cells. Echoing the behavior of p53-null MEFs,
The finding that the senescence of human cells can, MEFs deficient in p19ARF do not undergo senescence
in some cases, be induced in the absence of the ac{(Kamijo et al., 1997. It is commonly accepted that
tivity of Rb or its family members seems to indicate in the mouse, the ARF pathway of activation is more
that p53, on its own, can induce senescence of humanprominent than in the human, providing another ex-
cells through a pathway independent of the Rb family ample of human/mouse differencdsoye & Sherr,
(Smogorzewska & de Lange, 2002Vhat this path- 2003.
way may be is unknown. However, it is possible that The INK4a locus and its two products are thus cen-
all three Rb family members were not fully inactivated tral mediators of senescence signals upstream to p53
in human cells. and Rb. Surprisingly little is known about the manner

in which the transcription of these genes is regulated.
2.3. The upstream controllers of p53 in senescence  The Bmil protein, a member of the polycomb family,
represses both genes, and is downregulated at senes-

In the context of senescence, p53 seems to becence Fig. 2) (Itahana et al., 20Q3lts activity is thus
controlled by two major pathwayswah! & Carr, a powerful means by which senescence may be by-
200]). One is the DNA damage-response pathway, passed. Members of the Ets transcription factor have
mediated by the ATM/ATR and Chk1/Chk2 proteins, been implicated as activators of p16, and the Twist and
which cause the post-translational stabilization of E2F3 proteins act as repressors of p19ARF transcrip-
p53 through its phosphorylatiorFig. 2). The other tion. Thx2, Tbx3, JunB and other proteins have also
pathway acts through the pA¥ protein (p14RF in been implicated in the regulation of the INK4a locus
human, ARF hereafter). ARF is encoded by an alter- (Lowe & Sherr, 2008 However, these interactions re-
native transcript of thé&NK4alocus, which sharestwo  main poorly characterized. The transcriptional regula-
exons with the p18X42 transcript but has a separate tion of the INK4a locus and the molecular signaling
promoter and first exon and is translated in a different pathways that control it remain an important question
reading framel(owe & Sherr, 200R The ARF product in awaiting further exploration.
activates p53 by sequestering Mdm2, an E3 ubiquitin
ligase, in the nucleolus, thereby preventing the Mdm2-
mediated targeting of p53 to proteolytic degradation
(Fig. 2.

Like p16, ARF is induced in situations of stressand 3.1, How do telomeres get uncapped?
senescence. Itis also activated by ectopic expression of
oncoproteins, such as Myc, Ras, E2F1 and Hléwe Telomeres, the structures protecting chromosome
& Sherr, 2003. While the phosphorylation of p53 in  ends, have received much attention as a trigger for
response to DNA damage does not involve ARF, it has replicative senescence. During the proliferation of
been shown to contribute to p53 stabilization in these human cells, a gradual shortening of the average
situations, and its expression is induced in response tolength of telomeres (defined as the stretch containing
ionizing radiation Khan, Moritsugu, & Wahl, 2000 tandem hexameric repeat units) is observiddrley
Khan, Guevara, Fujii, & Parry, 2004ARF thus seems et al., 1990. The molecular causes of this shorten-
to represent a stress-dependent pathway that activatesng are thought to stem from the “end-replication
p53. However, little is known about the physiologic problem”—the inability of the DNA replication
contexts in which this pathway is activated. machinery to complete DNA synthesis at the very

In contrast to p16, ARF is a critical tumor suppres- beginning of the replicated lagging strand. However,
sor in the mouse, and its inactivation in the mouse the dynamics of telomere length regulation are quite
germline causes widespread tumor development, sim-complex, and other factors, not fully characterized,
ilar to that observed upon p53 inactivatidfamijo et seem to contribute to this shortening procédaKarov,
al., 1997. Its role as a tumor suppressor in humans is Hirose, & Langmore, 1997von Zglinicki, Pilger,
less well established, and it is not upregulated to the & Sitte, 200Q Huffman, Levene, Tesmer, Shay, &

3. The various triggers of senescence —
Telomere uncapping
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Wright, 200Q Baird, Rowson, Wynford-Thomas, & forces; the exact nature of these uncapping forces is
Kipling, 2003). unknown.

There is great variability in telomere lengths within
individual cells and in a population of dividing cells 3.2. Telomere uncapping causes a DNA damage
(Martens, Chavez, Poon, Schmoor, & Lansdorp, 2000 response
Baird et al., 2003; Martin-Ruiz et al., 20p4lt has
been suggested that the shortening of telomeresleadsto How is telomere uncapping detected once it has oc-
eventual telomere “uncapping’—i.e. disruption of the curred, and what signaling pathways lead from this
proper structure of the protective cap at the end of the event to the activation of the senescence program?
telomere, thus exposing its erBléckburn, 2001 An Several recent studies have revealed that DNA dam-
uncapped telomere seems to be recognized as a doubleage foci appear at the telomeres of senescent cells.
stranded DNA break, which activates the DNA damage These foci contain multiple DNA damage-response
machinery. Evidence that such uncapping does occur atproteins, such as-H2AX, 53BP1, MDC1, NBS1,
senescence has been provided by the observation thataMRE11 and RAD17 'Adda di Fagagna et al., 2003
senescence telomeres lose some of their single strandedHerbig, Jobling, Chen, Chen, & Sedivy, 2Q0¥iore-
portion—the telomeric overhan&{ewart et al., 2003 over, senescent cells express activated forms of the
The overhang is an extension of several hundred nu- ATM and ATR protein and of their downstream targets,
cleotides in length of the G-rich/-&nding, strand be-  Chk1 and Chk2, which are the central activators of p53
yond the C-rich strand. This portion of the telomere is in response to DNA damagd’Adda di Fagagna et al.,
presumably crucial for the maintenance of the telom- 2003; Herbig et al., 2004These proteins also localize
eric “T-loop”, a DNA structure that may be essential for to the DNA damage foci at telomeres in senescence,
the formation of the protective telomeric ceptéwart and their inhibition allows the re-entry of cells into the
et al., 2003. Forced uncapping of telomeres through cellcycle. These findings indicate that uncapped telom-
the inhibition of the TRF2 telomere-binding protein eres are indeed recognized as DNA damage and induce
induces loss of the telomeric overhang and leads to thethe activation of a cellular signaling response akin to
induction of senescencegn Steensel, Smogorzewska, that observed upon the exposure of cells to ionizing
& de Lange, 1998 radiation.

The direct causes of telomere uncapping at senes- The above results suggest that the molecular path-
cence, and the dependence of this event on telomereway that induces senescence upon telomere dysfunc-
shortening remain unclear. It has recently been shown tion acts through the DNA damage-response pathway —
that normal human fibroblasts express low levels of most prominently ATM and its targets Chk1 and Chk2
activity of the telomerase enzyme, and that the inhi- — to activate p53Kig. 3A). It may thus be expected
bition of this activity leads to premature senescence that cells deficient in the ATM protein would be more
(Masutomi et al., 20083 Strikingly, telomerase inhi-  resistant to senescence; however, this is not the case. In
bition does not accelerate telomere shortening ratesfact, ATM loss accelerates telomere shortening rate and
in these cells, but, rather, enhances the erosion of thetelomeric damageTchirkov & Lansdorp, 2003Wong
telomeric overhang. This suggests that overhang ero-et al., 2003. ATM-deficient human cells enter senes-
sion and telomere uncapping can occur independently cence like normal cells in response to telomere uncap-
of telomere shortening. ping by TRF2 inhibition, although they display fewer

Similarly, it has been shown that overexpression DNA damage foci at telomere$dkai, Smogorzewska,
of TRF2, which apparently plays an important role & de Lange, 2008 These findings suggest that the
in telomere capping, accelerates telomere shortening ATM protein is involved also in repair or protection
without accelerating the onset of replicative senes- of telomeres, and that in its absence, other signaling
cence of fibroblastsKarlseder, Smogorzewska, & de molecules, such as ATR or DNA-PKc, may take
Lange, 2002 Overexpression of this protein appears its place in the senescence-activating signaling
to allow telomeres to shorten without undergoing un- cascade.
capping. Telomerase activity and TRF2 expression  As discussed above, the ARF protein has been
thus seem to play a protective role against uncapping implicated in the activation of p53 at senescence.
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Fig. 3. Activation of the senescence program by different stimuli. (A)
Telomere uncapping induces senescence mainly through the DNA
damage pathway, activating the ATM/ATR pathway and Chk1/Chk2
to stabilize p53. In mouse this response is dependent on the activ-
ity of p19*RF, while in humans the role of ARF in this response
is not known. In human cells p16 is activated in certain settings in
response to telomere uncapping, through unknown pathways. Di-

rect DNA damage activates the senescence program mainly through
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Does ARF participate in the activation of p53 in
response to telomere dysfunction? In mouse cells
it clearly does, as ARF-deficient fibroblasts do not
undergo senescence in response to forced telomere
uncapping Fig. 3A) (Smogorzewska & de Lange,
2002. Whether ARF plays a similar role in human
cells is yet to be seen. The manner by which ARF
is activated in response to telomere dysfunction is
unknown.

3.3. Is the p16-Rb pathway activated in response
to telomere uncapping?

As discussed above, the prevention of senescence
of human cells often requires the inactivation of both
the p53 and Rb pathways. If telomere dysfunction is
the major cause for the replicative senescence of these
cells, then it is expected that p16 and Rb would be
activated by telomere uncapping, independently of
p53. Indeed, forced telomere uncapping by TRF2 inhi-
bition causes an induction of p16 and senescence, even
in the absence of p535Mmogorzewska & de Lange,
2002. This suggests the existence of a signaling
pathway connecting pl16 induction to the DNA
damage response activated upon telomere dysfunction
(Fig. 3A). This pathway does not seem to function in
mouse cells$mogorzewska & de Lange, 2002

Recent studies suggest, however, that it is mainly, if
not solely, the p53 pathway which triggers senescence
in response to the telomere dysfunction that occurs dur-
ing replicative senescence. It has been found that within
populations of human fibroblasts there exists a subpop-
ulation of cells which express p16, and that the number
of such cells increases as the population approaches
senescencdt@hana et al., 2003; Herbig et al., 2004
This subset of cells expressing p16 does not, however,
overlap with the subset of cells displaying DNA dam-

p53, in essentially the sane manner as telomere uncapping. Oxidative ) )
stress induces DNA damage, and also accelerates telomere shorten@ge foci at their telomeres, but the latter do express p21

ing, possibly leading to accelerated telomere uncapping. The down- (Herbig et al., 200% This indicates that within a cell
stream response is mediated through the DNA damage pathway andpopulation there are some cells that suffer from telom-
through p19"F. Activation of p16 by oxidative stress is seen in oo uncapping, and these appear to activate the linear
certain conditions mainly in human cells, and may be mediated . .
through p38-MAPK. (B)RASoncogene activation induces senes- p53— p21— Rb_pathway’ while Other_ cells, SUﬁermg
cence through p?%F in the mouse, and mainly through g¥6*2 from other phySlOlOglC stresses, activate the parallel
in human cells. p38-MAPK plays a role in mediating ras-induced p16— Rb pathway. As the population continues to be
senescence. p¥42 is activated by additional physiologic stresses propagated in culture, more and more cells activate one
to |nduce senescence, such as nutrlgnt and growth factor defl(‘:lenc‘:y,or both of these pathways, andthe population asawhole
and improper cell-cell and cell-matrix contacts. The exact stimuli . .
for this activation and the pathways mediating it are unknown. eventua"y undergoes senescerﬁlg.(4) (Herblg etal.,
2004). A population of human cells in culture is thus
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early passage

presenescent

Fig. 4. Replicative senescence as a consequence of the cumulative effect of multiple stressors. As a population of cells is propagated in culture,

cells are exposed to various extrinsic and intrinsic stresses. These lead to the activation of the p53 pathway in some cells (red) and of the p16

pathway in others (blue). As the population approaches senescence one of these pathways or both are activated in more and more cells, causing
these cells to senescence, and the population as a whole to cease proliferating.

a mosaic of distinct subpopulations responding to dif- 4. Other triggers for senescence: oxidative
ferent stresses. stress, DNA damage and oncogene activity

Several findings provide further support to this
model. First, inhibition of p16 by siRNA vectors or 4.1. Multiple stresses can have a cumulative effect
by overexpression of its repressor Bmil provides an
extension of cellular lifespan, but not immortalization As mentioned above, the senescence of normal
(Itahana et al., 2003; Wei et al., 200Furthermore, cells can be induced by various stresses other than
some normal human lines do not display significant telomere dysfunctiorHig. 1), and these may also have
levels of pl6-expressing cells, and the senescencea cumulative gradual effect on triggering senescence
of these can be reversed by p53 inactivation solely or, in certain situations, a rapid acute effect. Three
(Beausejour et al., 2003Ectopic expression of the inducing stimuli of senescence have received the most
telomerase catalytic subunit, hnTERT, which prevents attention: direct DNA damage, oxidative stress, and
telomere uncapping, can immortalize those cell types oncogene overexpression. These different triggers are
that do not express high p16 levels, such as BJ cells, not independent of one another or mutually exclusive.
whereas fibroblast lines such as WI-38, IMR90 and Oxidative stress can cause DNA damage and also
MRCS5, which do accumulate p16, eventually undergo accelerate telomere shortening rategen( Zglinicki,
senescence even in the presence of hTERT expressiorSaretzki, Docke, & Lotze, 199%-orsyth et al., 2003;
(Forsyth, Evans, Shay, & Wright, 20DJ his indicates Parrinello et al., 2003 The induction of senescence by
that the prevention of telomere uncapping does not pre- theRASoncogene has been suggested to occur through
vent p16 induction by other stress signals in these cells. the induction of reactive oxygen specids¢ et al.,



970 I. Ben-Porath, R.A. Weinberg / The International Journal of Biochemistry & Cell Biology 37 (2005) 961-976

1999. These observations and others demonstrate the In fact, it has been shown that the reduction of
complexity of the cellular response to various stresses. ambient oxygen levels does not reduce the fraction
It is of great interest to dissect the effects of these of pl6-expressing cells in a pre-senescent population
different stresses and to study the manner by which of normal fibroblasts; rather, it is the proportion of
each activates the senescence program. p2l-expresssing cells that is reducdit{ana et al.,
As discussed above, recent data suggests that the2003. This suggests that oxidative stress, like telom-
induction of pl6 during the replicative senescence ere dysfunction, acts through the p53p21— Rb
of fibroblasts is not a result of telomere dysfunc- arm to induce senescencEid. 3A). Other studies
tion, but of other culture stresses. What specifically do indicate, however, that p16 can be activated in
are the stresses that activate pl1l6? Human mam-response to oxidative stress, possibly through the
mary epithelial cells, when grown in a conventional action of the p38-MAPK protein, a member of the
growth medium, undergo a stage of senescence thatstress-activated protein kinase famiiiq. 3A) (lwasa,
is solely dependent on pl&-dster et al., 1998 Han, & Ishikawa, 2008
Growth in different media, or on a layer of feeder The stress-activated protein kinase family (SAPK)
cells, has been reported to prevent or delay p16 in- is a group of kinases that respond to a variety of
duction and consequently prevent the onset of MO physiologic stresses, including oxidative stress, and in-
(Herbert, Wright, & Shay, 2002 This points to fac- duce apoptosis and senescence in respdfgeakis
tors such as nutrient composition, presence of growth & Avruch, 200]). This family includes JNK1/2/3 and
factors and the nature of cell—cell and cell-matrix con- p38-MAPKa/B/v/3, the latter of which have been
tacts as candidate stimuli for p16 induction in these mostly implicated in senescence. Members of this pro-
cells (Fig. 3B). During tumor development, neoplas- tein family and their upstream activators (MKKs) are
tic mammary cells are likely to encounter some or excellent candidates for mediating the activation of p16
all of these stresses, which may induce pl6 expres-in response to a variety stress signals.

sion. It has been shown that the rate of telomere shorten-
ing is accelerated in fibroblasts grown in high oxygen
4.2. Oxidative stress conditions yon Zglinicki et al., 1995; Forsyth et al.,

2003. The mechanism by which this occurs is not

Oxidative stress and the accumulation of in- known, although it has been suggested that oxidative
tracellular reactive oxygen species (ROS) play an stress induces single stranded breaks in telomeric
important role in the induction of senescence. Human DNA (von Zglinicki et al., 200), which may lead to
fibroblasts undergo premature senescence when growrdeletions of telomeric repeat stretch&aifd et al.,
in high ambient oxygen conditions—40-50% oxygen. 2003. This opens the possibility that ROS promote
Conversely, the proliferative lifespan of these cells senescence through telomere dysfunctibig.(34).
is extended when they are grown in low ambient However, oxidative stress does not induce loss of the
oxygen, 2—3%, a condition more closely resembling telomeric overhangKeys, Serra, Saretzki, & Von
physiologic oxygen levelsGQhen, Fischer, Reagan, Zglinicki, 2004 and does not induce telomeric DNA
Yan, & Ames, 1995Packer & Fuehr, 1997Similarly, foci (Sedelnikova et al., 2004Another possibility is
increase of intracellular ROS levels through hydrogen that it is the induction of damage to genomic DNA
peroxide treatment or through the inhibition of ROS by ROS that accelerates the senescence of these cells,
scavenging enzymes, such as superoxide dismu-doing so through p53 activation. Indeed, DNA damage
tase Sodl, causes premature senesceBtander, foci outside of telomeres do appear in response to hy-
Machado De Oliveira, Conboy, Haigis, & Guarente, drogen peroxide treatmeré¢delnikova et al., 2004
2003. Internal ROS can damage cellular components  The senescence of MEFs, which typically occurs
through the oxidation of DNA, proteins and lipids after approximately 10 population doublings, has been
(Chenetal., 1998itte, Merker, Von Zglinicki, Grune,  recently shown to be a result of oxidative stress in
& Davies, 2000, and can also act directly as second culture Parrinello et al., 2003 When these cells are
messengers to regulate specific signaling pathwaysgrown in 3% oxygen instead of 20%, senescence is
(Saitoh et al., 1998 greatly delayed or avoided altogether. It has been shown
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that these cells suffer from a high level of DNA dam- that senescence is usually induced by lower levels of
age in 20% oxygen conditions, suffering more DNA damage than those leading to apoptosis. As discussed
damage than human cells grown in the same conditionsabove, ARF has been shown to play an important role
(Parrinello et al., 2003 This indicates that human cells  in the stabilization of p53 following DNA damage, and
are more capable of withstanding oxidative stress ei- its expression is induced following ionizing radiation.
ther through an increased ability to neutralize ROS or It has been suggested that ARF plays a role in the long-
to monitor and repair DNA. The senescence responseterm maintenance of p53 activity following the induc-
of MEFs to oxygen-induced DNA damage is mediated tion of damagelhan et al., 2004 In some of the mice
through p53, as p53-null MEFs do not senesce. The fact carrying mutations in DNA repair genes, such as Brcal
that p19'RF-null MEFs are also resistant to senescence mutants, activation of p53 has been shown to depend
indicates that p1ARF plays a central role in mediating  on ARF activity Somasundaram et al., 1999

this response. It is formally possible, however, thatthe  Interestingly, DNA damage can also activate Rb
activation of p19RF and senescence are not a result through the pl16 pathway to induce senescence
of the oxidative DNA damage experienced by these (Fig. 3A) (Robles & Adami, 1998Shapiro, Edwards,
cells, but of another unknown consequence of oxida- Ewen, & Rollins, 1998 While the activities of p53

tive stress. and p21 are induced to high levels immediately after
damage, their levels decrease after several days. In con-
4.3. DNA damage trast, p16 levels gradually increase during this period

(Robles & Adami, 1998 This suggests that while p53

The direct damaging of DNA, achieved either andp21 actto initiate the senescence response, p16 acts
by irradiation of cells or by treatment with DNA-  to maintain this state.
damaging agents, can induce cells to undergo senes- Perhaps the most interesting example of the role of
cence Fig. 3A) (Wahl & Carr, 200). Often though, p16 activation in response to DNA damage comes from
the cellular response to such damage is cell death ora recent study in which mouse lymphomas were gen-
reversible cell-cycle arrest, depending on the type of erated by overexpression of the Myc and Bcl-2 onco-
agent, the dosage administered, and the type of cellgenes§chmitt et al., 200R These tumors were treated
treated YWahl & Carr, 200). Inactivation of DNA re- in vivo with the alkylating agent cyclophosphamide, to
pair genes such as Xrcc4, DNA ligase IV, Brcal and which they responded by undergoing cellular senes-
others in the mouse germline typically induces the pre- cence rather than apoptosis. Inactivation of either p53
mature senescence of MEFs cultured from these mice,or of both INK4a products — p19ARF and p16 — pre-
and of premature aging phenotypes in the mice them- vented this response. Interestingly, inactivation of ARF
selvesFranketal., 2000; Gao et al., 2000; Ongusaha et alone did not prevent senescence, indicating that it is
al., 2003. This type of premature senescence, both in p16 that plays an essential role in the senescence re-
the tissue culture and in the living mouse, can usually sponse to this type of DNA damage. The demonstration
be prevented by p53 inactivatiofrrank et al., 2000;  of a p16-dependent senescence response in an in vivo
Gao et al., 2000; Ongusaha et al., 2D03 tumor model is especially compelling and underscores

Activation of p53 by DNA damage has been studied the role p16 plays as a mediator of senescence in tumor
at length Wahl & Carr, 200). Itis not clear how cells ~ suppression. Interestingly, p16 does not seem to act in
choose between senescence and apoptosis upon DNAparallel to p53 in this model, but, rather, upstream to it.
damage-induced p53 activation, although it has been
suggested that this is determined by differences in the 4.4. Oncogene activation
post-translational modifications that p53 undergoes in

response to different stimuliNebley et al., 2000 by Normal cells in culture undergo senescence in
binding of different proteins to p53, and through the ac- response to the overexpression of fR&Soncogene
tivation of different sets of transcriptional targefgghl (Serrano et al., 199%r of downstream effectors such

& Carr, 200). Itisknown that normal cells,inwhichall  as RAF, activated MAP kinase and the PML oncopro-
signaling pathways are intact, have a preference towardtein (Zhu, Woods, McMahon, & Bishop, 199Bearson
senescence when compared to transformed cells, ancet al., 2000. This response has been suggested to
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represent a tumor-suppressive mechanism, by whichin activating p16 and p53/Nang et al., 2002; lwasa et
cells prevent uncontrolled proliferation in response to al., 2003. Interestingly, it has been suggested RAIS
the aberrant activation of proliferation-driving onco- overexpression induces senescence through the gener-
genes. It seems, however, that extremely high levels ation of high levels of ROS e et al., 1998 an effect
of RASexpression and of its effectors are required that could lead to p38 activation. If this were the case,
for senescence to occur, indeed levels that may not RASwould be expected to induce DNA damage, but
be present in the majority of spontaneously arising this has not been documented. The role played by ROS
human tumors, even those carryirgs mutations. In in RASinduced senescence awaits further exploration.
a recently described mouse tumor model carrying a
single mutated copy of KRkas no signs of senescence
were observedTuveson et al., 2004However, there 5. Conclusions
are examples of human tumors where senescence
may occur in response to excessiRAS signaling. Cellular senescence is a program executed by cells
An interesting example is that of Spitz nevi, a benign in response to a variety of stresses. It seems to be a
melanocytic lesion that is considered a precursor for physiologic response of normal cells that must be over-
melanoma. Some of these nevi carry a mutated form come in order for tumor development in vivo or cell
of HRASIn multiple copies due to gene amplification immortalization in culture to occur. Activation of this
(Maldonado, Timmerman, Fridlyand, & Bastian, program can be triggered by multiple afferent signal-
2004). Cells in these lesions express high levels of ing pathways, and its execution also involves multiple
pl6, and are growth arrested. Interestingly, Spitz nevi molecular pathways that have not been elucidated in
that carry a single copy of mutatddRAS do not detail. The p53 and Rb pathways function as a central
express these high levels of plBlgldonado et al., integration point for these various signaling pathways.
2004). These findings suggest that in melanocytic nevi p53 plays aprominentrole in mediating the response
pl6 can be activated in response to high levelRAS to telomere dysfunction, DNA damage, and oxidative
activity, inducing cell-cycle arrest and senescence. In stress. This response is mediated through classic DNA
fact, congenital melanocytic nevi express senescence-damage pathways, and the ARF protein plays a cen-
associate@-galactosidase activity (Dorothy Bennett, tral role in mediating these signals. ARF’s function,
personal communication). Since most melanocytic however, seems more prominent in mouse cells than
nevi carry activating mutations of tigRAFor NRAS in human cells. p16 plays an important role in acti-
genes and express high levels of p16, this lesion may vating senescence as in a parallel manner to p53, and
represent a general case of in vivo oncogene-inducedresponds to all of the above stresses, yet to a lesser
senescenceBennett, 2003; Pollock et al., 2003 extent than p53. p16 also responds to additional phys-
In MEFs, induction of senescence hms oc- iologic stresses that have not been well characterized.
curs through an ARF> p53— Rb pathway Fig. 3B) The p16 response is more enhanced in human cells than
(Serranoetal., 1997This pathway seemsto be distinct in mouse cells, and provides an additional safety layer
from the DNA damage response. In human cells, Ras to prevent tumor development. All in all, relatively lit-
causes parallel activation of p53 and pBe(rano et tle is known about the factors directly responsible for
al., 1997. However, it is p16 that seems to play a more inducing the expression of botNK4aproducts—p16
prominent role in this type of senescenéeg( 3B). and ARF.
In some cell types its inactivation is sufficient to pre- As a population of cells is propagated in culture itis
vent this form of senescenc8rpokes et al., 2002 exposed to a variety of stresses that lead to the progres-
and cells that express low initial levels of p16, such sive accumulation of p16in some cells, to the activation
as freshly isolated primary human fibroblasts, do not p53 in others, and, ultimately, to the concomitant acti-
respond toRASoverexpression by senescence at all, vation of both pathways in many cellBi§. 4). Even-
but instead undertake enhanced proliferatiBar{anti tually, the cumulative effect of these stresses leads to
& Galloway, 2004. the replicative senescence of the cell population as a
The p38-MAPK proteins have been shown to play whole. Different cell types differ in their sensitivity to
a crucial role in mediatingas-induced senescence and different stressors, and therefore the relative contribu-
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tion of the p53 and p16 pathways to the activation and tion of telomerase into normal human cefience279, 349—
maintenance of senescence differs among them. 352. _
Cellular senescence is strongly implicated as an Bond. J. A, Wyllie, F. S., & Wynford-Thomas, D. (1994). Escape

. tant hani ft . 53 and from senescence in human diploid fibroblasts induced directly
important mechanism of tumor suppression—p53 an by mutant p530ncogenes, 1885-1889.

pl6 are the mo_st Co_n?momy mgtated tum_or SUPPressOrprookes, S., Rowe, J., Gutierrez Del Arroyo, A., Bond, J., & Peters,
genes, and their ability to mediate cell-division arrest G. (2004). Contribution of p16(INK4a) to replicative senescence
is central to their activity in blocking tumor develop- of human fibroblastExperimental Cell Researc298 549-559.

ment ROCCO & Sidransky 20Q1Schmitt et al., 2002; Brookes, S., Rowe, J., Ruas, M., Llanos, S., Clark, P. A., Lomax,

. . . M., et al. (2002). INK4a-deficient human diploid fibroblasts
Liu et al., 2004. Further work will be required to elu- are resistant to RAS-induced senescerfiddBO Journa) 21,

cidate how cell senescence is manifested in vivo and 2935 _2945.
how specific physiologic stressors activate this cellular Brown, J. P., Wei, W., & Sedivy, J. M. (1997). Bypass of senescence
response in living tissues. after disruption of p21CIP1/WAF1 gene in normal diploid human
fibroblasts.Science277, 831-834.
Campisi, J. (2000). Cancer, aging and cellular senescémdévo,
14, 183-188.
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