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ARTICLE INFO ABSTRACT

Keywords: Treatment of malignancies with chemotherapeutic drugs and/or radiotherapy is designed to
Replicative senescence eliminate the disease by depriving the tumor cell of its reproductive potential. Frequently,
Accelerated senescence the desired effect of cell killing is achieved through the promotion of apoptosis; however,
Chemotherapy accumulating evidence suggests that apoptosis may not be the exclusive or even primary
Radiation mechanism whereby tumor cells lose their self-renewal capacity after radiation or drug
pS3 treatment, particularly in the case of solid tumors. While failure to undergo apoptosis in
p21 response to chemotherapeutic drugs or radiation may represent a mechanism of drug and
cdc2 radiation resistance, particularly in the case of leukemias and lymphomas, it is gradually
Telomere being recognized that in the case of solid tumors, loss of reproductive capacity can occur
Telomerase through alternative pathways including reproductive cell death or mitotic catastrophe,

through autophagic cell death, and as described below, through a terminally arrested state
similar to replicative senescence.

Studies building upon the phenomenon of replicative senescence in normal cells
approaching the limit of their reproductive potential have identified a comparable senes-
cence-like arrest as a component of the tumor cell response to chemotherapeutic drugs and
radiation. This response, which has been termed ‘“‘premature senescence’”, “senescence-
like growth arrest”, “stress-induced premature senescence”, and “accelerated senescence”,
can also result from supraphysiological mitogenic signaling, sub-optimal culture condi-
tions, and ectopic expression of oncogenes. Here, we will use the term “accelerated
senescence’ in our consideration of the morphological, biochemical, and molecular aspects
of treatment-induced senescence, its relationship to classical replicative senescence, its
prevalence in clinical specimens and the implications of accelerated senescence for the
outcome of cancer therapy.
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1. Replicative senescence and limitations on
the proliferative potential of normal cells

1.1.  Features of replicative senescence

It has long been appreciated that somatic cells have a finite
proliferative capacity, termed the ‘“Hayflick Limit” [1] and that
this mortal state is controlled by an “internal clock” [2]. When
cultured cells reach their proliferative limit, they adopt an
enlarged and flattened morphology, increased granularity, and
a vacuole-rich cytoplasm, while remaining viable and metabo-
lically active. This permanent growth arrested state is referred
to as replicative senescence. Besides these classic morpholo-
gical features that one typically associates with cellular
senescence, there are a number of other biomarkers that
together are supportive of a senescent state (Fig. 1). The most
frequently used marker is Senescence-Associated B-galactosi-
dase activity (SA-B-gal), which involves a simple histochemical
staining procedure at pH 6.0 to detect the expanded lysosomal
compartment in the perinuclear region of aged cells [3]. With
advances in the biochemical characterization and increased
mechanistic understanding of cellular senescence additional
markers are emerging. Most notably are the altered expressions
of a number of mediators of cell cycle checkpoints and DNA
damage response. As presented below, this DNA damage
response and repair signature is also intimately connected to
telomere dysfunction and is a hallmark of both replicative and
accelerated senescence. A number of distinct chromatin
changes have also been associated with cellular senescence
[4], but will not be incorporated into this review.

1.2 Dysfunction telomeres as a trigger of replicative
senescence

Vertebrate telomeres, which lie at the ends of chromosomes,
are composed of the repetitive, non-coding sequence TTAGGG
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and act as a buffer to provide chromosomal stability and
prevent chromosomal unwinding [5]. Because traditional DNA
polymerases fail to fully replicate to the end of linear
chromosomes (the “end replication problem”), telomeres
shorten each time a cell goes through S phase [6]. In the
1990s, telomere attrition was firmly established as a primary
trigger of replicative senescence [6,7]. This conclusion was
based on studies in cells ectopically expressing telomerase,
the enzyme that counteracts telomere shortening by elongat-
ing telomeres. Transfection of hTERT, the catalytic subunit of
human telomerase, enables many, but not all cells to bypass
the senescence barrier, conferring unlimited proliferative
potential without inducing malignant transformation [8].
Despite the initial evidence suggesting that telomere length
is the critical determinant in the induction of replicative
senescence, it is becoming clear that preservation of the
hierarchical structure of the telomere rather than telomere
length per se is the more important element [9].

The primary function of the telomere is to provide a
capping mechanism for the ends of linear chromosomes. This
“cap” is a dynamic structure composed of numerous telomere
binding proteins that collectively mask DNA ends from being
recognized as damage, protect from inappropriate exonu-
clease digestion, and prevent end-to-end fusions [10]. The core
constituent component of the telomeric cap is the Shelterin
complex, which is composed of TRF1, TRF2, TIN2, RAP1, TPP1,
and POT-1 and which stays complexed to telomeric DNA
throughout the cell cycle [9].There are also numerous
additional binding proteins, many implicated in DNA damage
surveillance and repair [11], which associate more transiently
to the telomere, and which could provide additional mechan-
istic-based markers of senescence.

Collectively, telomere binding proteins establish and
maintain a telomere loop (or t-loop), in which the single-
strand 3’ overhang folds back and invades the duplex DNA
[9,12]. When this structure is compromised, for example by
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Fig. 1 - Features of senescent cells. (A) Breast tumor cells after treatment with Adriamycin show the characteristic
senescence morphology (enlarged and flattened) and readily stain for the senescence-associated p-galactosidase marker
(lower panel). The upper panel represents untreated MCF-7 cells stained for senescence-associated p-galactosidase. Note:
both images are captured at the same magnification. (B) This schematic representation illustrates the cellular and
molecular changes that typically occur during replicative senescence, many of which apply directly to accelerated
senescence. An upward arrow indicates an increase in expression level and/or activity.
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selectively removing TRF2 or POT-1 from telomeres, a high
frequency of end-to-end fusions is observed [9,13,14]. The
ultimate fate of a cell incurring such telomere dysfunction
appears highly context dependent. Normal cells with intact
cell cycle checkpoints tend to undergo senescence [15], while
genomically unstable cancer cells or cancer-prone cells appear
to die via apoptosis [16] or continue proliferating leading to
increased genomic instability [17]. Although telomere dys-
function without telomere attrition can trigger senescence,
this does not necessarily mean that replicative senescenceis a
telomere-length-independent process. Clearly, if telomeres
are critically short, assembly and/or maintenance of a func-
tional telomeric “cap” may not be possible, thus indirectly
contributing to induction of senescence.

1.3.  Replicative senescence is sensed as a permanent
DNA damage response

When telomeres become critically short and/or the telomere
cap is compromised chromosome ends are exposed. In the
case of aged human fibroblasts, the 3’ telomeric overhang is
lost as senescence approaches [18], which one could envision
beingreadily recognized as a DNA double strand break. Many
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of the mediators activated by critically short telomeres are
indistinguishable from those observed early after DNA
damage (Fig. 2), as described in sections pertaining to
accelerated senescencebelow. In fact, ATM and ATR signaling
kinases are recruited to uncapped telomeres and activated,
leading to the phosphorylation of Ser-139 of histone H2AX
molecules [19,20]. This phosphorylation event is believed to
facilitate the assembly of nuclear foci (some localizing to
telomeres in senescent cells) constituting numerous DNA
repair factors, including phos-y-H2AX, 53BP1, MDC1, NBS1
and phos-SMC1. The finding that these DNA damage induced
foci assemble during replicative senescence and persist for
months after growth arrest [20] suggests that maintenance of
senescence depends on constant activity of signalingkinases.
Also highly reminiscent of an early damage response, Chk1l
and Chk2 become activated via phosphorylation, p53 is
stabilized and p21¥3f¥/<iP1 i5 stably upregulated in a cell that
has undergone replicative senescence (as detailed in the next
section). The concept that sustained signaling is required for
the maintenance of a senescent state is further supported by
the re-entry of senescent cells into the cell cycle when key
sensors of DNA damage (i.e., Chk1/Chk2 and ATM/ATR) are
blocked [21].
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Fig. 2 - Senescence signaling pathways. As indicated in the text, senescence signaling pathways demonstrate extensive
overlap with conventional growth arrest response signaling. The stress signal is initially detected by ATM/ATR, which
activate the Chk1/Chk2 proteins and stabilizes p53, either directly or through Chk1/Chk2. p21%af/<iP! ig induced either by
p53 or by Chk1/Chk2 independently of p53. p21*3f/<iP! jnterferes with the activity of cyclin dependent kinases (cdks),
leading to dephosphorylation (activation) of Rb (or Rb family proteins, not shown), permitting the binding of Rb to the E2F
family of transcription factors and thereby preventing their transactivation activity. p16 can also modulate this pathway
independently of p21¥2f/<iP1 although p16 does not appear to be involved in DNA damage induced accelerated senescence.

In addition to p21Wafl/cipt

, another central player appears to be cdc2, which can be inactivated through the suppression of

cdc25C by Chk1/Chk2 or by p53 acting through 14-3-3¢. The basis for down-regulation of cdc2 levels is at present unknown

but may be linked to the induction of p21™af/<iP1,
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2. Signaling elements that regulate
replicative senescence

The one gene that is perhaps most strikingly implicated in
replicative senescence is p53 [22]. In vitro data indicate that p53
binds to single-strand overhangs and cooperates with TRF2 in
the formation of t-loop structures [23], suggesting a possible
role for p53 in recognizing deprotected telomeres as damaged
DNA. The replicative senescence resulting from telomere
erosion is associated with enhanced phosphorylation of p53 at
serines 15, 18 and 376 and reduced phosphorylation at serine
392 [24], sites that overlap with but do not match those for the
DNA damage response to ionizing radiation or UV-induced
damage. The p53 homologs p63 and p73 have also been
implicated in the senescence response [25].

p217afl/eiPl 3 protein that inhibits a spectrum of cyclin
dependent kinases, is an immediate downstream target of p53
[22,26], and is thought to be a critical element in the regulation
of replicative senescence [27]. p21V2f/<P? mediated inhibition
of the cyclin dependent kinases that regulate phosphorylation
of the retinoblastoma protein, pRb, results in the binding of the
dephosphorylated form of pRb to the transcription factor, E2F,
and interference with the transactivation of genes necessary
for the G1 to S transition [28]. However, there is at least one
study suggesting that replicative senescence in normal
fibroblasts is dissociable from the induction of p21%af/<iP1 [29].

In addition to p53 and p21%afV/cipt
evidence in support of a role for p16 in replicative senescence
[27]. Levels of p16 mRNA and protein were found to increase up
to forty-fold in fibroblasts in the late stages of senescence; p16
was found to be complexed with both CDK4 and CDK6, thereby
suppressing the respective kinase activities [30,31]. Inducible
expression of p16 in a variety of normal and tumor cell types
also resulted in a senescence response, which has also been
shown tobe, atleastin part, dependent on functional Rb [32,33].
Replicative senescence can be delayed, although not prevented,
by anti-sense p16 expression [34], strongly suggesting that other
cyclin dependent kinase inhibitory proteins, such as p21%af/cip
and p27%P!, may provide alternative, compensatory pathways
for a senescence response.

The induction of senescence has been shown to be associa-
ted with DNA damage signaling and is related to activation
of ATM and p53, where ATM regulates p53 phosphorylation
and stabilization in the DNA damage response pathway [35]. In
this context, there is evidence that telomere dysfunction signals
senescence through ATM upstream of p53 and p21%af/cipl
[36]. Furthermore, cells lacking ATM function fail to respond
to TRF2 inhibition in the same manner as ATM functional cells
(i.e. through senescence which is succeeded by cell death) [37].

The Chk2 protein acts downstream of ATM toinduce p53 and
thereby promote senescence [38], although there is evidence for
a p53 independent function of Chk2 in promoting senescence
through induction of p21%3f¥/<P1[39 40]. The activated forms of
both Chk1 and Chk2 have been detected as a consequence of
telomere shortening induced senescence, although a direct
cause and effect relationship has not been established [21].
Finally, the possibility remains thatthe ATR/Chk1 axisis capable
of promoting senescence in cells lacking functional ATM [36].

The involvement of ATM, Chk1/Chk2, p53, p21¥af¥/cPland
PRb in both the G1 arrest and senescence response pathway

, there is extensive

raises the intriguing question of how the cell discriminates
between signals for replicative senescence and those for more
conventional growth arrest associated with quiescence or
differentiation.

The reader is also referred to a relatively recent review on
the signals and pathways activating cellular senescence [41].

3. The accelerated senescence response to
chemotherapy and radiotherapy

Accelerated senescence is characterized by the rapid induction
of a permanent growth arrested state with many of the same
morphological and biochemical features described above for
replicative senescence. One notable exception is that acceler-
ated senescence of cancer cells is not p16-dependent, as this
cyclin dependent kinase inhibitor is silenced in the majority of
cancer cell lines that readily undergo senescence in response to
DNA damage [42]. While a variety of cellular stresses have been
shown to promote accelerated senescence in normal and
malignant cells, including hydrogen peroxide [43], UV- and v-
irradiation [44], TGF-B [45], and overexpression of oncogenes
such as Ha-Ras [46], this review will focus exclusively on
ionizing radiation and chemotherapeutic drugs used in the
treatment of cancer.

Many studies have evaluated the biological fate of cultured
human cancer cells following either acute or chronic exposure
to standard chemotherapeutic agents (Table 1). Collectively,
these data demonstrate that cancer cells derived from solid
tumors readily undergo senescence when exposed to a wide
variety of DNA-damaging drugs. One particular focus has been
on topoisomerase poisons, mainstay chemotherapeutic agents,
which interfere with the ability of topoisomerases to re-ligate
DNA, including Adriamycin (doxorubicin), etoposide (VP-16)
and camptothecin.

3.1.  Topoisomerase poisons

Isogenic derivatives of established human cancer celllines have
provided a valuable tool for the direct testing of the dependency
of accelerated senescence on specific proteins. In the case of p53
and p21™a/<PY(Fig 2), p53 wild-type HCT-116 colon cancer cells
and their p53 null and p21%2/<P* null homologous knockouts,
as well as p53 wild-type MCF-7 breast cancer cells and MCF-7/
HPV-E6 cells, where p53 is targeted for ubiquitin-mediated
degradation, have been particularly useful. Data from numer-
ous experiments using different DNA damaging agents (Table 1)
make a compelling case that p53, via its downstream effector,
p21Wafl/eiPl greatly facilitates induction of accelerated senes-
cence in human cancer cells. Conversely, when p53 is fun-
ctionally inactivated, cells are destined for an alternate cell fate,
most notably apoptotic cell death [47,48]. Interestingly, we have
recently observed senescence in residual subpopulations of p53
mutant or p53 null breast tumor cells that survived the initial
cell killing by Adriamycin (unpublished observations).

There is accumulating evidence to support a fundamental
role for p21V3f/eiPl in accelerated senescence [49,50]. Early
studies demonstrated that a knockdown of p21¥3* conferred
susceptibility to drug-induced apoptosis rather than growth
arrest [51]. Src expression blocks senescence induced by
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Table 1 - Induction of cell fate in human cancer cells following chemotherapy or radiation

Cell line P53 status Modality Cell fate References
MCF-7 + AdR Senescence + MC* [47,49,50]

+ SN-38, IR Senescence [48,54,106]
MCEF-7 hTERT + AdR, IR® Senescence [47]
MCF-7 HPV-16 E6 - AdR Apoptosis > senescence [47]

- IR Apoptosis > senescence [48]
MDA-MB231 — AdR Apoptosis > senescence [47]

- IR Apoptosis > senescence [48]
HCT116 + AdR Senescence + MC [49,50]

+ VP-16, SN-38, camptothecin, cisplatin Senescence [49,54,57,65,97,107]
HCT116 p53—/— - AdR, VP-16 Apoptosis + MC > senescence [49,97]

- SN-38, cisplatin Apoptosis > senescence [49,54,97,107]

- Camptothecin Apoptosis [57]
HCT116 p21—/— + AdR, VP-16, SN-38, IR, camptothecin Apoptosis [54,57,65,97,107]

+ Cisplatin Apoptosis > senescence [97]
H1299 - VP-16 Senescence [56]

- IR Apoptosis [108]
H1299 + p53 + IR Senescence [108]
Glioblastoma + SN-38, IR Senescence [58,109]
Glioblastoma p53—/— - IR Apoptosis [109]

2 MC: mitotic catastrophe.
Y Gewirtz, Holt, and Elmore, unpublished observations.

Adriamycin, at least partially by preventing the induction of
p21%afl/eiPl forcing the cells to undergo mitotic catastrophe
[52]. There is additional evidence of mitotic catastrophe
coincident with senescence, suggesting that the growth arrest
and cell death responses could occur simultaneously [53].
Another topoisomerase II poison, VP-16, has been shown to
produce a senescence-like phenotype both in vitro [49] and in
vivo [54]. The cumulative data confirms a role for p53 and
p21Vaf/eiPl in the induction of senescence since apoptosis was
the primary response in one study of cells with mutant p53
[55]. To add some contradiction to these conclusions, a single
study showed that 40-60% of the population of p53 null lung
cancer cells exposed to VP-16 demonstrated senescence [56].
p53 and p21"af/eP! are also implicated in the senescent
response to camptothecin [57] and SN-38 [58], the active
metabolite of irinotecan. Both compounds induce a senescence
responsein p53 +/+ and p21Waf/ciP1 1/, cells but cause cell death
with either p53 or p21V3f/<iP! knocked out. Interestingly, down-
regulation of cdc2 (cdkl) is observed in cells exposed to
camptothecin [57] as well as in senescing lung cancer cells
[56] and in breast tumor cells where senescence is induced by
doxorubicin [59], raising the possibility that this protein is a
potential regulator of accelerated senescence. Again, in contrast
to these observations, a robust accelerated senescence res-
ponse to camptothecin was observed in non-small cell H1299
lung carcinoma cells null for both p53 and pl6 [56], again
suggesting some unique characteristics of this specific cell line.

3.2.  Cisplatin
Cisplatin, an antitumor drug that produces both intrastrand

and interstrand cross links in DNA, has also been shown to
promote accelerated senescence; however, the involvement of

p53 is inconclusive, as senescence has been observed in cells
both with and without functional p53 [49,56,62]. Likewise, it is
unclear as to whether platinum based drugs have a uniform
impact on telomere lengths or telomerase activity [60-62].

3.3.  Ionizing radiation

The cellular response to ionizing radiation is complex and
varied, encompassing a spectrum ranging from growth arrest to
apoptoticcell death, reproductive failure or mitotic catastrophe,
and autophagy [63,64]. As shownin Table 1 and Fig. 2, and highly
reminiscent of the trends seen following DNA damaging
chemotherapeutics, ionizing radiation triggers a widespread
p53-mediated senescence response in cancer cells [63,65] thatis
closely associated with the induction of p21%2f/<P! [5]. Data
are also accumulating to indicate that irradiation-induced
senescenceisnotlimited to cancer cells in that normal cells also
undergo radiation-induced accelerated senescence [66]. When
p53 function in tumor cells is compromised, radiation-induced
senescence is abrogated, and in some cases delayed apoptosis
ensues [48], similar to what occurs with drug-induced accel-
erated senescence. In addition, we and others have shown that
ionizing radiation treatment is independent of p16 in the
accelerated senescence response [48,49]. In this context, it
should be noted that p16 has been implicated in long-term
maintenance of senescence [67].

Finally, it is important to emphasize that senescence
appears to mediate the impact of ionizing radiation on self-
renewal capacity, having shown a close correspondence
between the extent of radiation-induced senescence and
radiation sensitivity [68]. More recently, ionizing radiation-
induced accelerated senescence was again linked to p53
function, where the loss of p53 function that prevented
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senescence also abrogated the cytotoxicity of radiation
treatment [69]. An excellent review of accelerated senescence
in response to ionizing radiation has been published recently
[70].

3.4. Other non-DNA damaging agents

Microtubule poisons such as the vinca alkaloids, vincristine,
vinblastine, and taxol do not directly target DNA but have been
shown in some studies to induce reactive oxygen species
[71,72], which may cause telomere damage directly or
indirectly. There are some reports of a relatively modest
p53-dependent senescence-like response [49] and others
showing a rapid accelerated senescence response to disco-
merdolide [73], again dependent upon p53 and p21V3f/<P1 we
have also found that mutant p53 cells undergo apoptosis as
well as autophagy (but not senescence) in response to
treatment with a novel microtubule poison, JG-03-14 [74],
while residual surviving p53 wild-type MCF-7 breast tumor
cells are senescent, again implicating p53 and/or p21¥3fV/ciPt jn
the promotion of a senescence response. Overall, however,
senescence does not appear to be a primary component of the
tumor cell response to microtubule poisons. The connection
between senescence and antimetabolites is tenuous, with a
few studies implicating p53, c-jun, and pl6 in response to
cytarabine [49], hydroxyurea [75], and/or methotrexate [76].

4, Telomeres and telomerase in accelerated
senescence

Since cancer cells typically have relatively short telomeres [77],
and telomere attrition contributes to induction of replicative
senescence [6,7], it is logical to assume that cancer cells
senescing in response to chemotherapy and/or ionizing
radiation involved a telomere-length-dependent process.
Through ectopic expression of hTERT as a means to elongate
telomeres, it proved feasible to directly test the telomere length
dependency on the kinetics and frequency of induction of
accelerated senescence. Adriamycin and irradiation-induced
senescence was observed with the same frequency and timing
in parental cells and in cells expressing exogenous hTERT
[47,48], where telomeres are substantially elongated and
telomerase activity is maintained even after the onset of
senescence. In the case of Adriamycin, induction of accelerated
senescence temporally preceded the suppression of telomerase
activity [47]. Moreover, inhibition of telomerase in parental
MCF-7 cellsin the absence of drug treatment did not resultin an
immediate senescence phenotype, but rather the continued
growth of the cells with telomere shortening (unpublished
observations). Taken together, these data suggest that suppres-
sion of telomerase after Adriamycin is a consequence of exiting
the cell cycle rather than a cause of senescence.

There is increasing evidence for the conclusion that
antitumor drugs do not promote senescence through direct
effects on telomerase activity. Cytostatic concentrations of a
number of antitumor drugs, including etoposide, daunorubi-
cin, cisplatin, and irinotecan, failed to suppress telomerase
in leukemic cells [78]. Similarly, no effects of doxorubicin,
bleomycin, methotrexate or melphalan on telomerase activity

were observed in human testicular cancer cells [60], while VP-
16 failed to induce alterations in hTERT or telomerase activity
in human pancreatic cancer cells undergoing senescence [79].
With regard to cisplatin, one study failed to detect suppression
of telomerase activity [62], while another reported down-
regulation of telomerase activity after cisplatin treatment [60],
suggesting some cell type specificity. Cisplatin has been
reported to promote telomere loss prior to apoptosis in HelLa
cells, presumably due to the formation of telomeric intras-
trand cross links and induction of telomere shortening after a
single round of DNA replication [61]. Consequently, the
relationship between telomeres, telomerase, and the senes-
cence-promoting effects of cisplatin remains to be defined.

For ionizing irradiation, widespread senescence has been
observed without a detectable reduction in telomerase activity
[44,48], further discounting telomere shortening as a trigger of
accelerated senescence. While the induction of telomerase
activity has been observed in some irradiated cell types [80],
this likely reflects either a transient phenomenon unrelated to
the promotion of senescence or the use of supraclinical doses
of radiation coupled with extensive cell death, suggesting that
the changes in telomerase likely reflect cytotoxicity unrelated
to senescence. Collectively, these studies strongly suggest that
the shortening of already short telomeres is not the trigger for
accelerated senescence after exposure to chemotherapeutic
drugs or ionizing radiation.

Since standard chemotherapeutic agents and ionizing
radiation cause DNA strand breaks, it is possible that proximal
breaks in the telomeres or subtelomeric regions are sensed as
critically short, damaged DNA and consequently senescence is
induced. This may be the case where cisplatin was shown to
promote telomere loss [61], or where VP-16, but not Adria-
mycin, caused direct telomere breaks [81]. Moreover, no
differences in overall telomere length were detected via a
telomere length restriction (TRF) analysis after either Adria-
mycin exposure [47] or irradiation [44,48]. However, recogniz-
ing the limited sensitivity of this technique and the fact that
only a few critically short telomeres are sufficient to trigger
senescence [82], a cytogenetic approach showed that Adria-
mycin and ionizing radiation cause a high frequency of end-
associated abnormalities [47,48]. Thus, the observed acceler-
ated senescence after treatment with chemotherapeutic
agents or irradiation is at least partially caused by telomere
dysfunction in the absence of net global telomere loss.

The lack of direct involvement of telomeres and telomerase
in the radiation response is addressed, in part, by data
suggesting that neither elongated telomeres nor increased
telomerase activity serve to protect cells from radiation [83],
similar to what we observe for Adriamycin [47]. In contrast,
shortened telomeres increase radiation susceptibility [84,85],
which is not entirely unexpected given the inherent genomic
instability associated with short telomeres. Two independent
studies in mice support the importance of telomere dysfunc-
tion. One shows that loss of telomerase activity failed to
influence radiation sensitivity while telomere dysfunction
accelerated mortality in irradiated mice [86]. The other
demonstrated that shortened telomeres enhanced sensitivity
to the toxicity of radiation in the GI tract, lymphoid tissues,
and kidney [84]. Taken together, these studies indicate that
critically shortened telomeres enhance susceptibility to cell



BIOCHEMICAL PHARMACOLOGY 76 (2008) 947-957 953

death in response to radiation-induced DNA damage, likely
through the disruption of telomere structure and function (i.e.
telomere dysfunction).

5. Are replicative and accelerated senescence
separate pathways?

The early discoveries that replicative senescence is dependent
on the activity of the tumor suppressor p53, the cyclin
dependent kinase inhibitory protein p21%3f/<! and depho-
sphorylation of pRb, hinted that senescence is highly
reminiscent of the DNA damage response pathway leading
to G1 arrest (Fig. 2). This is in fact intuitive since exposed ends
of linear chromosomes would be sensed as double strand
breaks. As discussed above, the list of telomere-associated
proteins has grown, with many of these (i.e., Ku70, Ku80,
MRE11, NBS1, RAD50) previously being implicated in the
sensing and/or repair of DNA damage.

As expected, prominent and numerous DNA damage-
induced foci form in cancer cells after exposure to ionizing
radiation [87] or standard chemotherapeutic agents (unpub-
lished data). To date, it is unclear the proportion of these foci
that are localized to dysfunctional telomeres, but our
preliminary data indicate that the vast majority of DNA
damage-induced foci assembling in response to Adriamycin
exposure do not overlap with a telomere marker, possibly
representing widespread interstitial DNA damage (unpub-
lished data) [88]. However, some co-localization is evident
(unpublished data), favoring the existence of a classic early
DNA damage response at the telomere prior to induction of
accelerated senescence.

It appears that the signaling pathways promoting replica-
tive and accelerated senescence (at least in response to DNA
damaging treatment modalities) are more similar than
different. For both, dysfunctional telomeres represent one
element that can trigger a common DNA damage response
signaling pathway culminating in a prolonged (perhaps
permanent) growth arrested state. The speed with which
the process occurs is really the defining feature: for replicative
senescence, gradual telomere attrition due to the “end
replication problem” [2] eventually leads to the inability to
maintain a functional, protective telomere cap; for DNA
damage-induced accelerated senescence, rapid telomere
dysfunction occurs in a telomere-length-independent manner
[47,48]. However, the pathways integrating the early DNA
damage sensors, mid-point transducers, and downstream
effectors appear very similar (Fig. 2).

6. Accelerated senescence as a barrier to
tumor growth and disease recurrence

Numerous studies have relied exclusively on the in vitro
response of cancer cells to chemotherapeutic agents and
irradiation, raising the question of whether senescence might
merely be a tissue culture artifact. One limitation to assaying
senescence in vivo is the paucity of senescence-associated
markers. While the identification of senescence in cells is often
based on the distinct cellular morphology together with

senescence-associated B-galactosidase (SA-B-gal) activity at
PH 6.0 [3], this SA-B-gal marker has no known functional basis.
Furthermore, in order to detect activity, the histochemical
staining procedure requires frozen, not routinely processed
specimens. While this may impose a minor constraint for tissue
availability, the more significant limitation is the poor resolu-
tion typically achieved when histochemically staining a frozen
tissue section. With this said, there is a growing number of
studies reporting SA-B-gal activity in clinical specimens, many
of which appear to be complementary to the in vitro accumu-
lated data. Assessing the staining of p53, p16 and SA-B-gal in 20
archival breast tumor resections of patients treated neo-
adjuvantly with chemotherapy, it was observed that: (1) DNA
damageis able to trigger senescence in tumor cells in vivo; (2) SA-
B-gal activity was limited to tumors expressing wild-type p53;
and (3) breast cancers with undetectable SA-B-gal activity
tended to express mutant p53 and low levels of p16 [54]. Because
p16 has been implicated in the maintenance of senescence in
tumors [67], and since many tumors lack functional p16 [42], the
ability to recover proliferative capacity after a transient
senescence arrest may be related to the absence of sustained
growth arrest mediated through p16.

Additional studies have reported SA-B-gal activity in
treated tumor samples [56], while SA-B-gal expressing cells
were detected in benign tissues as well [89]. The two-stage
model of cellular senescence states that cells must overcome
Mortality Stage 1 (M1/Senescence), usually by inactivation of
tumor suppressors, and then bypass Mortality Stage 2 (M2/
Crisis) in order to immortalize [90]. Extrapolating upon this
model, it is possible that the senescent cells within these
benign lesions are unable to overcome M1/Senescence, thus
providing a senescence-based tumor suppressive mechanism
at a pre-malignant level.

It is uncertain as to whether accelerated senescence and
cell death are mutually exclusive, sequential, or coincident
events or whether senescence can itself be considered a form
of reproductive cell death. Various approaches to suppress
telomerase activity and/or induce senescence, including
telomere shortening, have subsequently resulted in apoptosis
or mitotic cell death, with evidence of senescing cell under-
going mitotic catastrophe [91] or senescence accompanied by
necrosis [69]. In contrast, studies in mice suggest that
senescence is triggered when apoptosis is blocked by over-
expression of Bcl-2 [92] and that senescence appears to confer
resistance to apoptosis [54]. Similarly, a blockade to Adria-
mycin-induced apoptosis resulted in a switch to senescence
[93]. Of note, sensitivity to Adriamycin was unaltered.

While studies using clinical specimens have been important
for validating the tendency for cancer cells to undergo
senescence in response to DNA damage, they have provided
little insight into the biological significance of such a cell fate.
Here, murine models have provided an experimental platform
to explore genetic mechanisms of treatment response in vivo.
Studies using the Ep-myc transgenic mouse prone to Burkitt’s-
like B-cell lymphomas, in which apoptosis has been compro-
mised via bcl-2 over-expression, have demonstrated that these
lymphomas retain the ability to undergo senescence in
response to cyclophosphamide with a complete cessation of
cellular proliferation [92]. Perhaps most importantly, mice
bearing senescent lymphomas survived for an extended period
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of time despite a large tumor burden, indicating the capacity ofa
senescence response to suppress tumor growth. In the absence
of p53, lymphomas formed rapidly and displayed chemother-
apy resistance [54], further validating both in vitro and clinical
data implicating p53 as a critical mediator of accelerated
senescence. More recently, reversible RNAi was employed to
control p53 expression in a chimeric liver cancer mouse model
to definitively show that brief reactivation of p53 in p53-
deficient tumors can produce complete tumor regression due
predominantly to induction of senescence [94]. In complemen-
tary studies, restoration of endogenous p53 expression led
to tumor regression in sarcomas through the promotion of
senescence [95]. Additionally, using two distinct murine
models, it was shown that cellular senescence can limit tumor
growth and may contribute to improved long-term survival of
the host [94,95]. The studies by Xue et al. [94] clearly implicate
the innate immune system in mediating the regression of the
senescent tumor cells. However, long-term clinical data on the
prognostic impact stratified by the ability versus inability to
undergo senescence in response to chemotherapy are not yet
available.

7. Accelerated senescence: a dead-end
or detour?

Historically, senescence has been defined as a permanent
growth arrested state, despite the fact that technical difficul-
ties remain in the discrimination of a truly irreversible
condition and a reversible long-term growth arrested state.
Invitro data indicating that senescent cells can re-enter the cell
cycle [21,56,59,67] casts some doubt on this “permanent”
growth arrested state. This proliferative recovery has been
achieved, however, by selectively inactivating critical media-
tors of DNA damage checkpoints (i.e., CHK1/CHK2, ATM/ATR,
P53, pRB, cdc2/cdkl), which is arguably a highly contrived
scenario. We have reported that a clonal MCF-7 population
expressing high levels of cdc2/cdkl kinase evaded Adriamy-
cin-induced senescence [59]. This clone was refractory to re-
exposure of Adriamycin and several other DNA damaging
chemotherapeutic agents, but not taxol. Collectively these
data indicate that a DNA damage signaling pathway must be
constitutively active in order to keep cells in a senescent state.
When the DNA damage response is impaired or inactivated,
evasion of senescence may result; a transient state of sene-
scence is unlikely to be sufficient for promoting tumor cell
death.

The impact of accelerated senescence on the effectiveness of
chemotherapy and radiotherapyis not fully understood [96], but
itis likely to be dependent on whether the senescence arrest is
followed by cell death, possibly through the involvement of
cellular and humoral immune responses. In part, this may also
be related to the ability of the cell to repair damaged DNA. The
extended period of growth arrest associated with accelerated
senescence is likely to provide an opportunity for DNA damage
repair. Depending on the genetic background of the tumor cell
in question, this interval of repair may be indefinite (i.e. a
sustained arrest) or may be succeeded by apoptotic or mitotic
cell death. As indicated above, in some cases, accelerated
senescence may be permissive for recovery of growth potential,

particularly in tumors that have lost functional p16 protein. We
and others have shown that a subpopulation of cells treated
with either drugs or radiation recovers proliferative capacity
[48,56,59,97], suggesting that cells failing to senesce demon-
strated outgrowth, although we have not determined the source
of the recovered cell population. If accelerated senescence
proves to be a quantitatively substantive component of the
response of malignancies to chemotherapy or radiation
treatment, it is possible that cells that escape from senescence
could ultimately contribute to tumor regrowth and recurrence
of malignancies.

The mechanism by which senescent cells contribute to
disease recurrence may extend beyond the possibility of
reversing cellular senescence and re-entering the proliferative
pool. Senescent cells, while growth arrested, remain metabo-
lically active [98]. Since senescent cells synthesize a number of
soluble factors with diverse biological activities [99], their
presence may influence the fate of neighboring cells. It has
been demonstrated that cells senescing in response to
chemotherapy secrete proteins with anti-apoptotic, mito-
genic, and angiogenic activities [50], suggesting paracrine
tumor promoting effects. Conversely, senescent cells may
inhibit tumor growth by secreting growth inhibitory sub-
stances [100], senescence-promoting factors [101], or death
[102]. While irradiation and chemotherapy bystander effects
have been well-documented [103,104], there is likely to be
utility in exploring the possibility that senescence bystander
effects may act to amplify drug action in naive cells that are
not directly exposed to antitumor drugs [105].

8. Concluding remarks

Overall, it has become evident that accelerated senescence
must be considered a critical component of the tumor cell
response to various modes of stress imposed by chemother-
apeutic drugs and radiation. Furthermore, senescence appears
to be sufficient to promote tumor regression, at least in
experimental animal model systems. Accelerated senescence
clearly plays arolein the drugand radiation treatment response
in patients, although the relative contributions of the different
modes of cell death (including apoptosis, autophagy and mitotic
catastrophe) remain to be defined. At the cellular level, this
same question relating to the involvement of different modes
of cell death is under active investigation by a number of
laboratories, including our own. There are a host of additional
questions to be addressed. One is how the cell distinguishes
between signals leading to senescence versus those for con-
ventional growth arrest, given the extensive overlap between
the proteins associated with both pathways. Another clinically
relevant issue is whether accelerated senescence is truly an
irreversible form of growth arrest accompanied by loss of self-
renewal capacity (i.e. cells that are reproductively “dead”), or
whether senescence might actually provide a temporary refuge
for dormant tumor cells that could at some subsequent time
recover proliferative capacity, contributing to disease recur-
rence. Alternatively, our findings relating to a senescence
bystander effect suggests that cells undergoing senescence
could promote a similar response in naive untreated cells,
amplifying the impact of drug treatment.
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