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In normal tissue, cell division is carefully regulated to maintain the
correct proliferative balance. Abnormal cell division underlies many
hypoproliferative and hyperproliferative disorders, including cancer,
and a better understanding of the mechanisms involved could lead
to new strategies for treatment and prevention. Cellular senescence,
a state of irreversible growth arrest, was first described as a limit to
the replicative life span of somatic cells after serial cultivation in vitro.
Recently, however, it has also been shown to be triggered prematurely
by potentially oncogenic stimuli such as oncogene expression, oxida-
tive stress, and DNA damage in cell culture studies. These data suggest
that cellular senescence is therefore acting as a tumor-protective fail-
safe mechanism. However, the significance of cellular senescence has
remained an issue of debate over the years, with the possibility that
it might be a cell culture-related artifact. Recent reports on oncogene-
induced senescence detected in premalignant tumors have provided
evidence to validate its role as a physiological response to prevent
oncogenesis in vivo. In this review, we discuss the mechanisms for
cellular senescence and its roles in vivo. (Cancer Sci 2009; 100: 792-797)

I n contrast to germ cells and certain stem cells, most somatic
cells permanently stop dividing after a finite number of cell
divisions in culture and enter a state termed cellular or replicative
senescence. These cells are irreversibly arrested in the G, phase
of the cell cycle and are no longer able to divide despite remaining
viable and metabolically active for long periods of time, thereby
distinguishing senescence from apoptotic cell death. The finite
replicative life span of normal cells in culture was first described
approximately 50 years ago by Hayflick, and is often termed the
‘Hayflick limit’.» Most tumors contain cells that appear to have
bypassed this limit and evaded senescence. Immortality, or even
an extended replicative lifespan, greatly increases susceptibility to
malignant progression because it permits the extensive cell
divisions that might acquire successive mutations. Therefore,
cellular senescence may act as a barrier to cancer and play an
important role in tumor suppression (Fig. 1).? It could also be
responsible for aspects of the aging process.?®

A number of hypotheses have been proposed to explain the
mechanisms of cellular senescence, and they can be grouped into
two categories: one set proposes that the loss of proliferative
potential is due to random accumulation of damage or stress, for
example through inappropriate culture conditions, whereas the
other proposes that it is a genetically programmed process. Although
much evidence suggests that senescence in human cells is genet-
ically controlled through a cell division counting mechanism caused
by telomere shortening,® recent reports strongly suggest that
cellular senescence can also be induced by inappropriate tissue
culture stresses such as continuous mitogenic stimulation, exposure
to high oxygen concentration, and DNA damage. However, recent
evidence has begun to indicate that cellular senescence does in

CancerSci | May2009 | vol.100 | no.5 | 792-797

fact also take place in vivo, playing important roles in tumor
suppression, aging, vascular diseases, and fibrosis.*'® We are
just at the beginning of understanding the physiological roles of
cellular senescence in vivo. In this review, we will focus on the
current knowledge of the molecular mechanisms leading to cel-
lular senescence and its roles in vivo.>'¥

Telomere-dependent and telemore-independent
senescence

At the end of eukaryotic chromosomes, special DNA structures
that consist of repetitive DNA elements can be found. These are
called telomeres and protect the DNA ends from degradation and
recombination. Mammalian telomeres are associated with six core
proteins forming the shelterin complex that serves to protect
telomeric ends."'¥ Telomere length is maintained by a specific
enzyme called telomerase, which is not expressed in most normal
human somatic cells. Due to the nature of the DNA replication
process and the lack of telomerase, telomeres become progressively
shorter with every round of cell division.!® Critical telomere short-
ening or uncapping of telomere binding proteins result in telomere
dysfunction and this is thought to initiate DNA damage response
signals to activate p53-dependent checkpoints that contribute to
either cellular senescence or apoptosis.!>!” Telomere length
therefore functions as a mitotic clock, counting the number of cell
divisions that human somatic cells undergo. In this regard, introduc-
tion of telomerase extends the replicative life span of normal
human cells."® By using telomerase-deficient mice,"? telomere
shortening has been shown to be involved in a disease of pro-
geria,® and telomerase also appears to be essential for the main-
tenance of self-renewing of stem cells.?" In contrast, mice
genetically overexpressing telomerase reverse transcriptase have
been shown to possess anti-aging activity, illustrating the importance
of telomerase in organismal aging.*? Although telomerase expres-
sion is strictly regulated in normal human somatic cells, in tumor
cells its expression is frequently deregulated. Although the mean
length of telomeres is reported to be reduced in various cancer
cells, the length of telomeres is maintained either by telomerase
expression or by a mechanism known as alternative lengthening
of telomeres in cancer cells.?*?¥ Tt is clear that telomere mainten-
ance is essential for cellular immortality and thus telomerase
offers a possible therapeutic target in human cancer.

In contrast to human cells, there is no strong evidence in rodent
cells that replicative senescence is dependent on telomere ero-
sion.®? Telomeres in rodent cells are quite long, and many somatic
rodent tissues and cultured cells have telomerase activity. Moreover,
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Fig. 1. Cellular senescence. Normal human fibro-
blasts enter a state of irreversible growth arrest
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Fig. 2. Molecular mechanisms of cellular senescence. Oncogenic stress
induces p16 and the p53-target p21. When protein retinoblastoma (pRb) is
fully activated by high-level expression of p16™“, mitogenic signals, in
turn, increase the level of reactive oxygen species (ROS) and elicit a positive
feedback activation of the ROS-PKC-§ signaling pathway. Elevated levels
of p16INK4a therefore establish the autonomous activation of ROS-PKC-3
signaling, leading to an irrevocable block to cytokinesis in human senescent
cells. CDK, cyclin-dependent kinase.

the proliferative block in rodent cells occurs without detectable
telomere shortening. This telomere-independent proliferation block,
which can also occur in human cells, may reflect a cell cycle check-
point response to inappropriate culture conditions rather than an
intrinsic limitation imposed by a cell division counting mecha-
nism. In this regard, it is interesting to note that primary mouse
embryonic fibroblasts have been shown to proliferate indefinitely
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if maintained in appropriate culture conditions, such as low oxygen
conditions.®® Also, rat oligodendrocyte precursor cells and rat
Schwann cells do not senesce in serum-free medium, but serum
addition induces senescence.”” Even in human cells, substantial
extended replicative life span was observed when cells were cul-
tured in non-serum-based medium,®® or under low oxygen condi-
tions.® These findings clearly demonstrate that cellular senescence
can be induced without apparent telomere shortening when cells
are exposed to non-physiological circumstances in vitro.
Moreover, aberrant growth signaling from activated Ras sign-
aling pathways is known to rapidly induce a senescence-like pro-
liferative arrest in normal human fibroblasts.®” There are also
reports that oxidative stress® and DNA damage®" accelerate the
onset of cellular senescence in human fibroblasts. Taken together,
this evidence suggests that senescence can be induced by a variety
of physiological stresses, via a process that is now called ‘stress-
induced senescence’.™® It is plausible that the elevated level of
reactive oxygen species (ROS) triggers culture stress-derived cel-
lular senescence because treatment of antioxidants to cultured
cells reduces the induction of Ras-induced cellular senescence,®?
and culturing cells in low oxygen conditions is known to extend
their replicative life span in both human cells and mouse cells.?6*

Role of cyclin-dependent kinase inhibitor proteins in
cellular senescence

In both human and rodent cells, the retinoblastoma (Rb) and p53
tumor-suppressor proteins are crucial gate keepers of cellular
senescence.®** The activities of Rb and p53 are highly regulated
by phosphorylation, protein—protein interactions, and protein
stability.®>* The cyclin-dependent kinases (CDKs) CDK4, CDKG6,
and CDK2 play critical roles in controlling Rb activity. When Rb
is phosphorylated by these CDKs, it loses its ability to bind to and
repress the functions of the E2F family of transcription factors,
resulting in gene transactivation allowing the initiation of DNA
replication (Figs 2,3).%73® This process requires strict regulation
of the CDK in a cell cycle-dependent manner. p16™43* and the
p53 target p2 1 WVafl/€ipl0) are CDKSs inhibitor proteins that have
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crucial functions in regulating CDKs and inducing the onset of
cellular senescence.®*#*? Simultaneous activation of p21“/C! and
p16™ constitutively activates the Rb protein,“** and cell cycle
progression is irreversibly arrested, thereby allowing the state of
cellular senescence™® (Fig. 2). In fact, both the p16™“*-Rb and
p53—p21WalliCirl hathways are known to be frequently inactivated
in human cancers,“#? illustrating the importance of disrupting
this cell cycle arrest to the tumorigenic process.

Unlike mouse embryonic fibroblasts,“4% in human somatic cells,
once Rb is fully engaged, particularly by its activator p16™,
senescent cell cycle arrest becomes irreversible and is no longer
revoked by subsequent inactivation of Rb and p53.9%" Interest-
ingly, subsequent inactivation of Rb and p53 enables human senes-
cent cells to reinitiate DNA synthesis, but they subsequently fail
to complete the cell cycle, suggesting that these cells may be
arrested in G, or M phase.®” Recently, we have found that cyto-
kinesis is irreversibly blocked after Rb and p53 are subsequently
inactivated in p16™“*-expressing human senescent cells.®? We
have also shown that a strongly activated p16™*-Rb pathway
cooperates with mitogenic signals to enforce an irreversible cyto-
kinesis block through causing the production of ROS. In this set-
ting, mitogenic signaling, in turn, increases ROS production, thereby
activating protein kinase C (PKC)Jd, a critical downstream mediator
of the ROS signaling pathway.®>* Importantly moreover, once
PKC?9 is activated by ROS, PKCd promotes further generation of
ROS, thus establishing a positive feedback loop to sustain ROS—
PKC3 signaling.®? In senescent human cells, sustained activation
of ROS-PKCS9 signaling irreversibly blocks cytokinesis, at least
partly through reducing the level of WARTS (also known as
large tumor suppressor (LATS)1), a mitotic exit network kinase
required for cytokinesis.®**¥ Thus, elevated levels of pl6™
establish autonomous activation of ROS-PKC39 signaling, leading
to an irrevocable block to cytokinesis in human senescent cells.
These findings demonstrate that multiple cell cycle check points
function to irreversibly arrest cell cycle entry in senescent cells
(Fig. 2). Recently, the Akt signaling pathway has been reported
to induce premature senescence,®>® with elevated levels of ROS
under mitogenic stimulation.®® Their findings are consistent with
previous reports that the ROS level is upregulated in cellular
senescence,*?*3 and could function as a tumor suppressor.®*37
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Fig. 3. Ink4a/Arf locus. The p16™ 4 gene is located
in the Ink4a/Arf locus in human chromosome 9p21,
and this locus encodes not only p16™%* but also Arf
via a shared second exon using a different transla-
tional reading frame. These two protein products
participate in major tumor-suppressor networks
that are inactivated in human cancer. p16™< binds
directly to and inhibits the activity of cyclin-
dependent kinase (CDK) 4 and CDK6 and hence
activates the retinoblastoma (RB) tumor-suppressor
protein whereas ARF binds directly to mouse double
minutes (MDM2) resulting in the stabilization
and activation of the p53 tumor suppressor. This
locus is repressed by polycomb proteins such as
Bmi1 (B lymphoma Mo-MLV insertion region 1).
DP, DRTP1-polypeptide-1.

Ink4a/Arf locus

The pl6™# gene is located in the Ink4a/Arf locus in human
chromosome 9 (chromosome 4 for mouse),***% and this locus
encodes not only the p16™“ gene but also the Arf gene (p19 for
mouse and p14 for human) by reading a shared second exon in a
different translational reading frame.*) These two products
participate in the major tumor-suppressor networks that are fre-
quently inactivated in human cancer. p16™ binds directly to and
inhibits the activity of CDK4 and CDK®, thereby activating the
Rb tumor-suppressor protein, whereas Arf binds directly to and
inhibits mouse double minutes (MDM?2), resulting in the stabilization
and activation of the p53 tumor suppressor (Fig. 3).¢¢?
pl6™ 4 appears to be more important in cellular senescence
and tumor suppression in human cells, whereas Arf is likely to
have a more prominent role in mouse cells. For mice, the most
convincing evidence has come from the characterization of
knockout mice in which individual exons within the Ink4a/Arf
locus have been specifically knocked out by homologous recom-
bination. Mice that are defective for either of the genes are cancer
prone, although the degrees of tumorigenesis are different.©3-69
The case for Arf as a tumor suppressor is perhaps the strongest
in mice, but comparison of the phenotype of the knockout mice
in the same genetic background has shown that whereas p16™“*-null
and Arf-null mice are both tumor prone, the effects are strongest
in mice that lack both genes.®® The reason why the cancer-prone
phenotype is milder in p16™“-null mice than in Arf-null mice®®
could be because other Ink4 family proteins such as p15™ and
p18™< could compensate for the lack of functional p16™4,©7-69
On the other hand, the studies of point mutations in human cancers,
including melanoma families, implicate the p16™ gene as being
more important than the Arf gene.“" Also, p16"™ is highly induced
in primary human cells by oncogenic Ras but Arf is not, whereas
both genes are induced in murine senescent cells.”" These results
suggest that overall, the p16™“ gene is more responsible in inducing
cellular senescence and tumor suppression in human cells.
Interestingly, the Ink4a/Arf locus is known to be repressed by the
polycomb proteins B lymphoma Mo-MLYV insertion region 1 (Bmi-1)
and related family members in both human and mouse cells.™
Overexpression of Bmi-1 in human primary cells appears to
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extend the replicative life span of primary cells by inhibiting
pl6™“4 function.”® Recently it was reported that repression
of the Ink4a/Arf locus by polycomb proteins is mediated by Rb
protein and histone H3K27 methylation at the Ink4a/Arf locus."7

Cellular senescence as a barrier to tumorigenesis in vivo

Much of our current knowledge of p16™“# gene regulation derives
from tissue culture studies. However, because emerging evidence
has begun to indicate that p16™ gene expression is also induced
in response to tissue culture stress, it is difficult to understand
the physiological relevance of p16™“* expression using such a
system; invivo studies are likely to provide far greater insight.
Recently, a number of reports have shown that cellular senescence
is induced in premalignant tumors, but is rare in more advanced
malignant tumors.®® These observations strongly argue in favor
of cellular senescence being an important in vivo physiological
response to prevent tumor development and provide evidence that
it is not simply a cell culture artifact. In addition, these reports
clearly rebut the view that oncogene-induced senescence may occur
only when the driving mitogenic oncogene is expressed at supraphy-
siological levels. Thus, these results open the possibility of using
senescence markers as diagnostic and prognostic tools and illustrate
the potential for senescence-inducing drugs as anticancer agents.

One additional intriguing piece of evidence highlights a link
between oncogene-induced senescence and inflammation and its
potential link to cancer. Recent studies have revealed an unexpected
function of the inflammatory pathways in inducing cellular
senescence.’*"® These studies used function-based screens and
demonstrated that cells undergoing oncogene-induced senescence
produce inflammatory cytokines such as interleukin (IL)-6 and
IL-8. These inflammatory cytokines appear to play an essential
role in the induction and maintenance of cellular senescence.
On the other hand, Campisi’s group reported that senescence-
associated secretory phenotypes, which involve secretion of the
same cytokines, promote oncogenesis and the epithelial to mesen-
chymal transition, a response characteristic of metastatic tumors.”
They speculate that an inflammatory microenvironment promotes
the development of cancer.”™ Altogether, these findings imply that
inflammation acts as a double-edged sword in preventing and
promoting oncogenesis.

Cellular senescence in aging in vivo

Several groups have suggested a role for the senescence machinery
in mammalian aging in vivo. For example, excess p53 activity has
been shown to induce premature aging in mice in multiple tissue
types.®” Sharpless and his colleagues reported that the expression
of pl6™ and Arf is markedly increased in almost all rodent
tissues with aging, whereas there is little or no change in the expres-
sion of other INK4 family members.®" In addition, the age-related
increase in p16™“3/Arf expression is accompanied by the strongly
correlated expression of v-ets erythroblastosis virus E26 oncogene
homolog (Ets)-1,®Y a known p16™% transcriptional activator.®?
They suggest that expression of the Ink4a/Arf tumor-suppressor
locus is a robust biomarker and a possible effector of mammalian
aging. Also, there is a report that Ets-1 isoform-deficient mice
demonstrate lymphocyte maturation defects associated with
downregulation of p16™“* expression.®® It is interesting to note
that other Ets family transcription factors, such as Ets-2%? and
ESE-3, an enterocyte-specific Ets transcription factor,®” also
upregulate pI6™“ gene expression during the process of cellular
senescence, suggesting that Ets family transcription factors play
an important role in controlling p/6™* gene expression.

Recently, Baker et al. showed that hypomorphic budding
uninhibited by benzimidazoles 1-related kinase (BubR1) mutant
mice have high levels of p16™* and Arf in prematurely aged skeletal
muscle and fat,®> confirming that the expression of p16™4 and
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Arf are biomarkers of aging. However, surprisingly, inactivation
of pl6™4 in BubRI-insufficient mice attenuates both cellular
senescence and premature aging in these tissues but, conversely,
Arf inactivation exacerbates senescence and aging in BubR1 mutant
mice. These results show that BubR1 insufficiency is a trigger for
activation of the Ink4a/Arf locus and that p16™* is an effector and
Arf an attenuator of senescence and aging in these tissues although
the molecular mechanisms underlying this remain unclear.®

Several lines of evidence suggest that higher eukaryotes age,
in part, because our self-renewing stem cells become senescent
due to pl6™ upregulation. Ito et al. reported that self-renewal
of hematopoietic stem cells is severely impaired due to elevated
ROS in ataxia telangiectasia mutated (ATM) knockout mice,
resulting in the upregulation of p16™“ #9 Moreover, recent papers
have shown that self-renewal of stem cells is highly retained
in pl6™“a_deficient mice, whereas it is severely attenuated in
wild-type mice in advancing age.®'V These genetic data support
the view that an age-induced increase in p16™* expression limits
the regenerative capacity of tissue-specific stem cells with aging.

Even though the expression of p53 or p16!"™ has the effect of
accelerating aging, these genes are beneficial with respect to tumor
suppression. Recently, Serrano’s group generated bacterial arti-
ficial chromosome-based transgenic mice with a single extra dose
of chromosomal fragment containing the p53 and Ink4a/Arf loci.®”
The expression of both tumor suppressors from these transgenes
under physiological regulation protects mice against cancer and
these mice also showed delayed aging.®” These data indicate that
the naturally regulated response from the extra dose of these tumor
suppressors is tumor protective and anti-aging.

Cellular senescence of non-cancerous pathologies in vivo

It is now clear that cellular senescence is important as a potent
mechanism of tumor suppression in vivo. Recently, links between
cellular senescence and non-cancerous pathologies have also been
emerging. Minamino and his colleagues reported that senescent
cells were detected in human atherosclerotic plaques in coronary
arteries obtained from patients who had ischemic heart disease.®
Yao et al. recently published that pulmonary damage by cigarette
smoke is reduced in p21 knockout mice, suggesting that p21 expres-
sion by cigarette smoke in pulmonary epithelium mediates inflam-
matory damage-induced senescence that could cause chronic
obstructive pulmonary diseases.®® Also in the liver, Krizhanovsky
et al. showed that senescent cells accumulated in murine livers
treated to produce fibrosis, a precursor pathology to cirrhosis.?
The senescent cells are derived primarily from activated hepatic
stellate cells that initially proliferate in response to liver damage
and produce the extracellular matrix deposited in the fibrotic
scar. In mice lacking key senescence regulators, such as pS3 and
INK4a/Arf, stellate cells continue to proliferate, leading to exces-
sive liver fibrosis. Therefore, the cellular senescence in liver
stellate cells seems to limit the fibrogenic response to acute
tissue damage.!®

Conclusions

In summary, it is now accepted that cellular senescence is induced
by a number of cellular stresses such as oncogene activation,
oxidative stress, and DNA damage in vitro and in vivo through
elevated levels of ROS. Unlike programmed differentiation, cellular
senescence is likely to be a stochastic event that is induced by a
variety of genotoxic stresses. Recently, we developed a real-time
in vivo imaging system for visualizing the expression of senescence-
related genes, such as p2 "€’ in mice (Fig. 4).” Visualizing
the dynamics of cellular senescence responses in vivo in the context
of living animals is likely to be a useful tool in the identification
of the location and timing of gene expression and hence their
likely roles in cellular senescence in vivo.
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