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Abstract
For most species, aging promotes a host of degenerative pathologies that are
characterized by debilitating losses of tissue or cellular function. However,
especially among vertebrates, aging also promotes hyperplastic pathologies,
the most deadly of which is cancer. In contrast to the loss of function that
characterizes degenerating cells and tissues, malignant (cancerous) cells must
acquire new (albeit aberrant) functions that allow them to develop into a
lethal tumor. This review discusses the idea that, despite seemingly opposite
characteristics, the degenerative and hyperplastic pathologies of aging are
at least partly linked by a common biological phenomenon: a cellular stress
response known as cellular senescence. The senescence response is widely
recognized as a potent tumor suppressive mechanism. However, recent evidence strengthens the idea that it also drives both degenerative and hyperplastic pathologies, most likely by promoting chronic inﬂammation. Thus,
the senescence response may be the result of antagonistically pleiotropic
gene action.
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INTRODUCTION: AGING AND CANCER
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Aging is a nearly universal feature of biological organisms. Among multicellular organisms, aging
is marked by a progressive decline in the function of multiple cells and tissues. In organisms with
renewable tissues, aging is also marked by an increase in hyperplasias, the most serious of which
are cancers. Why does aging occur?
Evolutionary theory holds that aging is a consequence of the declining force of natural selection
with age (1). Extrinsic hazards—accidents, predation, infection, starvation, and so forth—limit the
life span of most species, thereby depleting natural populations of older individuals. Consequently,
there are generally few old survivors on which natural selection can act to eliminate alleles or
genes that have late-acting deleterious effects. This is especially true for genes that confer earlylife beneﬁts. That is, natural selection cannot eliminate genes that promote early-life survival but
incongruously also promote late-life debility (2), a concept termed antagonistic pleiotropy. As
discussed below, antagonistic pleiotropy is key to understanding many aspects of aging, especially
the relationship between aging and cancer.
The most prominent feature of aging is a gradual loss of function—or degeneration—that
occurs at the molecular, cellular, tissue, and organismal levels. Age-related loss of function is a
feature of virtually all organisms that age, ranging from single-celled creatures to large, complex
animals. In mammals, age-related degeneration gives rise to well-recognized pathologies, such
as sarcopenia, atherosclerosis and heart failure, osteoporosis, macular degeneration, pulmonary
insufﬁciency, renal failure, neurodegeneration (including prominent neurodegenerative diseases
such as Alzheimer’s and Parkinson’s diseases), and many others. Although species vary in
their susceptibilities to speciﬁc age-related pathologies, collectively, age-related pathologies
generally rise with approximately exponential kinetics beginning at approximately the mid-point
of the species-speciﬁc life span (e.g., 50–60 years of age for humans) (3, 4). Degeneration
in one or more tissues is an extremely common and prominent age-related phenotype that
is seen by geriatricians and experienced by their patients in both developed and developing
nations.
Among multicellular organisms with renewable (that is, repairable or regenerative) tissues, aging entails another feature: gain-of-function changes that allow cells to proliferate inappropriately
(hyperplasia). Furthermore, through genomic instability, these changes allow cells to acquire phenotypes that increase their abilities to proliferate, migrate, and colonize ectopic sites; to survive
hostile tissue environments; and to evade attack by the immune system. These phenotypes are, of
course, hallmarks of lethal cancers (5).
Cancer, like the age-related degenerative diseases, increases in incidence with nearly exponential kinetics beginning at approximately the mid-point of the life span (in species that are
susceptible to this disease) (3, 6, 7). In this regard, cancer is no different from the other diseases of
aging, despite very different manifestations. Is it a coincidence, then, that these dissimilar types of
age-related pathologies increase with the same kinetics? Or is there a common process that links
aging, degeneration, and cancer?
There is mounting evidence that at least one process—a stress response termed cellular
senescence—links multiple pathologies of aging, both degenerative and hyperplastic. Cellular
senescence is unlikely to explain all aging phenotypes. Nonetheless, a surprisingly large number of
aging pathologies have been linked, directly or indirectly, to the senescence response. Discussed
below are some of the seminal features of senescent cells, several of which are likely under positive
evolutionary selection and others of which are likely antagonistically pleiotropic. Also discussed
are what is known about the regulation of the senescence response and what is known about its
consequences for aging and a spectrum of age-related pathologies.
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Figure 1
Causes and consequences of cellular senescence. Cellular senescence is a response to potentially oncogenic
stimuli. These stimuli include damage to DNA, whether at telomeres or elsewhere in the genome; strong
mitogenic signals, including those produced by activated oncogenes; damage or disruptions to the
epigenome; and ectopic expression of certain tumor suppressors. The consequences of cellular senescence
are myriad: The essentially irreversible growth arrest can suppress tumorigenesis; other phenotypes of
senescent cells can promote optimal tissue repair; senescent cell phenotypes can also, ironically, fuel the
development of cancer; and they can cause or promote the degenerative diseases of aging.

CELLULAR SENESCENCE: OVERVIEW
Cellular senescence refers to the essentially irreversible arrest of cell proliferation (growth) that
occurs when cells experience potentially oncogenic stress (8) (Figure 1). The permanence of
the senescence growth arrest enforces the idea that the senescence response evolved at least
in part to suppress the development of cancer (9). The senescence arrest is considered irreversible because no known physiological stimuli can stimulate senescent cells to reenter the
cell cycle. However, molecular biological manipulations, for example, the sequential inactivation of certain tumor suppressor genes, can cause senescent cells to proliferate (10). There may
be as-yet-unrecognized physiological circumstances under which the senescence growth arrest
is reversible. Regardless, the senescence arrest is stringent. It is established and maintained
by at least two major tumor suppressor pathways—the p53/p21 and p16INK4a /pRB pathways—
and is now recognized as a formidable barrier to malignant tumorigenesis. Consistent with this
view, cells undergo senescence in response to a host of potentially oncogenic stimuli or their
sequelae.
In addition to arrested growth, senescent cells show widespread changes in chromatin organization and gene expression. These changes include the secretion of numerous proinﬂammatory
cytokines, chemokines, growth factors, and proteases, a feature termed the senescence-associated
secretory phenotype (SASP) (Figures 2 and 3). The SASP has powerful paracrine activities, the
nature of which suggests that the senescence response is not solely a mechanism for preventing
cancer. Rather, cellular senescence and the SASP likely evolved both to suppress the development
of cancer and to promote tissue repair or regeneration in the face of injury. As discussed below,
the paracrine activities of senescent cells can be either beneﬁcial or deleterious, depending on
the physiological context.
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Figure 2
Regulation of senescence growth arrest and the senescence-associated secretory phenotype (SASP). Cellular
senescence is initiated by genomic or epigenomic damage, which activates a DNA damage response (DDR).
The DDR ultimately becomes persistent or chronic, which leads to activation of p38MAPK and protein
kinase C (PKC) and increased reactive oxygen species (ROS) and, ultimately, expression of the p16INK4a
tumor suppressor. Stress that does not entail direct genomic or epigenomic damage can also induce p16INK4a
expression and in some cases can indirectly trigger a DDR (dashed line). p16INK4a activates the pRB tumor
suppressor, which silences certain proproliferative genes by heterochromatinization, thereby instituting a
stringent arrest of cell proliferation. Persistent DDR signaling also induces the SASP and activates the p53
tumor suppressor, which restrains the SASP. p53 also causes growth arrest, principally by inducing
expression of the cell cycle inhibitor p21. In some forms of oncogene-induced senescence, the SASP
reinforces the senescence growth arrest (dashed line). NF-κB denotes nuclear factor κB.
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Figure 3
The myriad activities of the senescence-associated secretory phenotype (SASP). The many factors that
compose the SASP have numerous biological activities, all highly dependent upon physiological context.
These activities include stimulation of angiogenesis, stimulation and inhibition of cell proliferation, creation
of a chemoresistant niche during cancer chemotherapy, stimulation of an epithelial-to-mesenchymal
transition, chronic inﬂammation, alterations to stem cell renewal and/or differentiation, and optimization of
tissue repair. Hexagons represent SASP factors that act within and outside the senescent cell.
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CELLULAR SENESCENCE: CAUSES
Cellular senescence was ﬁrst formally described approximately ﬁve decades ago when Hayﬂick
and colleague (11, 12) showed that normal human cells (in this case ﬁbroblasts) did not proliferate
indeﬁnitely in culture. These cells were said to have a ﬁnite replicative life span, and, later, to
undergo replicative or cellular senescence (sometimes termed replicative or cellular aging). The
number of divisions that cells complete upon reaching the end of their replicative life span has
been termed the Hayﬂick limit.
The link between the Hayﬂick limit and aging was, for many years, conjectural and tenuous—
largely on the basis that replicatively senescent cells appeared to be degenerated, although they
remained viable and metabolically active. The link to cancer was more obvious. Even 50 years
ago, it was evident that most cancer cells do not have a ﬁnite replicative life span (11). Hence, the
idea that the senescence response is tumor suppressive, although still speculative 50 years ago, was
more ﬁrmly grounded (9). The ensuing decades have seen the links between cellular senescence
and both aging and cancer strengthen. They have also seen an increasingly more complex view of
both the causes and consequences of cellular senescence.

Telomere Shortening
The mechanism behind the ﬁnite replicative life span of normal cells is now understood. Because
polymerases that copy DNA templates are unidirectional and require a labile primer, the ends of
linear DNA molecules cannot be completely replicated (13). Thus, telomeres, the DNA-protein
structures that cap the ends of linear chromosomes, shorten with each cell division (14).
Telomere shortening does not occur in cells that express telomerase, the reverse transcriptase
that can replenish the repetitive telomeric DNA de novo (15, 16). The numbers and types of
telomerase-expressing cells vary widely among species (17–19). In mice, for example, many cells
in the adult animal are telomerase positive. In humans, however, such cells are rare. Telomerasepositive human cells include most cancer cells, embryonic stem cells, certain adult stem cells, and
a few somatic cells (for example, activated T cells).
Functional telomeres prevent DNA repair machineries from recognizing chromosome ends as
DNA double-strand breaks (DSBs), to which cells rapidly respond and attempt repair. In the case
of telomeres, repair followed by cell division will cause rampant genomic instability through cycles of chromosome fusion and breakage (20, 21)—major risk factors for developing cancer. Thus,
repeated cell division in the absence of telomerase eventually causes one or more telomeres to
become critically short and dysfunctional. Dysfunctional telomeres elicit a DNA damage response
(DDR) but suppress attempted DNA repair (22–25). The DDR, in turn, arrests cell division primarily through activities of the p53 tumor suppressor, thereby preventing genomic instability.
Dysfunctional telomeres appear to be irreparable; consequently, cells with such telomeres experience persistent DDR signaling and p53 activation (24, 26), which enforce the senescence growth
arrest (Figure 2). As discussed below, DDR signaling also establishes and maintains the SASP.

Genomic Damage
Telomere dysfunction is one of many potentially oncogenic stimuli that can elicit a senescence
response (Figure 1). Many cells undergo senescence in response to severely damaged DNA,
regardless of the genomic location (27) (Figure 1). DNA DSBs, such as those induced by ionizing
radiation, topoisomerase inhibitors, and other agents, are especially potent senescence inducers
(28–30). Many types of cytotoxic chemotherapies are severe DNA-damaging agents that can induce
senescence in both tumor cells and surrounding normal cells (31–34).
www.annualreviews.org • Aging, Cellular Senescence, and Cancer
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Other DNA lesions—such as those caused by oxidative stress—may also drive cells into senescence (35–38). Oxidative stress and several other DNA-damaging agents often cause DNA base
damage and/or single-strand breaks. However, during DNA replication or base excision repair,
these lesions can be converted to DSBs (39). Oxidative stress can also accelerate telomere shortening (40), presumably because the G-rich telomeric DNA is particularly vulnerable to oxidative
damage. Therefore, cells may senesce primarily in response to directly or indirectly generated
DNA DSBs. DSBs are potent senescence inducers; dose response experiments have estimated
that a single unresolved DSB can induce a senescence growth arrest (41).
Although the precise types of genomic lesions that induce senescence are unknown, the efﬁcacious lesions are known to generate persistent DDR signaling. This chronic DDR contrasts
sharply with the response to mild DNA damage, which generates a transient growth arrest and
transient DDR signaling. Persistent DDR signaling is generally identiﬁed by the long-term presence of nuclear DNA damage foci that contain a variety of activated DDR proteins, including
activated p53 (24, 29, 42, 43).
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Mitogens and Proliferation-Associated Signals
Cellular senescence can also be induced by strong, chronic, or unbalanced mitogenic signals (44)
(Figure 1), consistent with its role in suppressing tumorigenesis. The best-studied examples are
the senescence responses that are provoked by certain oncogenes. The ﬁrst report of what is now
termed oncogene-induced senescence showed that an oncogenic form of H-RAS (H-RASV12 ),
which chronically stimulates the mitogen-activated protein kinase (MAPK) signaling pathway,
provokes senescence in normal cells (45). Several other MAPK pathway components have since
been shown to induce senescence when overexpressed or present in oncogenic forms (46–48).
Likewise, cells senesce in response to overexpressed growth factor receptors such as ERBB2 (49),
chronic stimulation by cytokines such as interferon-β (50), loss of PTEN (which truncates growth
factor signaling) (51), and several other forms of chronic or high-intensity mitogenic stimulation
(44, 52, 53).
How do supraphysiological external signals induce senescence? Surprisingly, one mechanism
is by inducing DNA damage (54–56). Some oncogenes and strong mitogenic stimuli cause DNA
damage and persistent DDR signaling, possibly as a consequence of inappropriate replicon ﬁring
and replication fork collapse (which creates DNA DSBs). This mechanism cannot, however, explain all instances of senescence. For example, hyperactivation of p38MAPK, a stress-responsive
MAPK pathway component, induces senescence by a DDR-independent mechanism (57). Likewise, activation of ATR, a DDR protein that responds to replication stress, can induce senescence
in the absence of actual DNA damage (58). Whatever the initiating event, mitogenic signals
ultimately engage the p53/p21 and/or p16INK4a /pRB pathways (discussed below).

Epigenomic Damage
Cellular senescence entails widespread changes in chromatin organization (59), including the
formation of repressive heterochromatin at several loci that encode proproliferative genes (60).
Perturbations to the epigenome can elicit a senescence response (Figure 1). For example, global
chromatin relaxation (such as that caused by broad-acting histone deacetylase inhibitors) induces
senescence, often by derepressing the p16INK4a tumor suppressor (61), which promotes the formation of senescence-associated heterochromatin (60). Other inducers, for example, suboptimal
c-MYC (62) or p300 histone acetyltransferase (63) activity, also appear to act by perturbing chromatin organization and inducing p16INK4a expression. Notably, p16INK4a , which is expressed by
690
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many senescent cells, is both a tumor suppressor and a biomarker of aging (64, 65). Finally,
under some circumstances, epigenomic perturbations can elicit a DDR in the absence of physical DNA damage. For example, histone deacetylase inhibitors activate the DDR protein ATM
(ataxia-telangiectasia-mutated), which initiates a DDR without DNA damage (66, 67).
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Activation of Tumor Suppressors
Stimuli that induce cellular senescence establish and/or maintain the senescence growth arrest
largely by engaging either or both of the p53/p21 and p16INK4a /pRB tumor suppressive pathways
(8, 59, 68) (Figure 2). Both pathways are complex; each has multiple upstream regulators, downstream effectors, and modifying side branches (69, 70). Moreover, the pathways cross-regulate
each other (71–73). Both pathways control the senescence response mainly by implementing
widespread changes in gene expression. p53 and pRB are master transcriptional regulators. p21
is a downstream effector of p53, whereas p16INK4a is a positive upstream regulator of pRB; both
are cyclin-dependent kinase inhibitors and potent negative regulators of cell cycle progression.
There may be other, as yet poorly characterized p53- and pRB-independent pathways that can
establish or maintain the senescence growth arrest, but the p53/p21 and p16INK4a /pRB pathways
are clearly of major importance.
Chronic activation or overexpression of p53, pRB, p21, or p16INK4a is generally sufﬁcient to
induce a senescence growth arrest (10, 74). The p53/p21 and p16INK4a /pRB pathways also regulate
several—although not always all—other features of senescent cells (discussed below).
Genomic damage, including dysfunctional telomeres, activates the DDR, which engages the
p53/p21 pathway. This engagement is biphasic. The initial response is rapid (generally within
minutes to an hour), robust, and transient (generally subsiding within 24–48 h), which is typical
of the p53 response to many forms of DNA damage (69). However, if the damage is severe or
irreparable—enough to elicit a senescence response—low-level p53 activation and p21 expression
persist once the robust rapid phase declines (42, 43, 75).
Persistent DDR signaling appears to initiate the senescence growth arrest (as opposed to a
transient damage-induced growth arrest) (Figure 2). Such signaling is also accompanied by the
slow (occurring over days) activation of other signaling pathways, such as those governed by
the stress-responsive p38MAPK and protein kinase C pathways, and increased reactive oxygen
species, which also participate in signaling pathways (53, 57, 76, 77) (Figure 2). These pathways are
initiated by poorly understood mechanisms. These additional signaling pathways, then, stimulate
the expression of p16INK4a , which, acting through pRB, ensures the essential irreversibility of the
growth arrest (10).

SENESCENT CELLS: CHARACTERISTICS
What deﬁnes a senescent cell? In addition to the essentially permanent growth arrest, several
features and molecular markers are used to identify senescent cells. However, like the growth
arrest, no single characteristic is exclusive to the senescent state. Likewise, not all senescent cells
display all the senescence markers that have so far been identiﬁed. Thus, senescent cells are
generally identiﬁed by a constellation of characteristics.
Because the deﬁning characteristic of a senescent cell is arrested growth, a necessary but insufﬁcient marker of senescent cells is an absence of proliferation markers. In addition, senescent
cells generally enlarge, often doubling in volume, and, if adherent, adopt a ﬂattened morphology.
Histochemical staining for senescence-associated β-galactosidase (SA-Bgal) (78) is a commonly
used marker for senescence cells. This activity derives from the acidic lysosomal β-galactosidase;
www.annualreviews.org • Aging, Cellular Senescence, and Cancer
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in senescent cells, it is detectable at a near-neutral pH because it is overexpressed (79). SA-Bgal was
the ﬁrst marker to permit the detection of senescent cells in situ in tissues, showing that senescent
cells indeed increase with age in vivo (78). It is still used extensively to identify senescent cells both
in culture and in a variety of vertebrate tissues.
Another marker now used regularly to identify senescent cells in culture and tissues is the
p16INK4a tumor suppressor protein. p16INK4a expression is low or undetectable in most normal
cells and tissues but is readily detectable in cells induced to senesce by many stimuli (8, 64, 68).
p16INK4a expression also increases steadily with age in multiple vertebrate tissues (80–83).
As noted above, many senescence inducers cause genomic damage, resulting in lasting DNA
damage foci and DDR signaling. The persistent foci are termed telomere dysfunction–induced
foci (TIF) when present at telomeres (84) or, more generally, DNA-SCARS (DNA segments with
chromatin alterations reinforcing senescence) (43). They contain several markers of DNA damage
foci, such as 53BP1, but are distinct from foci that form immediately after DNA damage. DNASCARS often partially colocalize with promyelocytic leukemia protein (PML) nuclear bodies and
contain the activated DDR proteins, such as phospho-CHK2, that are needed for the SASP (42).
Persistent DNA damage foci are found in tissues that experience genotoxic stress (42) and in aging
mouse and primate tissues (29, 30, 84).
Some senescent cells contain senescence-associated heterochromatin foci (SAHF): cytologically detectable heterochromatin domains that also contain (and presumably silence) certain
proproliferative genes (60). These foci are found in some, but not all, senescent human cells
(85). Similar foci found in senescent mouse cells are probably not SAHF but rather pericentric
chromatin (86, 87).
Other senescence markers include upregulated expression of the tumor suppressor proteins
DEC1 (Deleted in Esophageal Cancer) and DcR2 (Decoy Receptor 2) (88), both of which are
targets of p53 transactivation. Senescent cells also markedly downregulate expression of the nuclear
lamina protein lamin B1 (LMNB1) (89, 90). These markers (and others not discussed here) are
less widely used, probably because they are currently less extensively validated. DEC1 and DcR2
upregulation and LMNB1 downregulation have been validated in cultured cells and human or
mouse tissues.

SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE
A ﬁnal important feature of many senescent cells is the SASP. The SASP is arguably the most striking feature of senescent cells because it has the potential to explain the role of cellular senescence in
organismal aging and age-related pathology (91, 92) (Figure 3). SASP components include a large
number of cytokines, chemokines, growth factors, and proteases, the details of which have been
reviewed (92, 93). Whereas some SASP factors are known (or suspected) to fuel the deleterious
effects of senescent cells, other factors—or even the same factors—may have beneﬁcial effects.
Consistent with the complexity of the SASP, its biological activities are myriad (Figure 3).
The SASP can stimulate cell proliferation, owing to proteins such as the GROs (growth-regulated
oncogenes) (94, 95) and amphiregulin (96), as well as stimulate new blood vessel formation, owing
to proteins such as VEGF (vascular endothelial growth factor) (97). However, the SASP also
includes proteins that have complex effects on cells—for example, the biphasic WNT modulator
SFRP1 (secreted frizzled related protein 1) (98) and interleukins IL-6 and IL-8 (32, 99, 100),
which can stimulate or inhibit WNT signaling and cell proliferation, respectively, depending on
the physiological context. Chronic WNT signaling can drive both differentiated and stem cells into
senescence (101) (Figure 3). In addition, some SASP factors induce an epithelial-to-mesenchymal
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transition in susceptible cells (102); others (for example, SFRP1, GROα, and IL-6) can alter stem
cell proliferation or differentiation or modify stem cell niches (103–106) (Figure 3).
Of particular relevance to the role of cellular senescence in aging and age-related disease, many
SASP components directly or indirectly promote inﬂammation (59, 92, 93, 107, 108). These factors include IL-6 and IL-8; a variety of MCPs (monocyte chemoattractant proteins) and MIPs
(macrophage inﬂammatory proteins); and proteins that regulate multiple aspects of inﬂammation,
such as GM-CSF (granulocyte/macrophage colony–stimulating factor). The secretion of these
and similar proteins by senescent cells is predicted to cause chronic inﬂammation, at least locally and possibly systemically (91–93, 107). Chronic inﬂammation, of course, is a cause of—or
an important contributor to—virtually every major age-related disease, both degenerative and
hyperplastic (109–111).
Finally, the SASP is a plastic phenotype. That is, proteins that are included in the SASP vary
among cell types and, to some extent, with the stimulus that induced the senescence response.
Nevertheless, there is substantial overlap among SASPs; proinﬂammatory cytokines are the most
highly conserved feature, cutting across many different cell types and senescence-inducing stimuli
(33, 42, 96, 99, 100, 112–114).

The SASP: Causes
The SASP is primarily a property of cells that senesce owing to, or accompanied by, genomic
damage or epigenomic perturbation. Thus, normal cells that senesce owing simply to the ectopic overexpression of p21 or p16INK4a do not express a SASP, despite undergoing a senescence
growth arrest and displaying several other characteristics of senescent cells (115). In contrast, cells
that senesce owing to DNA damage, dysfunctional telomeres, epigenomic disruption, mitogenic
signals, oxidative stress, and other senescence-inducing stimuli develop a SASP of varying qualities and robustness (32, 33, 42, 67, 94, 96, 99, 100, 112–114). As discussed below, these ﬁndings
suggest that one function of the SASP may be to ensure that damaged cells communicate their
compromised state to neighboring cells to prepare the tissue for repair; another function of the
SASP may be to stimulate the clearance of such damaged cells by the immune system.

The SASP: Regulation
Many, but not all, SASP components are positively regulated by the DDR proteins ATM, NBS1
(Nijmegen breakage syndrome 1), and CHK2 (checkpoint kinase 2) (42, 67). These proteins act
upstream of p53, which does not positively regulate the SASP (discussed below) (Figure 2). Of
particular importance, these DDR proteins stimulate the SASP only after persistent DDR signaling
has been established. That is, the rapid robust DDR that occurs immediately after DNA damage
does not induce a SASP; rather, the SASP develops slowly—over several days in culture—and
only after the initial DDR subsides (32, 42). DNA-SCARS and TIF are particularly important
for the effects of the DDR on the SASP. These nuclear structures contain the activated DDR
proteins that ensure the persistent DDR signaling (43) that is needed for both the senescence
growth arrest and the SASP (32, 42, 43). Little is known about precisely how DDR signaling
promotes the expression of the genes that encode the DDR-sensitive SASP components.
The SASP is also positively regulated by the transcription factors nuclear factor κB (NF-κB) (57,
67, 99) and C/EBP-β (100) (Figure 2). These transactivators are downstream of signaling cascades
that control inﬂammatory cytokine gene expression, primarily in immune cells. In senescent cells,
an early response to senescence-inducing stimuli is increased expression of IL-1α (116, 117). This
plasma membrane–associated cytokine binds its plasma membrane–associated receptor (IL1R),
www.annualreviews.org • Aging, Cellular Senescence, and Cancer
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which in turn initiates a signaling cascade that ultimately activates NF-κB (116, 117). NF-κB, in
turn, induces the transcription of genes encoding inﬂammatory mediators such as IL-6 and IL-8
(32, 94, 99, 100). In the case of senescence induced by certain oncogenes, these cytokines help
sustain the senescence growth arrest (discussed below) (99, 100) (Figure 2).
In contrast to positive regulation by the DDR, p53 negatively regulates or, more accurately,
restrains the SASP (32, 42) (Figure 2). In normal senescent cells that express a SASP, inactivation
of p53—for example, by RNA interference or expression of dominant negative proteins—causes
a striking hyperincrease in the secretion of several SASP factors, due primarily to an increase in
mRNA abundance (32). Furthermore, p53 inactivation in cells that do not express p16INK4a , which
renders the senescence growth arrest irreversible (10), causes cells to resume proliferation, but the
SASP remains active (32, 42). Such cells are, of course, extremely dangerous should they occur in
vivo. Not only do they express a SASP, which can drive aging phenotypes such as malignancy in
neighboring cells (discussed below), but because damage is a common senescence inducer, they
are most likely (epi)genomically unstable and hence at risk for malignant transformation.

CELLULAR SENESCENCE, AGING, AND CANCER: THE DARK SIDE
The idea that senescent cells contribute to organismal aging is now several decades old. Despite
the tenuous logic upon which this idea was initially based, the hypothesis that senescent cells can
drive aging phenotypes and age-related pathology has steadily gained momentum. Importantly, it
has garnered increasing experimental support, particularly in recent years. As noted above, aging
is marked by an exponential increase in many diseases, both degenerative and hyperplastic in
nature. There is mounting evidence that senescent cells can contribute to both of these types of
age-related pathology.

Senescent Cells and Degenerative Phenotypes
Senescent cells have been implicated in many age-associated degenerative phenotypes, both
normal and pathological. In most cases, senescent cells have been shown or hypothesized to drive
degenerative changes largely through secreted proteins—that is, through the SASP (91).
Senescent cells can disrupt normal tissue structures, which are essential for normal tissue function. In three-dimensional cultures that model the functional and morphological differentiation
of breast epithelial cells, for example, the presence of senescent ﬁbroblasts disrupted alveolar and
branching morphogenesis, as well as milk protein production (118, 119); the effects of the senescent ﬁbroblasts were due primarily to their secretion of matrix metalloproteinases (MMPs), which
are prominent SASP components (32, 94). These senescence-mediated effects are hypothesized
to cause or contribute to age-related changes in the breast. Likewise, senescent pulmonary artery
smooth muscle cells stimulated the proliferation and migration of neighboring smooth muscle
cells, in part due to their secretion of IL-6, IL-8, and other factors (including extracellular matrix
proteins) (120). These senescence-mediated effects are hypothesized to cause or contribute to
intimal thickening and medial hypertrophy of the pulmonary arteries, which result in pulmonary
hypertension. As a ﬁnal example, senescent cells were seen with increased frequency in normal and
premature aging skin (78, 82, 84, 121). There, they are thought to cause or contribute to age-related
dermal and epidermal thinning and loss of collagen, perhaps owing to the secretion of MMPs.
Senescent cells and the SASP can also fuel overt age-related disease. For example, indirect
evidence suggests that the senescence and associated SASP of astrocytes can promote the
age-related neurodegeneration that gives rise to cognitive impairment, as well as to Alzheimer’s
and Parkinson’s diseases (122, 123). Likewise, the presence and SASP of senescent chondrocytes,
which are prominent in age-related osteoarthritic joints and degenerated intervertebral discs, are

MMP: matrix
metalloproteinase
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thought to play a role in the etiology and promotion of these pathologies (124, 125). In addition,
senescent endothelial and smooth muscle cells have been implicated in the genesis or promotion
of age-related cardiovascular disease (126, 127). The list of age-related pathologies in which senescent cells have been observed and proposed to cause or contribute is long: macular degeneration,
chronic obstructive pulmonary disorder, emphysema, insulin insensitivity, etc. Although senescent
cells are a smoking gun—present at the right time and place to drive age-related pathology—until
recently, whether they could indeed drive pathologies associated with aging was unknown.
The idea that senescent cells can drive age-related pathology recently received substantial
support from a transgenic mouse model in which senescent cells could be eliminated by administering a drug (128). In this model, termed INK-ATTAC, a p16INK4a promoter element drives
expression of caspase 8 fused to the FK506-binding protein; the fusion protein dimerizes in response to the drug AP20187, thereby activating caspase 8 activity and causing apoptosis. Thus,
this model allowed administration of a drug to speciﬁcally eliminate p16INK4a -expressing cells;
there is strong evidence that p16INK4a -expressing cells are senescent, but this assumption has not
yet been rigorously tested. INK-ATTAC mice were crossed with a progeroid mouse in which
a hypomorphic form of the BubR1 checkpoint protein (BubR1H/H ) was expressed constitutively
and caused premature aging and death (due primarily to heart failure). Although drug-treated
BubR1H/H ;INK-ATTAC mice did not live longer, they were remarkably protected from several
other age-related pathologies, including cataracts, sarcopenia, and loss of subcutaneous fat (128).
This study provided the ﬁrst direct evidence that senescent cells can, at least in a premature aging
mouse model, drive degenerative age-related pathology.

Senescent Cells and Cancer
There is mounting evidence that, in addition to driving degenerative pathology, senescent cells
can also drive hyperplastic pathology. The most convincing evidence for this activity derives
from xenograft studies. Coinjection of senescent, but not nonsenescent, ﬁbroblasts signiﬁcantly
stimulated the proliferation of mouse and human epithelial tumor cells in immunocompromised
mice (97, 129, 130). This stimulation is due in part to soluble factors produced by senescent cells
(129). Of particular importance in this regard are the SASP components MMP3 (stromelysin)
(130), which also promotes tumor cell invasion, and VEGF (97), which promotes tumor-driven
angiogenesis. Other SASP factors implicated in stimulating tumor cell growth are amphiregulin
and the GROs (94–96), but there are a plethora of other candidates.
In addition to stimulating tumor growth in mice, SASP factors can stimulate malignant phenotypes in culture. One such phenotype is the epithelial-to-mesenchymal transition (102) (Figure 2).
This morphological transition enables transformed epithelial cells to invade and migrate through
tissues and is critical in the development of metastatic cancer. Senescent ﬁbroblasts induce an
epithelial-to-mesenchymal transition in premalignant epithelial cells and nonaggressive cancer
epithelial cells in part through the secretion of IL-6 and IL-8 (32, 102, 118).
The picture that emerges, then, is that senescent cells accumulate with age, creating a tissue
microenvironment that is permissive for the development, or at least the progression, of cancer.
Senescent cells may also promote cancer initiation. As noted above, a prominent feature of the
SASP is the ability to cause inﬂammation. Senescent cells, presumably by virtue of SASP-derived
factors, can stimulate the inﬁltration of leukocytes (93, 131, 132), which produce reactive toxic
moieties that can cause DNA damage.
There is, of course, irony to the ﬁndings that senescent cells can fuel malignant phenotypes
and tumor growth. After all, cells enter a senescent state to prevent the proliferation of damaged
cells, which is a major risk factor for the development of cancer. Even more ironic is the ﬁnding
www.annualreviews.org • Aging, Cellular Senescence, and Cancer
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that senescent cells, particularly those that senesce in response to DNA-damaging radiation or
chemotherapeutic agents, secrete factors that can protect neighboring tumor cells from being killed
by those same chemotherapeutic agents (133, 134). These chemoprotective SASP factors include
WNT16B, IL-6, and TIMP-1 (tissue inhibitor of metalloproteinases-1). In contrast, at least some
SASP components can be chemosensitizing. For example, global suppression of the SASP (through
NF-κB inhibition) promoted resistance to chemotherapy in a mouse lymphoma model (135).
The effects of senescent cells within the tumor microenvironment are complex and highly dependent on physiological context. Especially within the context of DNA-damaging cancer therapies, it may be particularly important to consider adjuvant therapies aimed at eliminating senescent cells, both normal and tumor derived. Such therapies could enhance tumor cell killing by
chemo- or radiotherapies by preventing the development of a senescence-driven, chemoresistant
niche. They could also inhibit cancer recurrence by preventing senescent cells from stimulating
the proliferation of any residual cancer cells.

CELLULAR SENESCENCE: THE BRIGHT SIDE
Why did the complex senescent phenotype, particularly the SASP, evolve? For the purpose of
suppressing tumorigenesis, why don’t organisms that are susceptible to cancer rely on apoptosis,
which does not entail the complications of fueling inﬂammation, disrupting tissue structure and
function, and, ironically, promoting malignant phenotypes? Recent ﬁndings suggest that there
are beneﬁcial effects of cellular senescence and the SASP.

Tumor Suppression
There is little doubt that the senescence growth arrest suppresses the development of cancer (8, 48,
136). Does the SASP play a role in this effect? Indeed, certain SASP components can apparently
act in an autocrine fashion to buttress such growth arrest.
In human cells, IL-6, IL-8, and IGFBP7 (insulin-like growth factor–binding protein 7) reinforce the senescence growth arrest caused by the oncogenic forms of RAS and BRAF (99, 100, 114).
RAS and BRAF are cytoplasmic proteins that participate in transducing growth factor and other
extracellular signals to the cell interior; the genes that encode both proteins are frequently mutated
in human cancer. Likewise, GROα, a potent mitogen that is a SASP component and is induced
by oncogenic RAS, promotes the senescence of normal human ovarian ﬁbroblasts (95). Thus, at
least some SASP factors (in these examples, IL-6, IL-8, IGFBP7, and GROα) help establish the
oncogene-induced senescence response. In the cases of IL-6 and IL-8, these SASP components
appear to act by instituting a self-sustaining intracellular signaling loop that ultimately activates
the NF-κB and C/EBP-β transcription factors (99, 100).
In mouse cells, the SASP factor PAI-1 (plasminogen activator inhibitor 1) reinforces replicative
senescence (137). This ﬁnding may be complicated by the fact that the proliferative arrest of mouse
cells cultured in ambient oxygen concentrations (approximately 20%), which is substantially higher
than the oxygen concentrations to which cells are exposed in vivo, has only some features of the
senescence response that is induced under more physiological oxygen concentrations (38, 94).
Likewise, secreted WNT16B is an important enforcer of the senescence growth arrest of human
ﬁbroblasts in culture, as well as that of mouse cells that senesce in vivo owing to expression of an
activated RAS oncogene (138).
Together, these ﬁndings support the idea that, at least for some factors and under some circumstances, the SASP helps maintain the tumor suppressive growth arrest of senescent cells. In
these cases, the SASP components appear to help establish the senescence growth arrest, rather
than maintain the arrest once it is fully established.
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Immune Clearance
Given the proinﬂammatory nature of the SASP, it is not surprising that senescent cells can attract
immune cells, including destructive leukocytes of the innate and adaptive immune systems (131,
132, 135). One function of this immune reaction appears to be the killing and eventual clearance
of senescent cells. Another function appears to be the stimulation of a local immune reaction
to eliminate oncogene-expressing cells, both those cells that have undergone oncogene-induced
senescence and those oncogene-transformed cells that have bypassed or escaped senescence (131).
Thus, in addition to suppressing tumorigenesis by implementing a cell-autonomous growth arrest,
senescent cells can suppress cancer nonautonomously by stimulating the immune system to target
oncogene-expressing premalignant or malignant cells.
Among the cells that participate in the clearance of senescent cells are natural killer cells,
macrophages, and T cells (131, 135, 139). The SASP cytokines that are responsible for these immune responses are incompletely understood but are very likely numerous (132, 135). In addition,
genomic damage—a common cause of cellular senescence—induces expression of the membranebound ligands for the major natural killer cell receptor NKG2D (140). Thus, senescent cells, in
part by virtue of the SASP, appear to be programmed to mobilize the immune system to ensure
their eventual elimination.
If this is the case, why, then, do senescent cells increase with age and persist at sites of age-related
pathology? One possibility is that age-related changes in the immune system make it less likely that
senescent cells will be cleared efﬁciently. There is a striking, well-documented age-related decline
in the adaptive immune system, particularly in the ability to mount functional T cell–mediated
responses (141). This decline is largely responsible for the heightened susceptibility to infection
in the elderly. There are also age-related changes in the innate immune system, although they
tend to be less striking than the changes in adaptive immunity; moreover, the aged innate immune
system is more likely to show a loss of proper regulation than a loss of function (142, 143).
Another possibility is that, with age, senescent cells are produced at a higher frequency, perhaps
owing to increased levels of damage, oncogenic mutations, and/or other senescence-inducing
events. Indeed, aging tissues show a steady accumulation of cells that harbor DNA damage foci,
similar to the foci that are found in senescent cells (29, 30, 144).
Finally, the SASP also includes proteins that can help senescent cells evade immune recognition
and clearance (92, 93). For example, as noted above, senescent cells secrete high levels of MMPs.
These proteases can cleave both the cell surface ligands on natural killer target cells and the cell
surface receptors on natural killer cells, thereby preventing natural killer cells from targeting and
killing senescent cells. There may be a subpopulation of senescent cells that secrete unusually
high levels of MMPs, and these cells increase with age. Alternatively, the aging tissue milieu may
contain fewer inhibitors of MMPs or other proteases, thereby promoting immune evasion due to
elevated protease action.

Tissue Repair
Recent ﬁndings have uncovered an additional beneﬁcial effect of the senescence response and
accompanying SASP: the ability to promote optimal repair of damaged tissue (59, 91, 145–147).
This effect is discussed below.
In a mouse model of acute liver injury, the injury induced the senescence of hepatic stellate
cells, which were eventually cleared by the immune system (principally by natural killer cells) (139).
When the injury was performed on mice that were deﬁcient in the p53/p21 and p16INK4a /pRB
pathways—that is, mice deﬁcient in undergoing a senescence response—healing was accompanied
by a marked increase in ﬁbrosis (139). These results provide a causal explanation for earlier ﬁndings
www.annualreviews.org • Aging, Cellular Senescence, and Cancer
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showing that the presence of senescent hepatic stellate cells correlates with increased inﬂammation
but reduced ﬁbrosis (148).
Likewise, in a mouse model of skin wounding, the injury again induced cellular senescence,
most likely in resident ﬁbroblasts. In this case, the senescence response was induced by a signaling
cascade that was initiated by the binding of CCN1, a matricellular protein, to its receptor, an
integrin, on the surface of the target cells (149). This signaling cascade induced both a senescence
growth arrest and the expression of several genes that encode SASP proteins. In mice engineered
to express a mutant CCN1 protein that is defective in integrin binding and hence in inducing
senescence, the wounds were deﬁcient in senescent cells and SASP gene expression. Importantly,
wounds in these mice healed with signiﬁcantly more ﬁbrosis (149).
Taken together, these studies suggest that one function of the senescence response and accompanying SASP is to promote optimal wound healing after tissue injury. In the case of acute
liver injury and cutaneous wounds, senescent cells limit the development of ﬁbrosis. It is yet to be
determined whether senescent cells promote other aspects of wound healing or participate in the
repair of other types of tissue injury.
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RESOLVING THE PARADOXES
The beneﬁcial effect of senescent cells on tissue repair poses a paradox because wound healing
and tissue repair decline with age. Given that senescent cells increase with age and age-related
pathology, why does tissue repair not improve with age?
One possibility is that senescent cells are beneﬁcial when present only transiently. In acute
liver injury, senescent cells are cleared by the innate immune system (139). In cutaneous wounds,
senescent cells are presumably cleared upon resolution of the granulation tissue (149). In both
cases, senescent cells are not chronically present, which is the case during aging and at the sites of
age-related pathologies. In the skin, for example, senescent cells clearly promote optimal wound
healing (149). However, when chronically present, they may promote phenotypes associated with
skin aging (121). The same is true for the plethora of age-related pathologies in which senescent
cells are chronically present, as discussed above. More research is needed to deﬁne when and
where senescent cells are beneﬁcial as well as detrimental.
SUMMARY POINTS
1. Aging is characterized by a number of phenotypes and diseases, many of which are
thought to derive from a few basic aging processes.
2. Cellular senescence is a stress response that suppresses cancer early in life, but it may be
a basic aging process that drives aging phenotypes and age-related pathology late in life.
3. Senescent cells accumulate with age in many vertebrate tissues and are present at sites of
age-related pathology, both degenerative and hyperplastic.
4. Senescent cells express a senescence-associated secretory phenotype (SASP), which entails the robust secretion of numerous proinﬂammatory cytokines, as well as chemokines,
growth factors, and proteases.
5. The SASP has both deleterious and beneﬁcial effects, each of which depends on the
physiological context.
6. Deleterious effects of senescent cells and the SASP include creating local (and possibly
systemic) inﬂammation, disrupting normal tissue structure and function, and fueling
late-life and recurrent cancer.
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7. Beneﬁcial effects of senescent cells and the SASP include reinforcing the tumor suppressive growth arrest, stimulating immune clearance of senescent cells, and optimizing the
repair of damaged tissues.
8. The transient presence of senescent cells may be beneﬁcial, whereas their chronic presence may be deleterious.
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FUTURE ISSUES
There are still many gaps in our understanding of the complex role of cellular senescence
and accompanying SASP in both the degenerative and hyperplastic diseases of aging, as
well as the effects on responsiveness to DNA-damaging anticancer therapies. There are
even greater gaps in knowledge regarding the positive effects of senescent cells and the
SASP on immune clearance and tissue repair. Some major research needs are
1. a quantitative atlas of when and where senescent cells appear during normal aging;
2. a quantitative atlas of when and where senescent cells are present during the development
of the spectrum of age-related pathologies;
3. a more intensive search for compounds that can either selectively kill senescent cells or
selectively modulate the SASP, the feasibility of which was recently demonstrated (150);
4. more comprehensive knowledge about why senescent cells increase during aging and in
age-related disease, despite the ability of the immune system to eliminate them; and
5. more comprehensive knowledge about when and where senescent cells are beneﬁcial and
participate in tissue repair and regeneration.
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