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Abstract

Cellular senescence is a cell fate decision and stress response that
entails a permanent arrest of cell proliferation coupled to a complex
secretory phenotype. Senescent cells increase in number with age in
most, if not all, mammalian tissues, including the airways and lungs.
They also increase at greater than expected numbers, compared with
age-matched controls, at sites of age-related pathologies such as
chronic obstructive pulmonary disorder and emphysema. The
senescence response is a double-edged sword. The proliferative arrest
suppresses the development of cancer by preventing the propagation
of stressed or damaged cells that are at risk for neoplastic
transformation. However, this arrest can also curtail the proliferation
of stem or progenitor cells and thus hamper tissue repair and

regeneration. Similarly, the secretory phenotype can promote wound
healing by transiently providing growth factors and the initial
inflammatory stimulus that is required for tissue repair. However,
when chronically present, the secretory phenotype of senescent
cells can drive pathological inflammation, which contributes to a host
of age-related pathologies, including cancer. There are now
transgenes and prototype small molecules that can clear senescent
cells, at least in mouse models, and thus improve health span

and median life span. The next challenge will be to develop
interventions and supplements that can abrogate the deleterious
effects of senescent cells while preserving their beneficial effects.
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Aging causes a decline in the structure and
function of most, if not all, the major tissues
in mammalian organisms, including the
airways and lungs. Because these
decrements affect multiple tissues, and in
some cases can be delayed by single genetic
changes (1), it is now thought that aging
is caused by a few basic processes that have
pleiotropic effects. As such, basic aging
processes should then be amenable to
targeted interventions that can broadly
increase mammalian health span (years
of healthy life) (2), although it remains an
open question whether maximum life span
can be substantially extended (3).

What are these basic aging processes,
and are they really susceptible to
health span-extending interventions?
Undoubtedly, there is not a single basic
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aging process; rather, it is likely there are
multiple processes that drive mammalian
aging (4), which may explain why health
span or median life span extension is often
more robust than maximum life span
extension. In recent years, one basic aging
process or hallmark of aging has emerged
as a promising target: the cell fate decision
termed cellular senescence.

Cellular Senescence

Cellular senescence is arguably best viewed
as a complex stress response that occurs
in cells that have the potential to undergo
cell division. The cellular senescence
response can be induced by many stimuli,
including genomic or epigenomic damage,

mutational activation of oncogenes,
mitochondrial dysfunction, metabolic
imbalances, and other stressors (5-8). In
each case, the response entails two
important phenotypic changes. The first
change is an essentially permanent
arrest of cell proliferation (used here
interchangeably with growth). The second
change is a multicomponent senescence-
associated secretory phenotype (SASP).
Both of these phenotypic changes are
proverbial double-edged swords; that is,
they have potentially beneficial effects as
well as potentially deleterious effects.
Senescent cells acquire a number
of attributes or biomarkers that have
enabled their identification in vertebrate
tissues, including human tissues (see
Figure 1) (9-15). To date, there are no
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biomarkers that are absolutely specific for
senescent cells. Nonetheless, as discussed
below, the identified biomarkers have
been used in various combinations to
determine when and where senescent
cells occur in vivo.

One prominent senescence-associated
biomarker is the induced expression of
plGINK4a, a tumor suppressor protein and
cyclin-dependent kinase inhibitor that is
important for imposing the permanent
growth arrest (6, 16). As discussed below,
p16™** induction has been exploited to
develop mouse models that allow the
tracking, and in some cases the inducible

killing, of senescent cells in living animals.

Another important attribute of senescent
cells is the fact that they remain alive and
metabolically active for long periods of
time, certainly in culture and probably

in vivo as well. In culture, senescent cells
do not, in general, undergo apoptosis or
other forms of cell death, including cell
death due to too much or too little
autophagy (17, 18). Nonetheless, some
cultures of senescent cells can undergo
slow cell loss by poorly understood
mechanisms. In vivo, it is not known
whether senescent cells undergo apoptosis
or other forms of cell death, but they can
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be recognized and eliminated by immune
cells, primarily natural killer (NK) cells,
which kill them by classic granzyme-
mediated NK cell killing (19-22). Despite
this elimination mechanism, senescent
cells accumulate in vivo, most likely because
the balance of pro- and antiapoptotic
proteins is tipped somewhat in favor of
antiapoptosis (23, 24), and also because the
immune system is not totally efficient in
eliminating them. These attributes may
explain why senescent cells increase in
number with age and age-related
pathologies in many, if not most, vertebrate
tissues, where they appear to be chronically
present (5-8).

Senescent cells are also are present, albeit
transiently, in young organisms, including
developing embryos and during wound
healing (7, 25). In general, it appears that the
deleterious effects of senescent cells arise
from their age-related chronic presence, as
opposed to their transient presence during
embryogenesis and wound healing, which
appears to be beneficial (26).

In this regard, the senescence response
is likely an example of evolutionary
antagonistic pleiotropy (27)—that is, a
trait that is beneficial early in life but
deleterious later in life. An important point
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Figure 1. Senescence-associated markers and phenotypes. Cellular senescence causes cells to
adopt a phenotype that includes an essentially irreversible arrest of cell proliferation (growth arrest)
coupled to a secretory phenotype that includes numerous cytokines, chemokines, growth factors,
and proteases (the senescence-associated secretory phenotype [SASP)) (39), as well as the
alarmin HMGB1 (42). Senescent cells also upregulate expression of the cell-cycle inhibitor p16™<42
(5) and a neutral B-galactosidase (senescence-associated B-galactosidase [SA-Bgal]) (9), show
increases in levels of reactive oxygen species (ROS) and the GATA4 transcription factor (15), and
harbor nuclear structures termed senescence-associated heterochromatic foci (SAHF) (11) and
DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS) (13). Finally,
senescent cells acquire resistance to apoptosis, making them susceptible to drugs that inactivate
proapoptotic proteins (23, 24). DAMP = damage-associated molecular pattern; HMGB1 = high-
mobility group B1 protein; TIF = telomere dysfunction-induced foci.
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to note for understanding how the
senescence growth arrest can promote
cancer-free survival for only about half the
maximum life span is that, throughout
most of the evolutionary history of the
majority of organisms, few individuals lived
beyond what we now recognize as middle
age. Prior to reaching middle age, most
individuals died owing to predation,
infection, starvation, and other extrinsic
hazards. Thus, there has been very little
selective pressure to optimize processes that
have early life benefits but late life
decrements. By what mechanisms do the
main senescence-associated phenotypes—
the growth arrest and SASP—have both
beneficial and deleterious effects?

Senescence Growth Arrest

Many lines of evidence—from both

cell culture experiments and in vivo
manipulations and observations in

model mammalian organisms and
humans—strongly support the idea that
the senescence growth arrest is a

potent mechanism for suppressing the
development of cancer (28, 29). Stressed
cells often experience genomic, epigenomic,
or metabolic disturbances that put them at
risk for neoplastic transformation. The
senescence growth arrest, by virtue of its
permanency, prevents such cells from
propagating. Thus, cellular senescence
curtails an early stage of malignant
tumorigenesis and helps ensure an early
life period that is cancer-free. For most
mammals, including humans, this period
is about half of the maximum (species-
specific) life span—that is, approximately
15-18 months for mice and 50-60 years
for humans (30). Reasons why this
mechanism might fail later in the latter half
of the life span are discussed below in the
section on the SASP.

Mitigating the early life benefits of
the senescence growth arrest as an
anticancer mechanism is the fact that many
tissues rely on stem or progenitor cell
proliferation for tissue repair, regeneration,
and/or remodeling (31-33). These cells
can, of course, undergo senescence in
response to increasing age-related stress,
in which case they lose the ability to
proliferate and thus participate in tissue
regeneration and repair. Furthermore, the
senescence response can limit the ability
of somatic cells to undergo induced
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pluripotency (34, 35). In addition, as
discussed below, cells that comprise the
stem cell niche can also undergo
senescence, whereupon the SASP can
create a niche environment that
suppresses the ability of stem or progenitor
cells to undergo proliferation and/or
differentiation. Whether senescent stem/
progenitor cells themselves are suppressed
in their ability to proliferate, or whether the
senescence of niche cells suppresses stem/
progenitor cell proliferation, may be
tissue-specific. For example, in skeletal
muscle, senescent cells in the niche may be
largely responsible for the loss of
regenerative capacity (36). By contrast,

in the skin, stem cell senescence and
consequent loss of stem cell proliferative
capacity may be the more important
contributor to skin aging (37).

The Senescence-Associated
Secretory Phenotype

A second important feature of senescent cells—
the SASP—had been studied sporadically for
some time (38), but only recently has it been
comprehensively characterized (39-41). SASP
components include many proinflammatory
cytokines, chemokines, growth factors, and
proteases—molecules that are known to have
profound effects on neighboring or even distal
cells. It also includes at least one alarmin or
damage-associated molecular pattern, the
high-mobility group B1 protein, which can
initiate an inflammatory response by the
immune system (42). Thus, the SASP has
the potential to alter both the local tissue
microenvironment and the overall systemic
milieu. Similar to the senescence-associated
growth arrest, the SASP can be beneficial

or deleterious, depending on the biological
context.

As noted above, senescent cells
appear transiently during embryogenesis
(43, 44) and also during wound healing or
tissue repair (21, 45, 46). In both these
cases, they appear to be beneficial by virtue
of their SASP. In the liver, senescence is
induced in the stellate cells in response to
chemical injury; the senescent stellate cells,
in turn, secrete proteases that degrade
extracellular matrix proteins, which likely
accounts for the ability of the senescent
stellate cells to limit the extent of fibrosis
(21). In the skin, fibroblasts and endothelial
cells are induced to undergo senescence in
response to wounding (45). In this tissue,
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the senescent cells also secrete a number of
proteases that, likewise, are probably
important for limiting fibrosis. In addition,
they secrete growth factors, in particular
platelet-derived growth factor A, which was
shown to be critical for timely wound
closure (45). A notable feature of the
senescent cells that appear during tissue
repair is that their presence is transient. The
mechanisms by which senescent cells are
cleared in these settings is incompletely
understood, but, at least in the liver, they
appear to be eliminated by NK cells (21).

Despite these beneficial effects of the
SASP, there is mounting evidence that the
SASP can also be deleterious. In some
cases, the deleterious effects can emanate
from the same SASP factors that can be
beneficial, with the difference depending
on whether the SASP is transiently or
chronically present. For example,
the chronic presence of matrix
metalloproteinases that are secreted by
senescent cells was shown to disrupt
mammary gland tissue structure (alveolar
formation and side branching) and function
(milk production) (47). In the skin, these
proteases can disrupt epidermal function
by inducing an epithelial-to-mesenchymal
transition in keratinocytes (48).

Perhaps one of the more serious
consequences of a chronic SASP is the
ability of SASP factors to promote cancer
progression—a stark irony, given the role
of the senescence growth arrest to suppress
cancer. Thus, in both cell culture
models and mouse xenografts, the presence
of senescent cells can promote the
growth of frankly malignant tumor cells, as
well as the conversion of preneoplastic
cells to malignant cells (49). Moreover, in
some cases, this stimulation of tumor
progression can occur through the same
SASP factors that limit fibrosis during
tissue repair, namely the proteases that
are secreted by senescent cells (50). In
other cases, specific nonprotease SASP
factors such as osteopontin can promote
neoplastic growth (51).

Senescent Cells and
Age-related Phenotypes
and Pathologies

As noted above, there is mounting evidence
that the age-dependent accumulation of
senescent cells, and particularly their SASP,
can cause or significantly contribute to a

variety of phenotypes and pathologies that
are characteristic of aging. These age-related
characteristics extend to many cell and
tissue types, including those of the major
airways and lung. For example, senescent
fibroblasts, smooth muscle cells, and/or
alveolar epithelial cells have been implicated
in the etiology or progression of chronic
obstructive pulmonary disease, idiopathic
pulmonary fibrosis and emphysema (52-
55). The stimuli that drive these cells into
senescence are incompletely understood,
but can include telomere dysfunction
(which, in essence, is a particular type of
DNA damage), oxidative stress, and
inflammation due to infection and toxic
environmental compounds, among others.

In recent years, several transgenic mouse
models have been developed that permit
critical assessments of when and where
senescent cells arise in vivo, their roles in
driving aging phenotypes and age-related
diseases, and their ability to promote
tissue repair. These models generally take
advantage of the fact that senescent cells
frequently express the genes encoding either
the p21“'*! (56) or the p16™<** (45, 57, 58)
cyclin-dependent kinase inhibitors. They
therefore use the promoters of these genes to
drive the expression of reporter and/or killer
genes by senescent cells. They share the
ability to visualize senescent cells in living
animals by virtue of either a luminescent or a
fluorescent reporter. Moreover, two of these
models also offer the ability to selectively
kill senescent cells (45, 58).

The senescence-reporter/killer
transgenic mouse models have been used to
confirm the findings from biomarker studies
indicating that senescent cells increase in
number during aging (45, 57, 58) and in
response to environmental stresses (57, 59).
These models were also used to confirm that
senescent cells accumulate at sites of age-
related pathology and in response to tissue
damage or injury. Importantly, the
transgenic models that permit the selective
elimination of senescent cells confirm that
senescent cells have both deleterious effects,
in that they are important drivers of aging
phenotypes (58), and beneficial effects, in
that they are important contributors to tissue
repair (45). Thus, manipulating senescent
cells to delay, reverse, or treat age-related
pathologies will require a balancing act:
maintaining the benefits these cells subserve
in maintaining tissue homeostasis while
eliminating their deleterious effects, whether
local or systemic (Figure 2).
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Figure 2. The double-edged sword of cellular senescence. Cellular senescence has both beneficial
and deleterious effects. The growth arrest is a potent anticancer mechanism, and some senescence-
associated secretory phenotype (SASP) components can promote tissue repair. However, the
chronic presence of senescent cells, and especially inflammatory SASP components, can drive aging
phenotypes and pathologies. Future efforts will entail developing interventions that eliminate
senescent cells while replacing the factors they produce that optimize tissue repair.

Challenges for the Future

The transgenic mouse models,
particularly those that permit the
inducible elimination of senescent cells,

provided the first proof of principle that
cellular senescence is indeed a double-edged
sword. A strategy for translation to
humans, then, would be to develop
pharmacological rather than transgenic

interventions to eliminate senescent cells
while replacing those factors produced by
senescent cells that are beneficial in
tissue repair and regeneration (Figure 2).
But how feasible is it to substitute
pharmacological approaches for
transgenesis? Encouragingly, prototype
small molecules have already been
identified that appear to kill senescent
cells, both in culture and in mouse
models (23, 24). These compounds
appear to act by specifically inactivating
proapoptotic proteins that are important
for preventing senescent cells from
undergoing apoptosis. Although these
early-stage compounds have some side
effects and therefore are not yet ready
for administration to human patients,
their identification provides hope

that improved versions are on the
horizon. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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