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Abstract

Cellular senescence is a tumor-suppressive mechanism that permanently arrests cells at risk for

malignant transformation. However, accumulating evidence shows that senescent cells can have

deleterious effects on the tissue microenvironment. The most significant of these effects is the

acquisition of a senescence-associated secretory phenotype (SASP) that turns senescent fibroblasts

into proinflammatory cells that have the ability to promote tumor progression.
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INTRODUCTION

The tissue microenvironment is defined by the phenotypes of the cells in the immediate area

and by the physical and chemical properties of the soluble and insoluble factors surrounding

cells within a given tissue. These properties include temperature and oxygen tension, as well

as various molecules that may be produced locally—for example, growth factors and

cytokines. Further, cells within tissues form a dynamic network that contributes to their

microenvironment. At the same time, the tissue microenvironment regulates cell behavior.

This reciprocal relationship determines tissue function and repair and is also central to a

number of pathologies, including cancer.

A permissive microenvironment supports and promotes tumor growth and cancer cell

aggressiveness (1–4). Alterations in the cellular and molecular composition of the

connective tissues surrounding carcinomas allow tumors to evade detection by the immune

system as well as to proliferate inappropriately, invade the surrounding tissue structure, and
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eventually metastasize. The synergy between an altered microenvironment and the genetic

alterations acquired by tumor cells allows these cells to evade preventive mechanisms and

become fully malignant. Cellular senescence is now recognized as a potent tumor-

suppressive mechanism that arrests the growth of cells at risk for malignant transformation

(5–12). However, recent studies show that senescent cells develop altered secretory

activities that may induce changes in the tissue microenvironment, relaxing its control over

cell behavior and promoting tumorigenesis (13–18).

How can the senescence response be both tumor suppressive and procarcinogenic? It is

important to consider that a biological process such as cellular senescence can be both

beneficial and deleterious. The idea that processes can have such dual effects is consistent

with a major evolutionary theory of aging termed antagonistic pleiotropy (19). The

senescence-associated secretory phenotype (SASP) represents one of the darkest sides of the

senescence response and is the focus of this review. We particularly emphasize the potential

effects of the SASP (20) on cell behavior in the context of tumor progression.

CELLULAR SENESCENCE

Cellular senescence occurs in culture and in vivo as a response to excessive extracellular or

intracellular stress. The senescence program locks the cells into a cell-cycle arrest that

prevents the spread of damage to the next cell generation and precludes potential malignant

transformation (19). Senescent cells have been shown to accumulate over the life span of

rodents, nonhuman primates, and humans (21). These cells are found primarily in renewable

tissues and in tissues that experience prolonged inflammation.

A plethora of stresses can provoke cellular senescence (22, 23). These stresses include

telomeric dysfunction (telomere uncapping) resulting from repeated cell division (termed

replicative senescence), mitochondrial deterioration, oxidative stress, severe or irreparable

DNA damage and chromatin disruption (genotoxic stress), and the expression of certain

oncogenes (oncogene-induced senescence) (see Figure 1) (24–31). Stresses that cause

cellular senescence can be induced by external or internal chemical and physical insults

encountered during the course of the life span, during therapeutic interventions (for

example, X-irradiation or chemotherapy), or as a consequence of endogenous processes such

as oxidative respiration and mitogenic signals. External mitogenic signals, for example

growth-related oncogene alpha (GROα) secretion by tumor cells in close proximity to

normal cells (32) or circulating angiotensin II (33, 34), have also been shown to induce

cellular senescence. All somatic cells that have the ability to divide can undergo senescence.

Regardless of the disparate mechanisms of senescence-inducing stresses, the senescence

program is activated once a cell has sensed a critical level of damage or dysfunction. So far,

the senescence growth arrest has been shown to depend on the activities of the major tumor-

suppressor pathways controlled by p16INK4a and pRB (retinoblastoma protein), as well as by

p53. Some of the molecules involved in pathways upstream and downstream of the

senescence-associated phenotype have been used as markers to detect senescent cells in

culture and in vivo.
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THE SECRETORY PHENOTYPE OF SENESCENT CELLS

The senescent phenotype is not limited to an arrest of cell proliferation. In fact, a senescent

cell is a potentially persisting cell that is metabolically active and has undergone widespread

changes in protein expression and secretion, ultimately developing the SASP. This

phenotype has also been termed the senescence-messaging secretome (35). We recently

provided a large-scale characterization of the SASP, using antibody arrays to quantitatively

measure factors secreted by human fibroblasts and epithelial cells (18), as well as mouse

fibroblasts (J.P. Coppé & J. Campisi, unpublished data). The potential existence of the

SASP was already suggested by large-scale comparative gene (mRNA) expression studies

performed on fibroblasts from different-aged donors and different tissues of origin (36–46).

Among the cells that have been shown to senesce and secrete biologically active molecules

are liver stellate cells (47), endothelial cells (36, 48–51), and epithelial cells of the retinal

pigment, mammary gland, colon, lung, pancreas, and prostate (8, 18, 36, 41, 52–56).

Senescence-associated changes in gene expression are specific and mostly conserved within

individual cell types. Most differences between the molecular signatures of presenescent and

senescent cells entail cell-cycle- and metabolism-related genes, as well as genes encoding

the secretory proteins that constitute the SASP. The SASP includes several families of

soluble and insoluble factors (see Table 1). These factors can affect surrounding cells by

activating various cell-surface receptors and corresponding signal transduction pathways

that may lead to multiple pathologies, including cancer. SASP factors can be globally

divided into the following major categories: soluble signaling factors (interleukins,

chemokines, and growth factors), secreted proteases, and secreted insoluble proteins/

extracellular matrix (ECM) components. SASP proteases can have three major effects: (a)

shedding of membrane-associated proteins, resulting in soluble versions of membrane-

bound receptors, (b) cleavage/degradation of signaling molecules, and/or (c) degradation or

processing of the ECM. These activities provide potent mechanisms by which senescent

cells can modify the tissue microenvironment. In the following sections, we discuss these

SASP subsets and some of their known paracrine effects on nearby cells, with an emphasis

on their ability to facilitate cancer progression.

Soluble Signaling Factors as Major Components of the Senescence-Associated Secretory
Phenotype

Senescent cells secrete interleukins, inflammatory cytokines, and growth factors that can

affect surrounding cells.

IL-6—The most prominent cytokine of the SASP is interleukin-6 (IL-6), a pleiotropic

proinflammatory cytokine (see Figure 2). IL-6 has been shown to be associated with DNA

damage– and oncogenic stress–induced senescence of mouse and human keratinocytes,

melanocytes, monocytes, fibroblasts, and epithelial cells (16, 18, 57, 58). Further, IL-6

secretion appears to be directly controlled by persistent DNA-damage signaling (ATM and

CHK2), independent of the p53 pathway (59). Through IL-6 expression, senescent cells can

directly affect neighboring cells that express the IL-6R (gp80) and gp130 signaling complex

at their surface, such as epithelial and endothelial cells of various functions and origins.

Coppé et al. Page 3

Annu Rev Pathol. Author manuscript; available in PMC 2014 September 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IL-1—Another interleukin signaling pathway demonstrated to be upregulated by senescent

cells is that of IL-1 (60, 61). Both IL-1α and -β are overexpressed and secreted by senescent

endothelial cells (62), fibroblasts (63, 64), and chemotherapy-induced senescent epithelial

cells (53). These cytokines can affect neighboring cells through the cell-surface receptors

(IL-1 receptor/Toll-like receptor superfamily), which act primarily to trigger the nuclear

factor kappa B and activating protein 1 pathways (65).

Chemokines (CXCL and CCL)—Most senescent cells overexpress IL-8 (CXCL-8) (see

Figure 2), along with GROα and GROβ (CXCL-1 and -2; the murine CXCL-1 is named

KC) (58, 66, 67). CCL family members that are generally upregulated in senescent cells

include MCP-2, -4, and -1 (CCL-8, -13, and -2); HCC-4 (CCL-16); eotaxin-3 (CCL-26); and

macrophage inflammatory protein (MIP)-3α and -1α (CCL-20, -3). MCP-3 (CCL-7) is

overexpressed by senescent liver stellate cells and by prostate and skin fibroblasts.

Fibroblasts induced to senesce by oncogenic RAS secrete high levels of MCP-3 as well as

I-309 (CCL-1). In addition, both fibroblasts induced to senesce by RAS and stellate cells

induced to senesce by liver damage secrete high levels of another two members of the

CXCL family, GCP-2 (CXCL-6) and ENA-78 (CXCL-5). Overexpression of PF-4

(CXCL-4) and SDF-1 (CXCL-12) was observed in senescent prostate fibroblasts (46, 68).

Recently, it was shown that cells undergoing oncogene-induced senescence secrete multiple

CXCR-2 (IL-8RB)-binding chemokines (15). It was proposed that senescent cells activate a

self-amplifying secretory network in which CXCR-2-binding chemokines reinforce growth

arrest.

IGF pathway—The insulin-like growth factor (IGF)/IGF receptor network may also

contribute to the effect senescent cells exert on their microenvironment. Senescent

endothelial, epithelial, and fibroblast cells express high levels of almost all the IGF-binding

proteins (IGFBPs), including IGFBP-2, -3, -4, -5, and -6 (18, 69, 70) and their regulators,

IGFBP-rP1 and -rP2 [also known as connective tissue growth factor (CTGF)] (44, 71).

Recently, activation of the BRAF oncogene in primary fibroblasts was shown to lead to the

secretion of IGFBP-7, which acts through autocrine/paracrine pathways to induce

senescence and apoptosis in neighboring cells (72).

Other soluble factors—There are additional soluble factors associated with the SASP.

For example, inflammatory cytokines such as the colony-stimulating factors (CSFs,

including GM-CSF and G-CSF) are secreted at high levels by senescent fibroblasts (18). In

addition, osteoprotegerin, a secreted decoy receptor for tumor necrosis factor alpha, is

present at high levels in the extracellular milieu of senescent fibroblasts. Other molecules

upregulated at senescence include prostaglandin E2 (PGE2) (57, 73) and Cox-2, the enzyme

responsible for the production of PGE2 and other prostaglandins.

Extracellular Proteases as an Important Subset of the Senescence-Associated Secretory
Phenotype

In addition to secreting soluble signaling cytokines and growth factors, senescent cells also

secrete proteases such as matrix metalloproteinases (MMPs).
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MMP family—The MMP family members that are consistently upregulated in human and

mouse fibroblasts undergoing replicative or stress-induced senescence are stromelysin-1 and

-2 (MMP-3 and -10, respectively) and collagenase-1 (MMP-1) (74–78). In some instances,

the MMP-1 and -3 produced by senescent cells (79) can also regulate the activity of the

soluble factors present in the SASP. For example, these MMPs can cleave MCP-1, -2, and -4

and IL-8 (80). A variety of other CXCL/CCL family members that constitute the SASP can

also be cleaved by MMP-9, -2, or -7. These CXCL and CCL cytokines can originate from

neighboring cells, such as leukocytes or tumor cells (81).

Serine proteases and their inhibitors—Another family of proteases involved in

carcinogenesis and present in the SASP comprises serine proteases and regulators of the

plasminogen activation pathway. Members of this family include urokinase- or tissue-type

plasminogen activators (uPA or tPA, respectively), the uPA receptor (uPAR), and inhibitors

of these serine proteases (PAI-1 and -2) (82). Indeed, a >50-fold increase in plasminogen

activator activity has been reported in senescent endothelial cells and lung and skin

fibroblasts (83, 84). PAI-1 is also upregulated in fibroblasts and endothelial cells from aged

donors (85–87). Like the CXCR-2 cytokines, PAI-1 also seems to reinforce the senescence

growth arrest (88).

Extracellular Insoluble Molecules

Fibronectin is a large multidomain glycoprotein found in connective tissue, on cell surfaces,

and in plasma and other body fluids. It interacts with a variety of macromolecules, including

cell-surface receptors, components of the cytoskeleton, and other ECM molecules. Through

its interactions with cell-surface receptors, primarily integrins, fibronectin can affect cell

adhesion, survival, growth, and migration. Fibronectin production is upregulated in

premature aging Werner syndrome fibroblasts (89). Moreover, cells undergoing senescence

in culture and in vivo (90) increase fibronectin expression.

Nonprotein Secretions

As a result of senescence-induced changes in cellular metabolism, senescent cells may exert

influences on tissue microenvironments due to the secretion of molecules other than

proteins. These molecules include reactive oxygen species and transported ions. For

example, senescent cells have been shown to release nitric oxide and reactive oxygen

species due to alterations in inducible nitric oxide synthase, endothelial nitric oxide

synthase, and superoxide-dismutase activities (91–95). These reactive molecules are known

modulators of cellular phenotype, such as the differentiation of monocytes. In addition, these

molecules can enhance cancer cell aggressiveness and can promote aging and age-related

degeneration (96, 97).

SPECIFICITY OF THE SENESCENCE-ASSOCIATED SECRETORY

PHENOTYPE

Despite the fact that a significant number of factors increase their secretion upon

senescence, the SASP is not a general or nonspecific upregulator of secretion. The levels of

expression of many secreted factors do not change when cells senesce. Interestingly, among
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these unchanged secreted molecules are anti-inflammatory soluble factors such as IL-2, -4,

-10, -11, and -12 (18). Fractalkine (CX3CL-1), GCP-2, GITR, PDGF-BB, and LIGHT (all

essential to leukocyte differentiation or proliferation) also remain unchanged when

fibroblasts are induced to senesce by X-irradiation, RAS overexpression, or replicative

exhaustion. Intriguingly, no factor was significantly downregulated in different senescent

states (18).

Despite a specific, conserved core of upregulated and unchanged secreted molecules,

different senescent states appear to display some unique features. Whereas cells induced to

senesce by replicative exhaustion, telomere disruption, X-irradiation, or chromatin

disruption seem to express closely related SASPs (18, 59), fibroblasts induced to senesce by

oncogenic RAS oversecrete more GM-CSF, IL-6, -7, -8, -1β, -13, and GROα than do cells

induced to senesce by other means. Moreover, such cells secrete high levels of factors such

as ENA-78, I-309, G-CSF, and interferon (IFN)-γ that are not secreted by other senescent

cells. By contrast, cells induced to senesce by overexpression of the p16INK4a tumor-

suppressor protein do not express a SASP despite other hallmarks of senescence (J.P.

Coppé, F. Rodier & J. Campisi, unpublished data). Cells that senesce with dysfunctional p53

develop a SASP that resembles the SASP caused by oncogenic RAS (18). Thus, although a

core of SASP factors is a feature of all senescent cells (with the exception of p16INK4a-

induced senescence), there are variations in the quantity and quality of the SASP that depend

on the cell type and senescence inducer.

Another feature of the SASP is its dynamic development over time (18). In culture, cells

develop a full SASP >5 days after senescence induction, and the cells’ growth arrests within

24 h of damage. Not all SASP factors begin to be secreted at the same time. This gradual

phenotypic transition is a feature conserved between cell types and senescence inducers.

Genetic alterations, such as loss of p53 or gain of oncogenic RAS, lead to a more rapid

acquisition of the SASP, suggesting that the SASP is a specific program triggered by

genotoxic stress.

Finally, mouse senescent fibroblasts also display a SASP. Under standard cell-culture

conditions, which include 20% oxygen, mouse cells undergo an arrest that has been termed

senescence but that does not include a SASP. By contrast, under physiological 3% oxygen,

the mouse SASP closely resembles the human SASP. These findings suggest that the

senescent cell secretome is specific and evolutionarily conserved (J.P. Coppé & J. Campisi,

unpublished data).

REGULATORY MECHANISMS OF THE SENESCENCE-ASSOCIATED

SECRETORY PHENOTYPE

Intracellular Signaling, Transcription, and Chromatin: Locking in the Senescence-
Associated Secretory Phenotype

Overall, the gene (mRNA) expression profiles of senescent cells determined by microarrays

resemble the profiles of secreted proteins determined by antibody arrays (18; J.P. Coppé &

J. Campisi, unpublished data). This finding suggests that the secretory phenotype of

senescent cells is at least partly regulated at the transcriptional level. However, because the

Coppé et al. Page 6

Annu Rev Pathol. Author manuscript; available in PMC 2014 September 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



changes in gene expression that occur at senescence are so widespread, the transcriptional

control may well be at the level of chromatin organization, rather than due to changes in

specific transcription factors. In fact, dramatic chromatin alterations are known to occur at

senescence (98–101). Further support for the idea that gene expression specific to the

senescence program may be partially attributed to larger changes in chromatin conformation

is suggested by the physical clustering of genes that constitute the SASP (J.P. Coppé & J.

Campisi, unpublished data).

Our data suggest that a large proportion of the SASP of senescent fibroblasts is irreversible

once established (18). Indeed, senescent human fibroblasts that express low levels of

p16INK4a can revert and resume proliferation upon p53 inactivation (102). These reverted

cells, however, retain the SASP (18). This may imply that, once senescence is established,

unknown mechanisms—potentially related to chromatin alterations—permanently lock the

SASP in an irreversible open chromatin confirmation, analogous to the way the

p16INK4a/pRB pathway is proposed to lock growth-promoting genes into a heterochromatic

state (103). Another implication of these findings is that the senescence-associated cell-cycle

arrest and the SASP can be uncoupled (see Figure 1). Further, the SASP is a more

permanent characteristic of senescence than is the growth-arrested state.

Cell-Nonautonomous Tumor Suppressors: The Guardians of the Senescence-Associated
Secretory Phenotype

The p16INK4a tumor suppressor is a positive regulator of the pRB tumor-suppressor

pathway. High levels of ectopic expression of p16INK4a induce senescence. Induction of

endogenous p16INK4a is associated with tumor prevention and the general age-associated

decline in stem cell and tissue function (104–109). Although p16INK4a is a very efficient

inducer of cell-cycle arrest (including the senescence-associated arrest), p16INK4a does not

seem to play a major role in the development of the SASP (J.P. Coppé, F. Rodier & J.

Campisi, unpublished data). Cells induced to senesce by ectopic p16INK4a expression secrete

significantly lower levels of SASP factors compared to cells induced to senesce by most

other senescence inducers. Senescence induced by p16INK4a has potential therapeutic

applications. As an example, p16INK4a gene therapy for rheumatoid arthritis was

demonstrated to efficiently stop the disease evolution and decrease the inflammatory state

(110). In cancer, such an approach could take advantage of both the cell-autonomous

properties (inhibition of cell growth) and the cell-nonautonomous properties (senescence

arrest without a SASP) of p16INK4a. That is, p16INK4a induction/delivery could actively

suppress cell proliferation without triggering the proinflammatory SASP.

The p53 tumor suppressor can also promote aging (111, 112) and senescence (7, 11, 12) in

mice (see Figure 3). Along with mutations in p16INK4a, mutations leading to p53

inactivation occur very frequently in cancer cells; that is, p53 is well known to act as a cell-

autonomous tumor suppressor by controlling apoptosis and cell-cycle arrest, both in culture

and in vivo. However, p53 mutations have also been found in the stromal vicinity of

carcinomas, and this p53-deficient stroma was shown to promote tumorigenesis (32). These

data suggest that p53 may have beneficial cell-nonautonomous effects in preventing cancer

development (32, 113). Strikingly, we found that p53 actively restrains the SASP,
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suggesting a potential mechanism by which p53 may suppress tumorigenesis—that is, by

restraining the development of a protumorigenic/proinflammatory tissue microenvironment

(18). Thus, loss of p53 activity by senescing or damaged fibroblasts greatly enhances the

SASP and the stimulatory effects of the SASP on malignant epithelial cells (as discussed

further below) (18).

EFFECTS ON CELL BEHAVIOR

Factors secreted by senescent cells can promote tumor development in vivo and malignant

phenotypes such as proliferation and invasiveness in cell-culture models. These effects have

been observed in a number of tissues, including breast (13, 18, 77, 78, 114), skin (115),

prostate (18, 116), pancreas (117), and oropharyngial mucosa (14). The effects of the

complex SASP are, of course, dependent on the tissue context. Thus, different models show

different effects of the SASP. In the following sections, we discuss in greater detail the

various behavioral changes cells can undergo when residing in the proximity of senescent

cells and how the senescent tissue microenvironment can facilitate tumor initiation and

progression.

The Senescence-Associated Secretory Phenotype Promotes Cell Proliferation

One of the most protumorigenic effects of the SASP is to promote the proliferation of

epithelial cells.

Breast cancer—In the case of breast epithelial cells, senescent human fibroblasts can

stimulate the growth of premalignant and malignant mammary epithelial cells (13, 18, 77).

This stimulation may be due in large measure to secretion of GROα, which is a prominent

SASP component (J.P. Coppé & J. Campisi, unpublished data). Irradiated stromal cells,

which are presumed to be senescent, have been shown to perturb mammary epithelial

microenvironment and to fuel inappropriate epithelial cell growth in the mammary gland

(114, 118). Furthermore, MMPs secreted by senescent fibroblasts have been shown to be

responsible for the higher tumorigenicity of breast epithelial cell xenografts in mice, most

likely by allowing mitogenic and chemotactic signals greater access to breast cancer cells

(78, 114). In addition to secreted soluble factors, there is evidence that the matrix laid down

by senescent cells can also stimulate mammary epithelial cell growth (13).

Prostate cancer—Fibroblasts from the human prostate gland that undergo senescence in

culture have been shown to create a local tissue environment that favors prostate epithelial

cell hyperproliferation, in part owing to amphiregulin secretion (46). Furthermore, CTGF (or

IGFBP-rP2) is upregulated in senescent fibroblasts (44), and this protein was shown to

regulate prostate tumor progression in xenografts and to be expressed by the cancer-

associated reactive stroma (119). Whereas upregulation of CXCR-4 is observed in most

cancer cells, only senescent stromal cells of the prostate display high levels of expression of

its ligand SDF-1α (CXCL-12). Thus, SDF-1α secretion by senescent fibroblasts may

therefore play a selective role in fueling prostate cancer. It has recently been determined that

senescence induced by irradiation in prostate cancer patients is associated with a

significantly increased re lease of exosome-like microvesicles (120). This novel secretory

phenotype depends on the activation of p53. Finally, the propensity of prostate cancer
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patients to relapse after chemotherapy may be due to the accumulation of senescent tumor

cells with inflammatory characteristics (18).

Other carcinomas—In the skin, unidentified factors secreted by human fibroblasts were

shown to be capable of inducing clonal expansion of keratinocytes (121). In addition,

senescent endometrial fibroblasts promoted anchorage-independent epithelial cell growth,

primarily because of IL-1 oversecretion (64). In the orobucal cavity, tobacco-driven

senescence of supportive stromal cells was shown to stimulate the hyperplastic growth of

epithelial cells and was associated with the loss of tight junctions and epithelial integrity

(14).

Melanoma—Melanocytic nevi (moles) are often composed of senescent melanocytes that

are induced owing to oncogenic mutations in BRAF (V600E mutations) (9). Only rare cell

variants in nevi can evolve into melanoma. Malignant melanocytes express high levels of

the CXCR-2 receptor (122) and can be stimulated to grow by its ligands GROα (123) and

IL-8 (124). Given that both GROα and IL-8 form part of the core SASP, the senescent

microenvironment may therefore stimulate the proliferation of rare premalignant cells in

nevi, thereby leading to the development of melanoma.

Other tumor-associated cells—During angiogenesis, endothelial cells can undergo

proliferation, which is stimulated by vascular endothelial growth factor (VEGF), IL-8, I-309,

and eotaxin (125–127). The proangiogenic effects of the SASP were shown in vivo in mouse

xenografts of breast cancer cells. The blood vessel density was significantly higher when the

tumors developed in the presence of senescent but not presenescent fibroblasts (127). RAS-

driven tumors are also known to contain significant numbers of senescent cells (8), and these

tumors are also highly vascularized (128). Many of the SASP factors can also affect

leukocyte proliferation during the course of cancer development. For example, IL-7 directly

promotes lymphocyte proliferation in peripheral tissues, and GM-CSF stimulates myeloid

suppressor cells, which are known to have important immunosuppressive functions that

affect cancer progression (129).

The Senescence-Associated Secretory Phenotype Stimulates Cell Motility (Invasion,
Migration, Metastasis)

Senescent cells secrete an array of factors that can create a gradient to promote cell

migration and invasion.

Epithelial cells—In pancreatic cancer, hepatocyte growth factor (HGF), and to a lesser

degree basic fibroblast growth factor (bFGF), promotes cancer cell invasion in culture and

can potentially drive cancer dissemination in vivo (117, 130). In breast cancer, high levels of

IL-6 and -8 secreted by senescent fibroblasts are responsible for enhancing the invasiveness

of a panel of cancer cell lines in cell-culture models (18). Moreover, the secretion of MMP-2

and -3 by senescent cells can also promote the invasion of multiple epithelial cell types (77,

78, 114, 131, 132). Other proteases, such as uPA and its regulator (PAI-1), are likewise

implicated in cancer cell invasion. Senescent stromal cells may promote an epithelial-to-

mesenchymal transition (18), which is an important phenotypic switch that enables cancer
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cells to migrate and invade. Through use of co-cultures of smokeless tobacco extract–

exposed fibroblasts and human epidermal keratinocytes, factors secreted by extract-modified

fibroblasts increased the invasiveness of partially transformed epithelial cells in conjunction

with a loss of E-cadherin, zonula occludens 1, and involucrin expression (14). Thus,

senescent cells and the SASP can induce phenotypes in nearby human epithelial cells that

are common during cancer progression.

Endothelial cells—In cell-culture models, endothelial cells are induced to migrate by

factors secreted by senescent fibroblasts (127). This is in part due to VEGF secretion and

chemokine gradients set up by senescent cells (133). Neoangiogenesis, which is dependent

on endothelial cell motility and invasion, is enhanced in xenograft models containing

senescent fibroblasts (127). Further, it is known that IL-1, a SASP component, activates the

endothelium and consequently increases the adhesive potential of cancer cells to vessel

walls (134). Thus, senescent cells may promote extravasation of cancer cells to secondary

metastatic sites. However, the effects of senescent cells on angiogenesis may depend on cell

type. For example, senescent keratinocytes oversecrete maspin, which displays paracrine

antiangiogenic activity and acts as a dominant inhibitor of endothelial cell migration (135).

Leukocytes—Senescent fibroblasts may promote leukocyte recruitment because they

chronically release chemokines (136). In p53-deficient RAS-driven tumors induced to

senesce through reestablishment of p53 function (12), innate immune cells were shown to

migrate into the vicinity of the senescent tumor area. CSF-1, CXCL-1, or MCP-1 and

ICAM-1 transcripts were found to be higher in these senescent tumor masses, and they may

be responsible for the immune response. For example, neutrophils express CXCR-1, -2, and

-4 to sense their microenvironment and to invade tissues; eosinophils use the broad-

spectrum receptor CCR-3 to fulfill their function; monocytes use CCR-1, -2, and -5,

CXCR-4, and CX3CR1 to extravasate and enter peripheral sites, where they differentiate;

natural killer cells express CCR-2 and -5, CXCR-4, CX3CR1, and XCR1; and immature

myeloid dendritic cells display CCR-1, -2, -5, and -6 and CXCR-4, which facilitate their

transport, migration, and function (136–139).

The Senescence-Associated Secretory Phenotype Regulates Cell Differentiation

The factors secreted by senescent cells can alter the differentiation status of neighboring

cells.

Epithelial cells—Senescent human and mouse fibroblasts disrupt the differentiation of

mammary epithelial cells and inhibit the expression of differentiation markers (77, 114).

This activity is due in large measure to the secretion of MMP-3 by the senescent cells.

Furthermore, weakly tumorigenic pancreatic (117) and mammary (18) epithelial cells

undergo morphologic changes in culture that resemble an epithelial-to-mesenchymal

transition in the presence of a senescent conditioned medium. The effect on mammary

epithelial cells is attributable to IL-6 and -8 (18), as well as to HGF, uPAR, and MMPs (77),

all of which can disrupt epithelial cell clusters and stimulate dedifferentiation in culture and

in vivo (140–142).
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Endothelial cells—Strikingly, no angiostatic factors have been reported among SASP

constituents (e.g., IFN-γ, TSP-1, MIG, PF4, IP-10, IL-4 and -12, and endostatin). This

contrasts with the largely proangiogenic profile of the SASP (which includes IL-8, MCP-1

and -2, GROs, PGE2, VEGF, EGF, CSFs, u-/tPA, MMPs, fibronectin, and laminin) (143).

Furthermore, there may be an amplifying activation loop because senescent stromal cells

secrete MCPs, CSFs, MIPs, GROs, and CXCLs, which in turn recruit inflammatory and

immune cells that also secrete proangiogenic factors (VEGFs, IL-8, and MMPs). Thus,

senescent cells are poised to support the differentiation of a new vasculature around and

within a progressing tumor.

The Senescence-Associated Secretory Phenotype Affects Leukocyte Infiltration and
Tumor Immunology

No anti-inflammatory factors (e.g., IFN-α, IFN-γ, IL-3, and IL-5) are significantly secreted

by senescent fibroblasts, and some of these factors are even downregulated upon senescence

(e.g., IL-2 and -12). Nonetheless, some reports show that massive amounts of either MCP-1

or IL-8, which are prominent components of the SASP, lead to tumor destruction (144, 145).

Senescent fibroblasts may influence the macrophage balance in the tumor environment.

Molecules that are implicated in the recruitment and differentiation of circulating monocytes

to tumor sites also happen to be overexpressed by senescent fibroblasts (146). These

molecules can lead to an inadequate immune response within the close proximity of

senescent cells. Senescent fibroblasts may affect lymphocytic populations infiltrating the

tumor. Specific T cell populations associated with tumor progression (i.e., Th2 and

regulatory T cells) respond to inflammatory cytokines that are commonly present in the

fibroblast SASP. Other cells of the specific and innate immune system, such as natural killer

cells, neutrophils, eosinophils, dendritic cells, and B cells, are also subject to regulation by

cytokines that are produced by senescent fibroblasts.

CONCLUSIONS AND FUTURE DIRECTIONS

Most insoluble components of the ECM are enzymatic targets of secreted proteases.

Therefore, the senescence-associated changes in proteolytic activities could affect the

physical properties of the tissue structure around cells. In particular, the accumulation of

senescent cells could lessen the supportive role of the ECM, globally diminishing tissue

tension and elasticity. In addition, the relaxed tissue structure and higher levels of MMPs

may help tumor cells migrate and invade through the ECM, thus enabling metastasis. The

panel of proteases secreted by senescent cells extensively overlaps with those found in

malignant tumors. Further, senescence-induced alterations in the secretion of interleukins,

chemokines, growth factors, proteases, and associated processing activities tend to establish

the SASP as protumorigenic.

Overall, senescence is a molecular program with a unique phenotypic outcome. How its

extracellular molecular signature is activated and maintained and the extent to which it

influences the tissue milieu in healthy tissues, aged tissues, and diseased tissues are some of

the many questions that remain unanswered. However, even with our currently limited

knowledge of the SASP and its potential effects on carcinogenesis, promising new strategies

for cancer therapies are possible. For example, restoring the activity of tumor-suppressor
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proteins is an attractive, potentially powerful therapeutic approach. Taking into account our

present understanding of the cell-nonautonomous effects of tumor-suppressor genes such as

p53, small chemicals that can pharmacologically restore their normal function would help

reestablish the proper tissue and cell signals, thereby stimulating cancer regression (147–

150). Such approaches could stimulate cancer elimination for two reasons: First, they would

limit inflammation and thus possibly allow proper tissue repair; second, they would directly

promote the immune-mediated clearance of cells that drive cancer progression.
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Figure 1.
Multiple types of stimuli can provoke cellular senescence and a senescence-associated

secretory phenotype (SASP). When irreversible cell-cycle arrest is triggered by severe DNA

damage (i.e., dysfunctional telomeres or oncogenic stress), the SASP occurs in senescent

cells. However, when a senescent-like phenotype is triggered in cells that overexpress cell-

cycle inhibitors such as p16 or p21, cells undergo a growth arrest with many characteristics

of senescent cells, but not a SASP.

Coppé et al. Page 20

Annu Rev Pathol. Author manuscript; available in PMC 2014 September 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Human fibroblasts, either presenescent (PRE) or senescent (SEN), were immunostained for

the inflammatory cytokines interleukin (IL)-6 and IL-8, as well as the senescence marker

p16. Cells were made senescent either by replicative exhaustion (REP) or ionizing radiation

(IR) or by expression of oncogenic RAS (RAS).
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Figure 3.
The DNA damage signaling pathway leads to the activation of the p53 tumor suppressor.

Activated p53 triggers cell fate decisions, such as senescence or apoptosis. Depending on the

cell context, p53 can suppress cancer through transient cell-cycle arrest and activation of the

DNA-repair machinery. Additionally, p53 restrains the senescence-associated secretory

phenotype (SASP). Regulation of the SASP by p53 suggests a cell-nonautonomous function

of this tumor suppressor. In the short term, the SASP may promote tissue repair. In the long

term, it may promote chronic inflammation, which in turn can drive cancer and aging.
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Table 1

The senescence-associated secretory phenotype (SASP). Factors significantly altered between presenescent

and senescent states are listed

SASP factors
a

Secretory profile of

senescent cells
b Changes in the SASP due to the loss

of p53 and/or gain of oncogenic RAS

Soluble factors

Interleukins (IL)

IL-6 ↑ ↑

IL-7 ↑ ↑

IL-1a, -1b ↑ ↑

IL-13 ↑ ↑

IL-15 ↑ ↑

Chemokines (CXCL, CCL)

IL-8 ↑ ↑

GRO-a,-b,-g
c ↑ ↑

MCP-2 ↑ ↑

MCP-4 ↑ ×

MIP-1a ↑ ↑

MIP-3a ↑ ×

HCC-4 ↑ ×

Eotaxin × ↑

Eotaxin-3 ↑ ↑

TECK × ↑

ENA-78 × ↑

I-309 × ↑

I-TAC × ↓

Other inflammatory factors

GM-CSE ↑ ↑

G-CSE × ↑

IFN-γ × ↑

BLC × ↑

MIF ↑ ↓

Growth factors and regulators

Amphiregulin ↑ ×

Epiregulin ↑ ×

Heregulin ↑ ×

EGF ↑ or × ↑

bFGF ↑ ↑

HGF ↑ ×

KGF (FGF7) ↑ ↑
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SASP factors
a

Secretory profile of

senescent cells
b Changes in the SASP due to the loss

of p53 and/or gain of oncogenic RAS

VEGF ↑ ×

Angiogenin ↑ ×

SCF ↑ ×

SDF-1 ↑ or × ↑

PIGF ↑ ×

NGF × ↓

IGFBP-2, -3, -4, -6, -7 ↑ ↑ or ×

Proteases and regulators

MMP-1, -3, -10, -12, -13, -14 ↑ ↑ or ×

TIMP-1 ↓ or × ×

TIMP-2 ↑ ×

PAI-1, -2; tPA; uPA ↑ ×

Cathepsin B ↑ ×

Soluble or shed receptors or ligands

ICAM-1, -3 ↑ ×

OPG ↑ ↑

sTNFRI ↑ ×

TRAIL-R3, Fas, sTNFRII ↑ ×

Fas ↑ ×

uPAR ↑ ↑

SGP130 ↑ ↑

EGF-R ↑ ×

Nonprotein soluble factors

PGE2 ↑ −

Nitric oxide ↑ −

Reactive oxygen species Altered −

Insoluble factors (ECM)

Fibronectin ↑ −

Collagens Altered −

Laminin Altered −

a
Factors are arranged by family.

b
The secretory changes that occur at senescence are indicated by upward arrows (increase), crosses (no change), and downward arrows (decrease).

Loss of p53 or gain of oncogenic RAS increases (upward arrows) or decreases (downward arrows) the secretion of several SASP factors.

c
Abbreviations: bFGF, basic fibroblast growth factor; ECM, extracellular matrix; EGF, endothelial growth factor; GRO, growth-related oncogene;

HGF, hepatocyte growth factor; ICAM, intercellular adhesion molecule; IGFBP, insulin-like growth factor\p=n-\binding protein; MCP, membrane
cofactor protein; MMP, matrix metalloproteinase; NGF, nerve growth factor; OPG, osteoprotegerin; PAI, plasminogen activator inhibitor; PGE2,
prostaglandin E2; PIGF, placental growth factor; SCF, stem cell factor; SDF, stromal cell\p=n-\derived factor; sTNFR, soluble tumor necrosis
factor receptor; t-PA, tissue-type plasminogen activator; TIMP, tissue inhibitor of metalloproteinases; TRAIL, tumor necrosis factor\p=n-\related
apoptosis-inducing ligand; u-PA, urokinase-type plasminogen activator; uPAR, u-PA receptor; VEGF, vascular endothelial growth factor.
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