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Abstract

Introduction: Cellular senescence is a stable form of cell-cycle exit. Though they no longer
divide, senescent cells remain metabolically active and secrete a plethora of proteins collectively
termed the senescence-associated secretory phenotype (SASP). Although senescence-associated
cell-cycle exit likely evolved as an anti-tumor mechanism, the SASP contains both anti- and pro-
tumorigenic potential.

Areas covered: In this review, we briefly discuss the discovery of senescent cells and its
relationship to cancer and aging. We also describe the initiation and regulation of the SASP upon
senescence stimulus onset. We focus on both the pro- and anti-tumorigenic properties of the SASP.
Finally, we speculate on the potential benefits of therapy-induced senescence combined with
selective SASP inhibition for the treatment of cancer.

Expert opinion: Further identification and characterization of the SASP factors that are pro-
tumorigenic and those that are anti-tumorigenic in specific contexts will be crucial in order to
develop personalized therapeutics for the successful treatment of cancer.
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Introduction

While many advances have been made in the diagnosis, prevention, and treatment of cancer,
it remains the second-leading cause of death in the United States [1]. Prognosis continues to
be exceptionally bleak in certain cancers, such as pancreatic ductal adenocarcinoma.
Encouragingly, cancer mortality as a whole is slowly declining, as new therapeutics stem
from our increased understanding of disease behavior [1]. As such, there exists a continual
need to probe the mechanisms of tumor initiation and progression, as well as discover new
targets that can affect tumor cells or its microenvironment.

Cellular senescence is a form of stable cell cycle exit that was initially hypothesized to serve
as a barrier to tumorigenesis, as a cell that does not divide cannot give rise to a tumor.
Despite their growth arrest, senescent cells remain metabolically active. In addition, they
secrete a defined set of cytokines, proteases, and growth factors, collectively referred to as
the senescence-associated secretory phenotype (SASP). The SASP may act to reinforce the
cell cycle exit elicited by senescent cells. In direct contrast, however, the pro-inflammatory
nature of specific SASP factors can favor tumorigenesis. Because of the functional
dichotomy of the SASP, great care must be exercised when manipulating senescence for the
treatment of cancer.

In this review, we focus on the double-edged sword that is the SASP in the context of cancer.
We highlight recent developments that support both pro- and anti-tumorigenic functions of
the SASP. We further explore several therapeutic strategies based on these developments and
discuss potential consequences of targeting these specific pathways in cancer.

2. Cellular senescence

2.1 Discovery of senescent cells

Senescent cells were first described in 1961 in a seminal paper published by Hayflick and
Moorhead [4]. They demonstrated that primary human embryonic cells do not divide
indefinitely in culture, but rather cease proliferating after a defined number of population
doublings. This proliferation arrest, termed replicative senescence, was later attributed to the
gradual shortening of telomeres that occurs with each cell division [5, 6]. Critically short
telomeres trigger a DNA damage response (DDR) involving the ATM and p53 pathway,
causing cells to stop dividing [7, 8].

Replicative senescence was hypothesized by some to correspond to an /n vitro artifact of cell
culture. This view was challenged when senescent cells were identified in specific
physiological contexts /n vivo. Enlarged and flattened endothelial cells were found in
atherosclerotic plaques, a similar morphology to senescent fibroblasts in culture [9, 10].
Since then, the usage of the biomarker senescence-associated beta-galactosidase (SA-pgal)
allowed for the identification of senescent cells in other tissues, such as human skin,
prostate, and breast [11-13]. Importantly, SA-Bgal-positive cells harboring dysfunctional
telomeres were discovered in the skin of aging baboons, establishing a clear link between
senescence and aging [14].
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In addition to telomere shortening, other stresses have been described to induce cellular
senescence. Constitutively active drivers of mitogenic signals, such as oncogenic Ras, Raf,
or Mek, induce many hallmarks of senescence when expressed in primary cells, including
cell cycle arrest, SASP activation, and expression of p16'NK4A [15-18]. Termed oncogene-
induced senescence (OIS), this form of cell cycle exit shares many features of replicative
senescence, such as the activation of a DDR, resulting in this case from uncontrolled hyper-
proliferation and subsequent fork collapse [19, 20]. Other agents that initiate DDR,
including chemotherapeutic agents, irradiation, and histone deacetylase inhibitors can also
induce cellular senescence [21-23]. In addition, stimuli that do not trigger DDR, such as
oxidative stress and ectopic expression of cyclin-dependent kinase inhibitors (CDK:is), have
been reported to induce senescence, although the molecular mechanisms underlying these
processes remain unclear [24].

Numerous studies support the role of senescence as a barrier against tumorigenesis.
Senescent cells have been found in human pre-neoplastic lesions such as melanocytic nevi,
but not in their corresponding malignant tissue [17, 25, 26]. Moreover, inactivating the
senescence machinery in mouse models resulted in the acceleration of tumor development,
while restoration of senescence in growing tumors caused their regression [27-29]. By
contrast, senescence may also be responsible for age-associated disorders. Elimination of
p16/NK4A_nositive senescent cells in a progeroid mouse model delayed onset of aging
phenotypes, such as cataracts and muscle and fat loss [30]. Moreover, elimination of
p16'NK4A_nositive senescent cells in aged mice resulted in prolonged healthspan and
lifespan [31]. The demonstration that senescence can prevent cancer progression while
promoting age-associated diseases is consistent with the notion of antagonistic pleiotropy,
whereby senescent cells may be beneficial early in life to prevent cancer, but may be
detrimental later in life and contribute to aging [32].

2.2 The senescence-associated secretory phenotype

As cells cease dividing and enter senescence, they secrete a plethora of inflammatory agents,
growth factors, and proteases known as the SASP. Also coined the senescence-messaging
secretome (SMS) [33], the most robust and universally secreted factors include the cytokines
interleukin (IL)-1, IL-6 and IL-8 [2]. Other SASP factors include chemokines such as
specific CXCLs, growth factors such as EGF and IGFBP, receptors such as ICAMs, and
proteases such as MMPs and PAI-1 [34]. However, the nature of the SASP can also vary
depending on cell type and senescence stimulus. For example, senescence induced by
oncogenic Ras results in much higher levels of specific SASP factors, including IL-6 and
IL-1B, compared to senescence induced by X-irradiation or replicative exhaustion [35].
Conversely, senescence induced by p16'NK4A gver-expression does not induce a SASP [36].
Finally, transcriptome analysis of senescent cells revealed that tissue origin accounted for the
most variation in SASP expression [37].

The components of the senescence secretome can also vary over time following senescence
induction. The conventional SASP is not induced immediately after cell cycle exit; rather it
is expressed days after stimulus onset [38]. Recently, Hoare and colleagues demonstrated
that oncogene-induced senescent cells produce two distinct secretomes temporally regulated

Expert Opin Ther Targets. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lau and David

Page 4

by Notch1l activity: an early TGF-f secretome, and a late secretome containing the more
conventional inflammatory factors [39]. Other studies showed that the secretome dampens
down after the cells become fully senescent, consistent with the idea that senescence is a
dynamic process even after the initial growth arrest [40, 41].

It has also been argued that “priming” of senescent cells constitute another factor that can
affect the SASP. Conditioned media from senescent mesenchymal stromal cells (MSCs) was
able to trigger apoptosis and senescence in myeloma cells; however, MSCs that came into
contact with myeloma cells beforehand exhibited an altered transcriptome, and conditioned
media from these cells was unable to affect cancer cell growth [42]. Ultimately, the SASP
can alter its microenvironment and has been shown to harbor both pro- and anti-tumorigenic
properties depending on cell type and context, which will be described in detail below (Fig.
1).

2.3 Upstream regulators of the SASP

Several transcription factors have been demonstrated to contribute to SASP activation. For
instance, NF-xB inhibition or C/EBP inhibition results in SASP abrogation [2, 43]. More
recent studies revealed a role for the transcription factor GATA4, which activates NF-xB
activity and controls SASP expression in response to DDR in human foreskin fibroblasts
[44]. Moreover, the kinase p38MAPK was demonstrated to induce the SASP by
upregulating NF-xB transcriptional activity in a DDR-independent manner [45]. The JAK/
STAT pathway, important for controlling cytokine production, also modulates SASP
production, as JAK inhibition suppress the SASP in senescent preadipocytes and human
umbilical vein endothelial cells (HUVECS) [46]. Overall, different cell types and modes of
senescence induction are likely to contribute to the activation of specific signaling pathways
and networks to produce the SASP, which reflects the varied results from different studies.

Studies probing into the mechanism of SASP initiation have shown that the IL-1 pathway
functions upstream of NF-xB to elicit SASP production [47]. Indeed, depletion of RelA, the
DNA binding subunit of NF-xB, results in the suppression of the GATA4-induced SASP,
with the exception of IL-1a [44]. IL-1a is responsible for the secretion of senescence-
induced IL-6 and IL-8 [48]. Surprisingly, the related IL-1p cytokine, which engages the
same IL-1 receptor, does not share this property with IL-1a. It was then demonstrated that
the kinase mTOR also plays a role in SASP induction, by promoting both IL-1a and
MAPKAPK?2 translation [49, 50]. These factors converge mainly upon the NF-xB-IL-1
signaling axis, suggesting that this pathway serves as the master regulator of the SASP.

Consistent with the notion that the SASP is regulated at the transcriptional level, many
epigenetic factors can affect the SASP. Inhibition of the methyltransferase MLL1 prevents
the activation of genes involved in DNA damage, thus disabling the SASP [51]. More
directly, the chromatin reader BRD4 was found to be recruited to super-enhancers adjacent
to SASP genes, and its inhibition can also abolish the SASP [52]. Finally, the histone protein
HMGB2 was demonstrated to localize to SASP gene loci in senescent cells, which prevents
their heterochromatinization and subsequent transcriptional repression [53].
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As aforementioned, Hoare and colleagues demonstrated that Notch1 mediates a switch
between an early and late secretome, the latter consisting of the IL-1-dependent SASP.
Notchl levels increased steadily in OIS, but the Notchl intracellular domain (N11CD) and
its canonical target HES1 returned to basal levels at full senescence. Ectopic N11CD
expression induced a distinct early secretome containing many TGF-B ligands and
suppressed the IL-1-dependent SASP. The expression of IL-1-dependent SASP correlated
with the return of N1ICD and HES1 to basal levels [39].

While the mechanisms linking NF-xB and IL-1 activation to SASP production have been
partially elucidated, how senescence triggers IL-1 engagement in the first place remain
largely elusive. However, the recent discovery of DNA fragments outside of the nucleus of
senescent cells prompted some to hypothesize that cytoplasmic chromatin fragments (CCF)
contribute to the initiation of the SASP [54]. CCFs are recognized by the innate immune
system; specifically the cytosolic DNA-sensing machinery cGAS-STING [55]. While some
groups have argued that activation of the cGAS-STING pathway is required for senescence
initiation, others demonstrated that this pathway only affects the SASP [55-57].
Nevertheless, activation of the cGAS-STING pathway triggers the expression of many
inflammatory genes, and has now been described to occur in senescent cells [55, 57].
Whether cGAS-STING drives SASP production through engagement of the IL-1-NF-xB
pathway remains to be investigated.

3. Anti-tumorigenic functions of the SASP

3.1 Reinforcement of cell-cycle exit

Early studies argued that expression of specific SASP factors was required for stable cell-
cycle arrest. Specifically, inactivation of individual SASP components or upstream
regulators of the SASP was shown to alter senescence-associated cell cycle exit. For
example, knockdown of plasminogen activator-inhibitor 1 (PAI-1) allowed late passage
mouse embryonic fibroblasts and human BJ fibroblasts to sustain proliferation over time,
thus bypassing replicative senescence. Conversely, PAI-1 over-expression induced cell cycle
exit even in the absence of p53 [58]. Depletion of the SASP factor IL-6 resulted in a bypass
of oncogene-induced cell cycle arrest, indicating that IL-6 is required in a cell-autonomous
manner for OIS [2]. In another study, many SASP factors were found to bind to the
chemokine receptor CXCR2, including Gro-a, Gro-, and IL-8 [59]. Inhibition of CXCR2
was sufficient to bypass both replicative and OIS, while its ectopic expression induced
premature senescence. Furthermore, depletion of C/EBPf caused human diploid fibroblasts
(HDF) to escape oncogenic Braf-induced OIS [2]. In addition, NF-xB was also
demonstrated to cooperate with p53 to promote senescence, as knockdown of both factors
resulted in senescence bypass in oncogenic Ras-induced IMR90 human fibroblasts [43].
Moreover, as mentioned previously, the cGAS-STING pathway can activate the
inflammatory SASP, and disrupting this pathway can result in SASP abrogation, and with it,
cell cycle arrest [56, 57].

The SASP may also reinforce senescence-associated cell cycle exit in vivo. Mice lacking
IL-6 harbored decreased SA-pal-positive vertebrae bone cells after injection of carcinogenic
doses of a calcium radioisotope (*°Ca) compared to wild-type mice [60]. In another model,
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oncogenic K-Ras expression in the pancreas leads to the formation of low-grade lesions
harboring senescent acinar cells [61]. Inactivation of RelA in the pancreas resulted in the
abrogation of K-Ras-induced senescence and accelerated carcinogenesis [62]. The authors
further showed that, in this model, the SASP factor CXCL1 promotes senescence-associated
cell cycle exit through activation of the CXCR2 receptor.

How the SASP promotes cell cycle exit remains completely unknown. One hypothesis is that
the SASP serves to reinforce the irreversibility of senescence-associated cell cycle exit,
rather than initiating it. This possibility remains to be investigated, but the emergence of
novel resources to trigger senescence in an inducible and reversible manner should allow
such studies. It is important to note, however, that several studies have shown that targeting
the SASP fails to impair senescence-associated cell cycle arrest. In human foreskin
fibroblasts, inhibition of MTOR activity with rapamycin treatment suppresses the SASP, but
does not affect the ability to exit the cell cycle following ionizing radiation [49]. Similarly,
knockdown of HMGBZ2 in IMR90 fibroblasts did not affect Ras-induced cell cycle exit, even
though it blunted SASP expression [53]. Inactivation of cGAS or STING in IMR90
fibroblasts failed to revert Ras- or etoposide-induced senescence phenotypes such as SA-
Bgal positivity and p16/NK42 induction [55]. These discrepancies may be due to nuances
involving different cell types and different strategies of senescence induction in each study.
For example, other groups that demonstrated the requirement for the cGAS-STING pathway
in cell cycle exit performed their experiments in mouse embryonic fibroblasts that senesced
via serial passaging [56, 57].

3.2 Induction of paracrine senescence

Senescent cells have been hypothesized to induce cell cycle arrest in neighboring cells,
allowing the propagation of the anti-tumorigenic response, and therefore ensuring that cells
residing in a detrimental environment cease division. Senescent cells achieve this effect
through secreted proteins, as conditioned media derived from senescent human fibroblasts
was sufficient to induce senescence in normal growing fibroblasts [47]. Moreover, it was
argued that paracrine senescence occurs /17 vivo, as fibroblasts and immune cells neighboring
oncogenic Braf-positive senescent colon adenomas were also positive for the cell-cycle exit
marker p21C'P1 and negative for the proliferation marker Ki67 [47]. Furthermore, paracrine
senescence was detected in a mouse model involving cholangiocyte-specific deletion of
Mdm2, resulting in biliary senescence. In this model, a subset of hepatocytes was also
shown to express the senescence markers 53BP1, yH2A X, and Dcr2 while retaining Mdm2
expression, suggesting that senescent cholangiocytes can induce neighboring hepatocytes to
senesce [63]. This study further demonstrates that the SASP factors IL-1a and TGF-, as
well as NF-xB, are expressed at high levels by cholangiocytes, leading the authors to
postulate that the SASP drives paracrine senescence in this context. However, the evidence
for paracrine senescence /n vivo remains largely correlative at this point, mainly for
technical reasons.

3.3 Recruitment of immune cells

In addition to its ability to promote cell cycle exit in neighboring cells, the SASP has been
postulated to recruit immune cells to the site of tissue injury. Once recruited to the site of
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SASP production, immune cells are able to clear away senescent and potentially pre-
cancerous cells, providing yet another mechanism to prevent tumorigenesis. Among the
different /n vivo evidence for this immune cell recruitment, Krizhanovsky and colleagues
demonstrated that, in a mouse model of carbon tetrachloride-induced liver fibrosis,
senescence is induced in activated hepatic stellate cells [64]. Abrogating the cells” ability to
senesce by genetically inactivating both p53 and p16'NK4A delayed liver fibrosis resolution
due to the absence of immune cell-mediated clearance. Interestingly, natural killer (NK) cell
receptor (NGK2D) ligands and other NK cell chemokines (i.e. CCL2) were upregulated in
both senescent human fibroblasts and hepatic stellate cells [64—66]. Moreover, p53 re-
activation in a mouse model of liver carcinoma resulted in tumor regression, correlating with
the secretion of NK-cell chemoattractants by senescent tumor cells and their subsequent
removal. Finally, antibody neutralization or genetic ablation of NK cells delayed tumor
regression after p53 reactivation in the tumors [29, 65]. Together, these studies reveal a role
for NK cells in the clearance of senescent cells (Fig. 2A). In addition, inhibition of
neutrophils also delayed tumor regression following p53 activation, suggesting that these
cells play a role in senescent cell clearance as well (Fig. 2A) [29]. However, re-activation of
p53 in Rag2-deleted mice, which lack B and T cells, resulted in tumor regression
comparable to wild-type mice, suggesting that the adaptive immunity is dispensable when
clearing senescent tumor cells [29, 65].

In contrast, other studies have pointed to a contribution of adaptive immunity in the
clearance of senescent cells. SASP-mediated recruitment of helper T cells was postulated to
limit liver cancer development in a different mouse model of hepatocellular carcinoma,
where hydrodynamic injection of oncogenic N-Ras resulted in senescence induction in
hepatocytes [67]. These senescent hepatocytes secreted the SASP factors IL-1a, MCP1, and
RANTES, and were eventually cleared from the liver. Strikingly, in mice lacking CD4+ T
cells, N-Ras-positive cells remained present and formed liver tumors (Fig. 2B). The
discrepancy regarding immune cell requirement for senescent cell clearance in these two
models is likely explained by the different genetic tools used to induce liver cancer. These
differences also suggest that additional studies will be required to extrapolate any
conclusions to human cancers.

To further complicate the matter, macrophages have also been implicated in senescence
surveillance. Using the same system of hydrodynamic delivery of N-Ras to induce
senescence in hepatocytes, Eggert and colleagues demonstrated that CCL2 secreted by
senescent hepatocytes led to the recruitment of immature myeloid cells and macrophages
(Fig. 2A) [68]. Genetic inactivation of the CCL2 receptor (CCR2) in senescent cells resulted
in reduced macrophage infiltration and increased HCC development in mice. This evidence
suggests that SASP-induced recruitment of macrophages also play a role in limiting
tumorigenesis.

4. Pro-tumorigenic functions of the SASP

4.1 Enhancement of cancer cell proliferation

One of the earliest described functions of the SASP was its ability to directly promote cancer
cell proliferation, contrasting with the original proposed anti-tumorigenic role of senescent
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cells. Indeed, Krtolica and colleagues observed that conditioned media derived from
senescent human fibroblasts was able to stimulate the proliferation of pre-neoplastic, but not
normal, epithelial cells [69]. This effect was confirmed for multiple forms of senescence
induction, including replicative, oncogene-induced, and H,0, treatment-induced
senescence. Moreover, senescent fibroblasts, but not normal fibroblasts, were able to
stimulate tumorigenesis when co-injected with pre-neoplastic epithelial cells in
immunocompromised mice. More specifically, IL-6 secretion from senescent human
umbilical cord mesenchymal stem cells enhanced proliferation of breast cancer cells /n vitro
and in xenograft transplants [70]. Similarly, matrix metalloproteases secreted from
bleomycin-induced senescent human fibroblasts increased the proliferative capacity of
MDA-MB-231 breast cancer cells in nude mice xenograft transplants [71]. Therefore, while
the SASP appears to induce senescence in normal benign cells, it can promote proliferation
in pre-neoplastic cells. This dichotomy of the SASP is interestingly reminiscent of the effect
of oncogenic Ras, whose activation induces senescence in primary cells, but promotes
transformation in pre-neoplastic cells [15].

4.2 Induction of epithelial-mesenchymal transition

Other studies reveal that the SASP can enhance tumorigenic properties, like the epithelial-to-
mesenchymal transition (EMT). Conditioned media from replicative or irradiated senescent
fibroblasts enhanced invasion of non-aggressive breast cancer cells [35]. These cells
exhibited increased expression of vimentin and decreased expression of -catenin and E-
cadherin, hallmarks of EMT. Breast cancer cells exposed to the SASP also exhibited
epithelial cell scattering and reduced cell-cell adhesions, another mesenchymal phenotype
[35]. These EMT phenotypes may be mediated by IL-6 and IL-8, as exposure to
recombinant IL-6 or IL-8 promoted migration and invasion in MCF7 breast cancer cells
[72]. In addition, the SASP factors MMP-1 and MMP-2 secreted by senescent human
dermal fibroblasts enhanced the migratory ability of human epidermal keratinocytes [73].
The SASP may even enhance tumorigenic properties of cells that have either failed to
senesce or have escaped from senescence. For example, treating malignant pleural
mesothelioma cells (MPM) with the chemotherapeutic drug pemetrexed induced only a
subset of cells to senesce. Culturing the MPM cells that failed to senesce with conditioned
media from senescent MPM cells resulted in the emergence of an elongated fibroblast-like
morphology and increased levels of vimentin and fibronectin, all features of EMT [74].

4.3 Induction of cancer cell stemness

In addition to stimulating EMT, the SASP has been suggested to promote stemness in both
cancer and non-cancer settings. For example, multiple myeloma (MM) cells exposed to
senescence-inducing irradiation or doxorubicin exhibited decreased CD138 levels and
increased CD45 and CD20 levels, considered stemness markers in MM [75]. This increase
in stemness markers was correlated with the upregulation of specific components of the
SASP, particularly RANTES. Consistent with increased stemness potential, injection of MM
cells following irradiation resulted in increased tumorigenesis. Whether these effects are
directly related to SASP or correspond to a senescence-independent by-product of
irradiation remains to be investigated.
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Recent studies underlined a more direct contribution of the SASP in the promotion of cancer
cell stemness. Indeed, MCF7 breast cancer cells treated with conditioned medium from
senescent fibroblasts acquired stem cell surface markers and were able to form
mammospheres, a hallmark of stemness in breast cancer cells [72]. Recombinant IL-6 and
IL-8 exposure also induced mammosphere formation, suggesting that these cytokines can
also mediate senescence-induced cancer stemness. Similarly, explanted cells from tumors
that arise from the co-injection of human embryonic kidney (HEK) cells and senescent
fibroblasts were able to form spheres to a greater extent when compared to parental HEK
cells that had not been injected [76]. These explanted cells were also able to differentiate
into chondrocytes, osteocytes, and adipocytes more efficiently than parental cells. Finally,
sphere formation was promoted by culturing HEK cells with conditioned media derived
from senescent cells, a direct demonstration that the SASP drives stem cell emergence in
cancer cell populations.

4.4 Inflammation and immunosuppression

It is well known that the tumor microenvironment in many different cancers largely consists
of immune cells, which can affect the proliferation, migration, and survival of malignant
cells [77]. As discussed above, in addition to affecting cancer cells directly, the SASP
modulates immune cell recruitment (see section 3.3). These immune cells can be
immunosuppressive, thereby preventing immune clearance of tumor cells. Alternatively,
SASP-mediated recruitment of immune cells can create an inflammatory environment that
further drives tumorigenesis. For example, in a mouse model of pancreatic cancer, a well
characterized site of tumorigenesis fueled by inflammation, abrogating the senescence
machinery by genetically inactivating the chromatin scaffolding protein Sin3B resulted in
the delayed development of neoplastic lesions. In this model, the delay in cancer progression
correlated with decreased expression of specific SASP markers, including IL-1 and IL-6 [3].

As mentioned in section 3.3, the SASP factor CCL2 recruited macrophages to N-Ras
induced senescent hepatocytes, resulting in their clearance and the prevention of liver
tumorigenesis. However, hydrodynamic injection of N-Ras in the liver prior to
transplantation of transformed hepatocytes significantly accelerated HCC development [68].
This effect is attributed to CCL2-mediated recruitment of immature myeloid cells in addition
to macrophages, which in turn inhibit NK cell activity (Fig. 3A). This study therefore
implies that while the SASP suppresses tumor initiation in a mouse model of HCC, it
promotes cancer progression after HCC is fully established.

Moreover, senescent skin stroma has been shown to promote tumorigenesis through the
recruitment of immunosuppressive myeloid cells by IL-6 [78]. In this study, senescence and
SASP expression were achieved in the skin of mice via p27KiP! activation specifically in
cells of mesenchymal origin. CD11b+ Gr-1+ myeloid cells and regulatory T cells were
found enriched in mouse skin containing senescent cells compared to skin with no senescent
cells (Fig. 3B). Consistently, co-injection of tumor cells with senescent fibroblasts into mice
resulted in increased tumor growth compared to injection with growing fibroblasts.
Surprisingly, this difference was abrogated when cells were injected into nude mice,
suggesting that immune cells drive tumorigenesis acceleration in this context.
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In another example, Di Mitri and colleagues utilized a mouse model where genetic
inactivation of the tumor suppressor Pten in the prostate resulted in the formation of benign
and senescent lesions that progressed to aggressive tumors after a long latency. In this
model, expression of the SASP correlated with the recruitment of Gr-1+ myeloid cells,
which in turn prevented senescence by secreting IL-1 receptor antagonist (IL-1RA) and
interfering with IL-1 signaling in a subset of prostate cells (Fig. 3C) [79]. The authors
hypothesized that abrogation of senescence in these specific cells made them capable of
initiating tumorigenesis. In conclusion, the SASP can affect the tumor microenvironment in
a multitude of ways, and assessing the therapeutic window offered by SASP targeting will
be crucial in developing cancer treatments aimed at modulating the senescence program.

5. Therapeutic strategies

5.1 Induction of senescence in cancer cells paired with specific targeting of the SASP

One of the many proposed strategies to combat cancer is therapy-induced senescence,
whereby chemotherapeutics are used to induce senescence in cancer cells and therefore limit
their proliferation. As discussed in section 3.3, restoration of p53 in cancerous liver cells
induced senescence and tumor regression through SASP-mediated immune cell clearance
[29]. However, therapy-induced senescence could be detrimental as well, due to the pro-
tumorigenic effects of the SASP as outlined in section 4. Therefore, pairing therapy-induced
senescence with SASP abrogation may yield more effective results. In particular, in Pten-
deficient mouse prostate tumors, induction of senescence via docetaxel paired with a
CXCR2 antagonist, which blocks the recruitment of Gr-1+ myeloid cells, resulted in
increased senescence coupled with a marked reduction of tumor cell size [79]. Additionally,
inhibition of the JAK/STAT pathway in a mouse model of prostate cancer reduced the levels
of immunosuppressive chemokines in the SASP, while maintaining high levels of
chemokines that attract B, T and NK cells [80]. Moreover, induction of senescence with
docetaxel combined with inhibition of the JAK/STAT pathway resulted in a marked
reduction in prostate tumor size.

Transcription factors and global regulators have been found to control the SASP without
affecting cell-cycle exit, such as p38/MAPK, NF-xB, and mTOR [35, 45, 49, 50]. Inhibition
of these factors has been shown to reduce SASP expression. However, targeting such
ubiquitous factors may affect many other physiological processes. Therefore, therapeutics
that target regulators directly upstream of the SASP may be more beneficial. As IL-1a has
been demonstrated to be an upstream regulator of the inflammatory SASP, drugs that target
the IL-1 receptor, such as anakinra, may prove to be a more useful therapeutic [48]. More
studies will need to be conducted to find additional suitable targets in the context of cancer.

5.2 Ablation of senescent cells

While therapy-induced senescence may have promising anti-tumorigenic effects,
accumulation of senescent cells may favor the emergence of age-associated diseases,
including, paradoxically, cancer [30]. Therefore, therapies that eliminate senescent cells may
represent an additional and promising strategy to mitigate cancer progression. Harnessing
the immune system could be one approach to eliminate senescent cells, as outlined in section
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5.1. Other studies have used biological approaches to ablate senescent cells, but their
application in the clinic currently remains improbable [30, 81].

A promising and more realistic approach may be the use of chemicals that specifically kill
senescent cells, termed senolytics. The first senolytics were apoptosis-inducing drugs, as
senescent cells were known to be resistant to apoptosis [82]. The Bcl-2 inhibitor navitoclax
(ABT-263) was demonstrated to selectively target senescent IMR9O0 fibroblasts and
HUVEC:s, as well as senescent hematopoietic stem cells (HSCs), resulting in the
rejuvenation of the HSC population in aged mice [83, 84]. The combination of the tyrosine
kinase inhibitor dasatinib and the flavonoid quercetin, both apoptosis-inducing agents,
reduced senescent cell abundance in human adipose tissue and extended both healthspan and
lifespan in mice [85]. More recent senolytics include drug delivery systems that selectively
target senescent cells, such as GalNP [86]. These are sugar-coated beads that are efficiently
endocytosed and eventually exocytosed. However, B-galactosidase, present at high levels in
senescent cells, can digest the sugar coating of the beads, resulting in the release of the
encapsulated drug. With these systems, more potent and ubiquitous cytotoxic drugs can be
used to selectively eliminate senescent cells.

In addition to treating age-associated disorders, senolytics may be exploited as an adjuvant
for cancer therapy, whereby malignant cells are first induced to senesce, and then are
subsequently eliminated. For example, Wang and colleagues demonstrated that aurora kinase
inhibitors induce senescence in cultured melanoma cells, while treatment with ABT-263
subsequently induced their apoptosis [87]. The CDK4/6 inhibitor palbociclib has been
shown to induce tumor cell senescence in multiple different tumor types, such as melanoma,
HCC, and glioblastoma [88-90]. Therapy-induced senescence may result in immune cell
clearance of these tumors, or may be paired with senolytics to effectively ablate senescent
cancer cells. Extensive research is currently being conducted to apply our understanding of
senescence to translational approaches, and the development of senolytics in conjunction
with therapy-induced senescence may have vast implications in cancer therapy.

6. Conclusion

In this review, we discussed the regulation of the senescence-associated secretory phenotype,
as well as its pros and cons in the context of cancer. Due to the dual nature of the SASP,
there may be detrimental effects of either inducing or ablating senescent cells as cancer
therapy. While abrogation of senescent cells may reverse aging phenotypes, it could also
give full reign for existing tumor cells to divide without inhibition. Conversely, induction of
senescence in cancer cells will prevent them from dividing, but the accompanying SASP
may induce non-senescent cancer cells to divide, or prevent the immune system from
detecting and killing cancer cells. Designing apt therapies will likely depend on cell and
tissue context and therefore more studies will need to be completed to address the
complexity of senescence.
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Expert opinion

Senescent cells were originally hypothesized to halt tumor formation, as stable growth arrest
will prevent damaged cells from giving rise to tumors. We now know that senescence results
in an array of phenotypes; some beneficial and some detrimental to human health. Among
these phenotypes, the SASP itself is heterogeneous in nature and in function. The SASP can
drive tumor progression in different ways, including in a non-cell autonomous manner.
These seemingly opposite functions of senescence as it relates to tumor progression create
challenges in devising therapeutics that modulate senescence, as targeting its pro-
tumorigenic properties may also abolish anti-tumorigenic properties as well. Therefore,
therapeutics should be developed to target a specific feature of senescent cells. Since the
SASP has been shown to harbor both pro- and anti-tumorigenic function, further research
should identify which SASP factors exhibit pro-tumorigenic properties and which ones
possess anti-tumorigenic properties. This information can aid in the development of
therapeutics that only inhibit the pro-tumorigenic portion of the SASP.

Additionally, a context-specific effect of the SASP on cancer progression justifies a more
thorough analysis of its effect in a given tumor type. Indeed, our group has demonstrated
using mouse models that disabling senescence delays tumorigenesis in the pancreas, but
enhances tumor progression in the prostate [3, 91]. The bases for these seemingly opposite
effects of senescence include the SASP-mediated recruitment of immune cells. These
immune cells can either eliminate potentially dangerous senescent cells, or create an
immunosuppressive environment that promotes tumor progression, as described in detail in
sections 3.3 and 4.4. A deeper and more systematic knowledge of the composition of the
SASP under different senescence inducers and in different tissues is much needed to design
strategies to modulate its impact in specific cancers.

A promising therapeutic strategy would be to induce senescence in cancer cells in
conjunction with the abrogation of the SASP without affecting cell cycle exit. While
inhibition of global factors such as NF-xB and mTOR impairs SASP production, it is also
likely to affect other physiological and beneficial functions in the body. Inhibition of a more
specific regulator of the SASP, such as the IL-1 pathway, could prove to be a potent and
narrow therapeutic approach. As IL-1 inhibitors already exist in the clinic, they may be
repurposed to blunt the SASP in inflammation-driven cancers. Ideally, abrogation of the pro-
tumorigenic SASP will leave a secretome that can still attract cytotoxic immune cells to
clear away senescent cancer cells. In the scenario where immune cells and clearance of
senescent cells are absent, introduction of senolytics may become useful. As studies have
demonstrated that elimination of senescent cells may reverse aging phenotypes, this may
have the double benefit of treating cancer while extending human healthspan.

In conclusion, we believe that an improved understanding of context-dependent functions of
the SASP and regulators specific to the SASP will enable the generation of novel therapeutic
strategies for the treatment of cancer. Specifically, we propose that induction of senescence
coupled with SASP inhibition may be useful for targeting growing tumor cells without
creating an immunosuppressive environment. Strategies that inhibit the SASP selectively
such that cytotoxic immune cell activity is maintained could be a promising treatment in
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specific cancers. Moreover, developing therapeutics that will specifically target the SASP
without affecting global cell function will be a difficult but necessary endeavor. Moving
forward, studies should focus on how to better target specific portions of the SASP so that
the anti-tumorigenic aspect can be specifically and therapeutically enhanced.
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Article highlights box

Senescent cells are hypothesized to act as a barrier to tumorigenesis, but may
contribute to aging and therefore be detrimental later in life, a concept termed
antagonistic pleiotropy.

Senescent cells produce a SASP that is likely regulated by the IL-1-NF-xB
signaling axis.

Anti-tumorigenic properties of the SASP include induction of senescence and
recruitment of immune cells.

The SASP can act to promote tumorigenesis by enhancing cancer cell
properties and by creating an immunosuppressive environment that favors
cancer cell growth.

Abrogation of senescence disrupts the SASP but may allow uninhibited tumor
proliferation, while therapy-induced senescence may induce a SASP that is
conducive to tumorigenesis.

Therapy-induced senescence combined with selective SASP inhibition
represents a promising strategy for the treatment of cancer; more studies must
be completed to elucidate the context-specific impact of the SASP on tumor
promotion or regression.
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The pro- and anti-tumorigenic properties of the senescence-associated secretory phenotype
(SASP). The SASP can act to reinforce cell cycle exit in a cell-autonomous manner, induce
neighboring cells to exit the cell cycle (termed paracrine senescence), and recruit immune
cells that will clear away senescent and potentially cancerous cells. Conversely, the SASP
can also promote the proliferation of neoplastic cells, induce epithelial-to-mesenchymal
transition in malignant cells, promote the emergence of cancer stem cells, and create an
immunosuppressive or inflammatory environment that further drives tumorigenesis.
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Role of innate immunity
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Figure 2.
Senescence-associated secretory phenotype (SASP)-mediated immune cell recruitment

aiding in tumor clearance. Both the innate and adaptive immune systems have been
described to aid in SASP-mediated tumor clearance. (A) Various SASP factors recruit
natural killer (NK) cells, macrophages, and neutrophils to the site of tissue damage, resulting
in the clearance of both senescent and cancerous cells. (B) Various SASP factors recruit
macrophages and monocytes, as well as cytotoxic CD4+ T cells. Macrophages and
monocytes can activate these T cells, which then kill senescent and cancer cells.
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Senescence-associated secretory phenotype (SASP)-mediated immune cell recruitment that
favors tumor progression. The SASP has been described in various contexts to create an
immunosuppressive environment that drives tumor progression. (A) In the liver, the SASP
factor CCL2 acts to recruit immature myeloid cells. However, combined with tumor-secreted
factors, CCL2 drives myeloid cells to block the maturation of macrophages and inhibit
natural killer (NK) cell activity, resulting in uninhibited tumor growth. (B) In skin, the SASP
factor IL-6 recruits Gr-1+ myeloid cells, regulatory T cells, and granulocytic and monocytic
myeloid-derived suppressor cells (MDSCs), which reduce CD8+ T cell responsiveness. This
immunosuppressive environment allows tumor cell proliferation. (C) In the prostate, the
SASP recruits Gr-1+ myeloid cells, which secrete IL-1 receptor antagonist (IL-1RA).
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IL-1RA binds IL-1R, blocking IL-1-mediated SASP production necessary for the induction
of paracrine senescence, thus allowing tumor growth.
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