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Senescence is a cellular state in which cells undergo persistent cell cycle

arrest in response to nonlethal stress. In the treatment of cancer, senescence

induction is a potent method of suppressing tumour cell proliferation. In

spite of this, senescent cancer cells and adjacent nontransformed cells of

the tumour microenvironment can remain metabolically active, resulting in

paradoxical secretion of pro-inflammatory factors, collectively termed the

senescence-associated secretory phenotype (SASP). The SASP plays a criti-

cal role in tumorigenesis, affecting numerous processes including invasion,

metastasis, epithelial-to-mesenchymal transition (EMT) induction, therapy

resistance and immunosuppression. With increasing evidence, it is becom-

ing clear that cell type, tissue of origin and the primary cellular stressor are

key determinants in how the SASP will influence tumour development and

progression, including whether it will be pro- or antitumorigenic. In this

review, we will focus on recent evidence regarding therapy-induced senes-

cence (TIS) from anticancer agents, including chemotherapy, radiation,

immunotherapy, and targeted therapies, and how each therapy can trigger

the SASP, which in turn influences treatment efficacy. We will also discuss

novel pharmacological manipulation of senescent cancer cells and the
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SASP, which offers an exciting and contemporary approach to cancer ther-

apeutics. With future research, these adjuvant options may help to mitigate

many of the negative side effects and protumorigenic roles that are cur-

rently associated with TIS in cancer.

1. Introduction

Cellular senescence is an important mechanism that

has evolved to protect tissues from dangerous overpro-

liferation of cells and therefore plays a tumour-sup-

pressive role [1]. In malignancy, cancer cells begin to

proliferate uncontrollably, and somatic mutations are

acquired at a greater frequency than in normal tissue

[2]. Therefore, in many circumstances, cellular senes-

cence is a protective process that safeguards the tissue

from the development of cancer by permanently halt-

ing the cell cycle, inhibiting proliferation and prevent-

ing the propagation of deleterious genetic mutations.

For this reason, anticancer therapies often aim to

impede cancer progression by inducing cell cycle arrest

[3]. Despite this concept being initially advantageous

in reducing tumour burden, a key setback in overall

patient outcome is the eventual therapy resistance and/

or relapse that many patients endure. Although tar-

geted cancer cells have stopped proliferating, senescent

cells remain metabolically active and can have the

unintended side effect of developing an altered cellular

secretome, which is associated with local inflammation,

extracellular changes and increased growth factor

activity [4]. These secretions, collectively known as the

senescence-associated secretory phenotype (SASP), are

a dynamic, cell type-dependent phenomenon where

senescent cells secrete high levels of cytokines,

chemokines, proteases, growth factors and extracellu-

lar vesicles (EVs), all of which are typically pro-inflam-

matory. This response is due to a persistent cellular

stressor that can elicit a DNA damage response

(DDR), which can be induced in both cancer cells and

nontransformed cells of the tumour microenvironment

(TME) [5] and can be both pro- or antitumorigenic.

For example, the SASP can promote epithelial–mes-

enchymal transition (EMT) initiation [6,7], stemness

induction [8,9], local tissue invasion [10], angiogenesis

[11], activation of fibroblasts [12], immunosuppression

[13,14], enhanced metastasis [15] and therapy resistance

[16–19] (Fig. 1, see red arrows). Conversely, the SASP

has also been shown to aid chemotherapy delivery [20]

as well as enhance clearing of senescent cancer cells

via recruitment of immune cells such as natural killer

(NK) cells, macrophages and cytotoxic T cells [13,21–

24], therefore impeding tumour progression (Fig. 1,

see green arrows).

Due to cancer therapeutics generally being adminis-

tered systemically, a problem arises when surrounding

nontransformed cells become senesced as a response to

the cytotoxic agent. As a result, an accumulation of

senescent cells can cause the onset of secondary disease

such as fibrosis-driven disorders, cardiothoracic diseases

and neurodegenerative disease [25]. The SASP can be

further reinforced via autocrine signalling [26,27], while

also spreading to adjacent cells and tissues in a long-

range paracrine manner [28], including via EVs [29].

Recently, there have been attempts to eliminate SASP-

expressing cells to enhance anticancer therapies by using

senescence-targeting drugs (known as ‘senolytics’ or

‘senostatics’), which hold some promise for overcoming

this diverse and complex resistance mechanism. Here,

we will describe the latest discoveries in the context of

therapy-induced senescence (TIS) and the SASP, and its

dynamic role in both promoting and mitigating tumour

development and progression.

2. Diversity of SASP induction

Senescence can occur from several sources of cellular

stressors, including genomic or telomeric injury, epige-

nomic disturbances, oxidative stress and changes to

oncogene or tumour suppressor expression [30]. These

processes can activate the tumour suppressor pathways

p53 and retinoblastoma (Rb), which can then cause

increased p16INK4A expression, triggering cell cycle

arrest [31]. Several downstream pathways involved in

DNA damage, cell cycle arrest and inflammation can

then become activated, inducing the SASP in these

cells. These pathways include ATM [32], CHK2 [33],

p38 MAPK [34,35], CCAAT/enhancer-binding pro-

teins (C/EBP) [27], NFjB [21], mTOR [36] and JAK-

STAT signalling [37], which have been summarised

extensively by Faget, Ren [31]. However, senescence

can also be triggered by direct overexpression of

p16INK4A, which does not produce an inflammatory

SASP (normally mediated by NFjB), for reasons that

are still being elucidated [38–40]. Due to the diverse

nature of secreted factors and involvement of several

prominent transcriptional pathways, biomarkers for
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SASP-expressing cells have been difficult to identify

[41]. Despite this, a recent study was able to identify

55 genes aligned with a common ‘senescence-associ-

ated’ signature, albeit with high levels of transcrip-

tional heterogeneity between senescent cell types [41].

In general, the SASP is considered highly cell type-de-

pendent and diverse in secreted factors; however, there

are several SASP markers that are shared by most

SASP-expressing cells. These markers include (but are

not limited to) growth factors (vascular endothelial

growth factor (VEGF), platelet-derived growth factor

(PDGF), hepatocyte growth factor (HGF)), inter-

leukins (IL-1a, IL-6, IL-8, IL-10, IL-13, IL-15), matrix

metalloproteinases (MMP3, MMP9) and cytokines/

chemokines (CXCL1, CXCL2, CXCL5, CXCL11,

CXCL12, CCL2, CCL20); however, it is important to

note that none of these markers are truly specific to

the phenotype alone [31]. That is, these cellular secre-

tions often overlap with common markers of cell type

or cellular activation, as well as inflammation and pro-

liferation [31]. Efforts are now being made to further

profile the SASP of different cells by characterising the

specific factors being secreted in order to develop bet-

ter biomarkers. For example, Basisty et al. (2020) have

recently developed the ‘SASP Atlas’, which is the first

proteomic-based database for soluble SASP-related

factors and SASP factors contained in exosomal cargo

[42]. This resource offers insight into the diversity of

the SASP secreted factors, which is dependent on both

stressor that induces the SASP and also cell type [42].

Therefore, it is important to consider that the specific

features of the SASP are determined not only by the

senescent cell type and tissue, but also by what caused

senescence to occur.

Interestingly, recent work has highlighted that alter-

ations in cellular metabolism may play a central role

in SASP activation, thereby promoting cancer develop-

ment and progression. For example, Yoshimoto and

colleagues (2013) showed that obesity can induce the

SASP in hepatic stellate cells (HSCs) via increased

levels of deoxycholic acid (DCA), a metabolite that

can cause DNA damage [43]. These SASP-expressing

HSCs then produced increased levels of inflammatory

cytokines, enhancing the development of carcinogen-

stimulated hepatocellular carcinoma (HCC) in mice

[43]. More recently, Li et al. (2020) reported that hepa-

tocyte-specific deletion of fructose-bisphosphatase 1

(FBP1), a rate-limiting enzyme in the process of gluco-

neogenesis, results in a fatty liver as well as activation

of HSCs, which exhibit the SASP [44]. When treated

Fig. 1. Senescence-associated secretory phenotype (SASP) exhibits both tumour-promoting and tumour-suppressing roles. Senescent cells

secrete a number of factors. including growth factors, MMPs, interleukins, chemokines and cytokines, which can play many complex roles

in the tumour microenvironment (TME). The red arrows highlight tumour-promoting roles, including increases in epithelial-to-mesenchymal

(EMT) initiation, cancer cell stemness, invasion and metastasis, angiogenesis, immunosuppression, fibroblast activation and therapy

resistance. The green arrows highlight tumour-suppressive roles of SASP, including cell cycle arrest and an increase in immune surveillance

resulting in improved cancer cell clearing by the immune system.
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with drugs that can kill senescent cells, such as dasa-

tinib or ABT-263, this effect was reversed, highlighting

FBP1 as a potential novel liver cancer tumour suppres-

sor [44]. Similarly, a preclinical study by Dorr et al.

(2013) reported that senescent lymphomas were shown

to utilise glucose at a much higher rate due to the pres-

ence of the SASP [45]. In this study, the senescent cells

relied heavily on glucose utilisation as a response to

cope with the macromolecular stress induced by the

SASP [45]. When glucose utilisation was inhibited,

tumours regressed more successfully following

chemotherapy treatment [45]. Moreover, it has been

shown that a high level of nicotinamide phosphoribosyl-

transferase (NAMPT), a rate-limiting enzyme in the

NAD+ pathway, can determine the strength of the pro-

inflammatory SASP [46]. This study by Nacarelli et al.

(2019) showed that a high NAD+/NADH ratio could

regulate AMPK signalling and downstream NFjB sig-

nalling [46]. This, in turn, could increase the strength of

the pro-inflammatory SASP, thereby enhancing mito-

chondrial respiration and glycolytic processes [46]. Con-

sidering that NAMPT inhibitors are currently in clinical

trials (reviewed in [47,48]), this study offers further

insight into how the molecular mechanisms of the SASP

can be clinically targeted in the context of dysregulated

cellular metabolism. Interestingly, there is also evidence

that cancer cells have the ability to utilise unusual nutri-

ent sources when in a senescent state. For example,

Tonnessen-Murray et al. (2019) reported that breast

cancer cells rendered senescent with doxorubicin (Dox)

treatment can completely engulf neighbouring cells via a

phagocytosis-like phenomenon to aid their survival [49].

This study highlights the resourcefulness of senesced

cells, where they can exploit surrounding cells as a

source of nutrients to survive during dormancy, allowing

them to potentially relapse at a later stage.

Overall, mainstream cancer treatment modalities

such as chemotherapy, radiation, immunotherapy, and

targeted therapies aim to kill cancer cells; however,

sometimes only senescence is achieved. Activating cel-

lular senescence has been shown to significantly modu-

late the cancer secretome via activation of a therapy-

induced SASP, which is discussed in detail below.

2.1. Chemotherapy and radiation induce the

SASP

Chemotherapy and radiation are common systemic

modalities for the treatment of cancer and therefore

can trigger the SASP in both cancer cells and sur-

rounding TME cells [4]. Both treatments aim to cause

catastrophic DNA damage, leading to a DDR, which

can cause subsequent senescence and associated SASP.

Logue et al. (2018), for example, reported that pacli-

taxel, a common chemotherapy for the treatment of tri-

ple-negative breast cancer (TNBC), causes aberrant

regulation of ER stress via enhanced inositol-requiring

enzyme 1 alpha (IRE1) RNAse activity [50]. This

increase in IRE1 activity results in an increase in SASP-

associated factors such as IL-6, IL-8, CXCL1, granulo-

cyte-macrophage colony-stimulating factor (GM-CSF)

and TGFb2 [50]. When IRE1 RNAse activity was nor-

malised, paclitaxel efficacy was enhanced in preclinical

TNBC models, highlighting how the chemotherapy-in-

duced cancer cell secretome can drive tumour develop-

ment and progression [50]. Furthermore, chemotherapy-

induced senescence and the resulting SASP can drive

the expansion of cancer stem cells (CSCs) from dor-

mant senescent cells, which are critical for cancer

relapse. For example, Wang et al. (2019) showed that

IL-6 secretion induced by platinum treatment causes

enrichment of CSCs in the residual tumours of high-

grade serous carcinoma (HGSC) [51]. This phenomenon

was also shown by Nacarelli et al. (2020) [9], building

on their previous study [46], which highlighted NAMPT

as a key regulator of the SASP. In epithelial ovarian

cancer (EOC), Nacarelli and colleagues showed that

platinum-induced senescence-associated CSCs could be

suppressed by treatment with the NAMPT inhibitor

FK866 [9] (Fig. 2, see purple box). A combination of

FK866 and cisplatin inhibited the outgrowth and even-

tual relapse of EOC, improving overall survival in these

mice. Similarly, Shen et al. (2019) reported that breast

cancer cells treated with docetaxel or Dox produce

abundant EVs containing miRNAs that stimulate CSC

expansion via targeting of ONECUT2, a master regula-

tor of cell fate [52].

Incidental senescence due to systemic treatments can

foster a SASP-rich TME, which can not only potenti-

ate tumorigenesis [5,27,53], but can also generate a

multitude of side effects in normal tissues. These alter-

ations in adjacent nontransformed tissue can cause

reduced therapeutic efficacy in the short term

[16,54,55], while also impacting quality-of-life (QoL)

parameters in the long term [56]. For example, devel-

opment of chronic inflammation via signalling mole-

cules such as IL-1A, IL-6, IL-8, CCL2 and CXCL is

common in cancer patients, and consequences of sys-

temic chemotherapy delivery are similar to those seen

in ageing populations, such as frailty and insulin resis-

tance [25]. As many of these cytokines also closely

overlap with the SASP, it is possible that TIS is partly

responsible for these adverse QoL side effects. Sup-

porting this, Demaria et al. (2017) showed that treat-

ment with a range of chemotherapy drugs, such as

paclitaxel, Dox, temozolomide and cisplatin, induced a
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SASP in stromal host cells [18]. In this study, the

authors utilised a transgenic mouse model (p16-3MR)

where host senescent cells can be tracked using a repor-

ter gene under control of the senescence-sensitive

p16INK4a promoter and additionally can also be elimi-

nated by administering ganciclovir (GCV) [18]. They

showed that chemotherapy-induced senescence can pro-

mote cardiac dysfunction, bone marrow suppression,

inflammation, frailty and fatigue, mirroring common

side effects observed in human cancer patients when

administered chemotherapy [18]. When these mice were

orthotopically implanted with PyMT (polyoma middle

tumour-antigen) breast cancer cells and treated with

Dox, those receiving the GCV dose to eliminate host

senescent cells had significantly increased survival and

decreased lung and liver metastases compared to Dox-

only controls, indicating that senescent host cells were

pivotal to these protumorigenic processes [18]. Further-

more, Baar et al. (2017) showed that therapeutically tar-

geting senescent cells in preclinical mouse models of

Dox-induced senescence can have the off-target effect

of improving liver function [57].

Strikingly, even after transcription and protein syn-

thesis, anticancer treatments can influence SASP factor

functionality. For example, the manipulation of the

glycosylation state of secreted proteins has also been

implicated in the chemotherapy-induced secretome. In

gastric cancer, Wu et al. (2016) identified that Dox-

and vincristine-resistant cancer cells secreted proteins

which were uniquely glycosylated compared to paren-

tal lines using a glycosite enrichment mass spectrome-

try protocol [58]. These alterations in post-

translational modification add another layer of com-

plexity to the characterisation of the chemotherapy-

Fig. 2. Key examples of therapy-induced SASP. Many cancer therapy modalities induce senescence and associated SASP, and these can

influence treatment efficacy in various ways. Chemotherapy (purple box): Nacarelli et al. (2020) showed that platinum-based chemotherapy

induces cellular senescence, which can promote the formation of cancer stem cells, eventually promoting tumour relapse [9]. Treatment

with the NAMPT inhibitor FK866 suppressed these cancer stem cells, preventing outgrowth of cisplatin-treated epithelial ovarian cancer

cells. Radiation (green box): Laberge et al. (2015) showed that rapamycin (an mTOR inhibitor) prevented NFjB-driven pro-inflammatory

SASP that is induced by radiation treatment of prostate cancer cells and fibroblasts, therefore inhibiting tumour progression [36].

Immunotherapy (blue box): D€abritz et al. (2016) used a CD20-targeting monoclonal antibody to sensitise B-cell lymphoma cells to

senescence induction alongside chemotherapy [60]. This resulted in reinforcement of senescence and enhancement of immune cell action

[60]. Targeted therapy (yellow box): Guan et al. (2017) showed that prolonged exposure to palbociclib, a CDK4/6 inhibitor (CDK4/6i), could

induce senescence in normal fibroblasts in a DNA damage-independent mechanism [53]. These fibroblasts exhibited MDM2 destabilisation

and sustained p21Cip1/Waf1 expression, which resulted in the promotion of melanoma growth and enhanced immunosuppression [53].
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induced secretome and could be used to better predict

drug resistance in patients [58]. Other studies have also

shown that reduction of senescent cells can potentially

induce normalising effects on adjacent tissues and

organs [57].

Although radiation therapy is generally a more tar-

geted approach, it can still induce senescence in local

adjacent cells, in addition to tumour cells. For example,

Laberge et al. (2015) showed that multiple prostate and

breast cancer lines, as well as fibroblasts, exhibit SASP

after treatment with radiation [36] (Fig. 2, see green

box). In this study, the authors showed that this was

mTOR-dependent, as treatment with rapamycin (an

mTOR inhibitor) resulted in reduced cytokine levels,

particularly those driven by NFjB signalling [36]

(Fig. 2, see green box). Importantly, rapamycin inhib-

ited prostate tumour growth in vivo via suppression of

senescent fibroblasts (Fig. 2, see green box). Similarly,

Sharma et al. (2016) reported that radiation exposure

activates ADAM17 in non-small cell lung cancer, result-

ing in the secretion of multiple SASP-related factors,

including ALCAM (activated leukocyte cell adhesion

molecule) and amphiregulin, resulting in enhanced

growth factor signalling and increased cytotoxicity in

animal models [59].

Overall, having a more comprehensive understand-

ing of SASP activation in chemotherapy- and radia-

tion-treated cancer cells and the TME will allow for

the development of more tailored therapies, according

to the patient’s response. If treatment can be precisely

regulated to benefit not just survival, but also the

patient’s treatment experience by reducing some of the

extreme side effects as discussed, it will be beneficial

for a wide-reaching population of cancer patients.

2.2. The immunomodulatory roles of SASP in

the context of immunotherapy

As immunotherapy is a relatively new modality in can-

cer treatment, few studies have investigated how senes-

cence, and the associated SASP, is implicated in its

therapeutic mechanisms. Nevertheless, there are a few

indications that immunotherapy can drive TIS. For

example, D€abritz et al. (2016) reported that rituximab,

a CD20-targeting monoclonal antibody, elevated intra-

cellular reactive oxygen species (ROS) in B-cell lym-

phoma, inducing and enhancing a SASP programme

in these cells [60] (Fig. 2, see blue box). In this study,

SASP was shown to sensitise these cells to the

chemotherapy drugs Dox and vincristine, resulting in a

pro-inflammatory network that not only reinforced

senescent behaviour, but also improved immune cell

clearing [60] (Fig. 2, see blue box).

As it stands, it is still unclear how prominent the

SASP phenomenon is following immunotherapy as a

stand-alone treatment, with further research required.

The majority of evidence in this area has focussed on

targeting senescent cells induced by first-line treat-

ments, to then enhance the efficacy of immunotherapy.

For example, Zhao et al. (2020) revealed that ovarian

cancer cells exposed to cisplatin underwent a SASP

that was dependent on topoisomerase 1-DNA covalent

cleavage complex (TOP1cc). Knockdown of HMGB2,

which stabilises TOP1cc, resulted in decreased efficacy

of anti-PD-1 blockade, suggesting that this signalling

axis plays a key role in checkpoint efficacy [61]. Hao

et al. (2020) then built upon these results by combining

cisplatin with a topoisomerase 1 (TOP1) inhibitor,

which promotes the formation of TOP1cc by seques-

tering the complex on the DNA. This combination

therapy boosted the SASP, thereby sensitising the

ovarian cells to anti-PD-1 treatment, which resulted in

increased infiltration of activated T cells and dendritic

cells (DCs) [62]. Furthermore, Jerby-Arnon and col-

leagues (2018) used single-cell RNA sequencing (sc-

RNAseq) to identify an anti-PD-1-resistant population

in melanoma [63]. From here, they found that CDK4/

6 inhibition reversed this resistant phenotype by induc-

ing components of SASP, therefore enhancing the

effectiveness of checkpoint blockade [63].

It is important to note that, although SASP can be

immunostimulatory in some cellular contexts, there are

also many settings where SASP can instead drive an

immunosuppressive phenotype. For example, in Pten-

null prostate tumours, activation of the JAK2/STAT3

signalling pathway promotes a senescent phenotype

where secretion of pro-inflammatory cytokines such as

CXCL1/CXCL2, IL-6 and macrophage colony-stimu-

lating factor (M-CSF) recruits myeloid-derived sup-

pressor cells to the tumour site, thereby inhibiting

effective cytotoxic T-cell responses [37]. Combination

of a JAK2 inhibitor with chemotherapy inhibited this

SASP pro-inflammatory network, increasing infiltra-

tion of T cells and decreasing tumour burden [37].

Interestingly, the immunosuppressive effects of the

SASP are not only localised to the primary tumour.

For example, Luo et al. (2016) reported that senescent

osteoblasts secreting IL-6 increased local bone resorp-

tion, thereby fostering a prometastatic niche in the

bone of breast cancer patients, driving metastatic out-

growth [64]. This group later found that the IL-6

secreted by senescent stromal cells can recruit myeloid-

derived suppressor cells, inhibiting effective antitumour

T-cell responses [14]. It is clear that, in settings where

SASP induces an immunosuppressive phenotype, abla-

tion of these senescent cells could help stimulate
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antitumour immune responses. Recently, chimeric anti-

gen receptor (CAR) T cells against a broad senescent

cell marker, urokinase-type plasminogen activator

receptor (uPAR), have been utilised to ablate senescent

cells during liver fibrosis and lung adenocarcinomas,

exhibiting increased survival and decreased associated

toxicities, and have exciting implications for the abla-

tion of protumorigenic senescent cells in other cancer

types [65].

Cancer cell-derived lysosomes, although not strictly

a SASP component, can also have an immunomodula-

tory effect in the TME, reducing efficacy of immunother-

apy in melanoma. This was shown by Satana-Magal

et al. (2020): tumour-infiltrating DCs, which usually

enhance cytotoxic T-cell-mediated cancer killing, were

progressively depleted in mouse models of melanoma

[66]. The authors established that the DCs were undergo-

ing apoptosis due to their uptake of cancer cell lyso-

somes, which resulted in incomplete clearance of

melanoma lesions and reduced immunotherapy efficacy

[66]. This study highlights the diversity of cancer cell

secretions in the context of therapy resistance for emerg-

ing anticancer therapies such as immunotherapy. As the

SASP plays a fundamental immunomodulatory role in

many cancer types, further understanding and manipula-

tion of this phenotype might represent an important step

towards enhancing the efficacy of immunotherapy and

could also help explain the variation in patient response

often found in the clinical setting.

2.3. Targeted cancer therapies can induce a

detrimental SASP

Targeted kinase inhibitors for specific oncogenic dri-

vers are an emerging area within oncology and have

been shown to be clinically effective in some settings;

however, complete tumour remission is rare due to

development of chemoresistance or adverse effects [67].

For example, hyperactivity of the cyclin-dependent

kinase proteins (CDKs) is often observed in cancer, as

it allows the cells to pass through the cell cycle at an

accelerated rate [68]. In the past two decades, CDK4/6

inhibitors (CDK4/6i) have offered promising opportu-

nities for normalising the continual proliferative capa-

bilities of malignant cells. By initiating cell cycle arrest

at the G1 phase, CDK4/6i have been shown to effec-

tively block the normal function of CDK4 and CDK6,

thereby halting the transition into S phase, which

allows the cell to cycle [69]. As their primary goal is to

halt the cell cycle, CDK4/6i can induce a transient

senescence of cancer cells [70], and therefore, their

ability to produce a damaging SASP must be consid-

ered. Stemming from their original work in 2009 [32],

Guan et al. (2017) recently showed that prolonged

exposure to palbociclib, a CDK4/6i, could induce

senescence in normal fibroblasts in a DNA damage-in-

dependent mechanism [53] (Fig. 2, see yellow box).

They showed that senescent fibroblasts harboured an

increased degradation of Mdm2, promoting downregu-

lation of p53, while also holding elevated p21Cip1/Waf1

expression, the cumulation of which they suggest trig-

gers senescence and activates the pro-inflammatory

SASP (Fig. 2, see yellow box). In vivo, the senescent

fibroblasts aided tumorigenesis in four genetically dis-

tinct lines of melanoma [53]. Although the authors

referred to this DNA damage-independent mechanism

in a previous publication [71], further work should be

considered regarding this noncanonical senescence

pathway to confirm that the protumorigenic effects of

the CDK4/6i-induced SASP are truly causative of this

transcriptional signature activity.

More recently, Wang et al. (2020) have shown that

abemaciclib and palbociclib did indeed induce senes-

cence in resident fibroblasts but did not induce the

NFjB-mediated and pro-inflammatory SASP [72].

This again was the result of a DNA damage-indepen-

dent mechanism, and the authors showed that the

SASP from some of the senescent fibroblasts lacked

the normal pro-inflammatory phenotype and instead

was driven by p53 transcriptional activity instead of

NFjB, which produced an independent programme

that the authors termed ‘PASP’ [72]. The PASP-only

expressing cells, in this circumstance, were reported to

be cleared more quickly by the immune system than

the NFjB-driven SASP cells (named ‘NASP’), thereby

removing the possibility of detrimental effects of

senesced nonmalignant cells, reported in previous stud-

ies [53]. This study may challenge the previously estab-

lished dogma that senescence of nonmalignant cells

always contributes to enhanced tumorigenesis and also

brings to light that distinct phenotypes of the SASP

can be driven by differing transcriptional programmes.

Other kinase inhibitors have also been implicated in

inducing a detrimental SASP. For example, Obenauf

et al. (2015) found that treatment with kinase inhibi-

tors against BRAF, ALK (anaplastic lymphoma

kinase) or EGFR mutations significantly modulates

the secretome of drug-sensitive cancer cells. This drug-

altered secretome paradoxically creates a tumour

microenvironment which supports inhibitor-resistant

cancer cell clones, promoting tumour progression [54].

Interestingly, Mastri et al. (2018) reported that a

VEGFR tyrosine kinase inhibitor can induce a ‘tran-

sient pseudosenescent secretory’ phenotype in cancer

cells, which have become resistant to the treatment.

Once treatment is halted, these cells drive significant
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rebound growth at both primary and metastatic sites

in preclinical models [73]. Similarly, Wang et al. (2019)

reported that fibroblast growth factor receptor

(FGFR) inhibitor resistance in lung cancer is initially

mediated by the cancer cell secretome activating

STAT3 signalling; however, they also showed that this

resistance could be enhanced via interactions with both

fibroblasts and macrophages [74]. Rho-associated pro-

tein kinase (ROCK) inhibitors have recently been

reported to improve chemotherapy delivery and reduce

metastases in cancers such as pancreas and breast [75–
77]. Interestingly, Niklander et al. (2020) found that

the ROCK inhibitor Y-27632 could decrease activity

of several factors within the pro-inflammatory SASP,

without altering cell cycle arrest in oral dysplastic ker-

atinocytes [78]. The authors show that this is mediated

by IL-1 inhibition from Y-27632, which in turn regu-

lated the secretion of protumorigenic SASP compo-

nents such as IL-6 and IL-8 [78]. This study therefore

offers an interesting insight into, and highlights a

potential added benefit of, ROCK inhibition: the

reduced production of pro-inflammatory and protu-

morigenic IL-6 and IL-8.

On the whole, kinase therapies offer new hope for

improving responses in specific cancers by tailoring the

antitumorigenic effects to known molecular mecha-

nisms occurring within that cancer. Less is known

about the consequences of kinase-therapy-induced

senescence and associated SASP, and more work will

be required to understand the apparent cancer type-

and therapy-driven differences.

3. Senolytics and senostatics:
targeting and utilising the SASP

Considering the potential risk of accumulating protu-

morigenic senescent cells, novel mechanisms to selec-

tively target senescent cancer cells following treatment

are now being researched. Moreover, the concept of

synthetic lethality [79], also known as the ‘two-step’

approach, has gained traction in recent times, with

growing evidence exploring the idea of inducing vul-

nerability in cancer cells to then eliminate them with a

second agent [80]. Following TIS, second-line therapies

can target senescent cells by two methods: (a) selec-

tively killing the senescent cells and therefore removing

the possibility of the SASP impacting tumorigenesis;

or (b) directly targeting and inhibiting the SASP-re-

lated factors, thereby reducing the potential for toxic

reactions in the TME [81,82]. These exciting therapeu-

tic approaches, known under the broad terms of

senolytics and senostatics, respectively, will be dis-

cussed further below (and summarised in Table 1).

Senescent cells are able to persist without cell death,

partly due to an upregulation of anti-apoptotic net-

work pathways [83], and as such, many senolytic stud-

ies involve targeting the B-cell lymphoma 2 (BCL-2)

family, which regulates cell apoptosis to enhance

senescent cancer cell killing. For example, GX15-070

(obatoclax mesylate), a BCL-2 inhibitor, was shown to

improve bromodomain and extraterminal protein inhi-

bitors (BETi) in TNBC [84]. Similarly, another BCL-2

inhibitor, ABT-263 (Navitoclax), was reported to elim-

inate senescent cells and enhance the efficacy of ola-

parib, a poly(ADP-ribose) polymerase (PARP)

inhibitor, in both breast and ovarian cancer cell lines

[85]. Furthermore, in a preclinical model of prostate

cancer, TIMP1 loss, a pan-matrix metalloproteinase

inhibitor, was reported to promote metastasis in senes-

cent tumours [86]. When targeting TIMP1-deficient

senescent tumour cells with ABT-263, the authors

showed that the metastatic potential was significantly

reduced. Moreover, docetaxel treatment, which is stan-

dard chemotherapy for prostate cancer, perpetrated

TIS and exacerbated metastasis in TIMP1-deficient

cancer cells, but this reaction could be rescued with

ABT-263, thereby reducing metastatic events [86].

Balakrishnan et al. (2020) have recently used obato-

clax, a BH3 mimetic, in diffuse intrinsic pontine glioma

(DIPG), an aggressive paediatric brain tumour. Due to

an epigenomic mutation of H3K27M that is character-

istic of the disease, increased expression of a polycomb

complex protein, BMI1, causes cancer cells to senesce

and drive the SASP [87]. By inhibiting BMI1 using a

small molecule inhibitor and combining this with obato-

clax, the authors showed significant improvement in

survival and tumour regression [87]. Delay to tumour

regrowth was sustained after drugs were removed, sug-

gesting that this dual therapy could have long-term ben-

efits. This study highlights an exciting senolytic therapy

option for a normally fatal childhood brain tumour.

This preclinical work also supports an ongoing clinical

trial in which a BMI1 small molecule inhibitor

(PTC596) is being used in combination with radiother-

apy, which was started without substantial in vivo

research (NCT03605550). Similarly, Ruscetti et al.

(2020) showed that treatment with CDK4/6i triggered

the production of pro-angiogenic SASP factors such as

VEGF, basic FGF (bFGF), PDGFa and b, as well as

multiple MMPs, resulting in vascular remodelling in

preclinical models of PDAC [20]. In this study, the

authors showed that this enhanced gemcitabine

chemotherapy delivery to the tumours, while also

enhancing cytotoxic T-cell infiltration [20]. Then, due to

this improved immunogenicity, the efficacy of check-

point blockade via anti-PD-1 was enhanced, increasing
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overall survival [20]. However, although this study pro-

vides strong rationale for combining SASP-inducing

therapies with other treatment modalities, such as

chemotherapy and/or immunotherapy, layering treat-

ments in this manner will likely increase the risk of toxi-

city in cancer patients, with further research required to

elucidate whether this is a viable therapeutic route

within the clinic.

It is important to remember that, although senescence

does play a role in these detrimental effects after cancer

therapy, it has also evolved to accompany humans as

they age. Recent work has shown that senescent cells

may remain biologically functional in some situations,

such as in pancreatic b-cells, where senescent cells

increase secretion of insulin to compensate for decreased

proliferation [88]. Therefore, the use of senolytic therapy

should be considered with caution, and much more

research is needed prior to application in humans.

A more moderate approach may be instead to mod-

ulate factors secreted by senescent cells through the

use of senostatics. However, as previously discussed,

the SASP shares many overlapping secreted factors

that have important physiological functions. As such,

many researchers are now working to identify a more

precise SASP. For example, in a large-scale small

interfering RNA (siRNA) screen for regulators of

SASP, Georgilis et al. (2018) identified 50 genes,

including splicing factor PTBP1, whose depletion pre-

vents the protumorigenic effects of SASP, such as

NFjB-driven inflammation, without impacting senes-

cence growth arrest [19]. This study highlights that tar-

geting specific aspects of SASP may be the key to

exploiting this complex reaction, especially when the

malignancy is driven by inflammation [19].

Regulating the activity of the SASP has also been

shown to be effective in head and neck squamous cell

carcinoma (HNSCC) by repurposing the hypergly-

caemic drug metformin [89]. In this study, Hu et al.

(2020) demonstrate that the efficacy of a CDK4/6i

(LY2835219) can be potentiated by administering it in

combination with metformin. LY2835219 successfully

prevented cell cycling into S phase, whereas metformin

inhibited mTOR and STAT3 pathways that are nor-

mally upregulated in the SASP by senescent HNSCC

cells following CDK4/6 inhibition [89]. Furthermore,

the synergistic effect of combining the drugs resulted

in a more efficient cell cycle arrest than when

LY2835219 was administered alone and, when com-

bined, reduced the expression of several pro-inflamma-

tory proteins known to be within the SASP and to aid

tumorigenesis, such as IL-6, IL-8 and CXCL2 [89].

Overall, the authors showed that, by regulating the

Table 1. Summary table of senolytic and senostatic drugs currently being utilised to target SASP in various cancers. BCL-2, B-cell

lymphoma 2; EOC, epithelial ovarian cancer; FBP1, fructose-bisphosphatase 1; HCC, hepatocellular carcinoma; HNSCC, head and neck

squamous cell carcinoma; NAMPT, nicotinamide phosphoribosyltransferase; PARP, poly(ADP-ribose) polymerase; TNBC, triple-negative

breast cancer; TOP1, topoisomerase 1; uPAR, urokinase-type plasminogen activator receptor.

Drug name Target Effect References

Senolytics

ABT-263

(Navitoclax)

BLC-2 inhibitor ↓ HCC tumour growth following FBP1 loss via SASP inhibition [44,85,86]

↓ PARP inhibitor induced senescent cells in ovarian and breast cancer

↓ Metastatic burden by targeting TIMP1-deficient senescent cells in prostate

cancer

GX15-070

(Obatoclax)

BCL-2 inhibitor ↑ Apoptosis of senescent cells induced by BET inhibition in TNBC [84,87]

↓ Senescent cells induced by BMI1 inhibition enhancing tumour killing in DIPG

uPAR CAR T

cells

uPAR ↓ Senescent cells extending lung adenocarcinoma survival. [65]

Senostatics

Dasatinib SRC-family protein-tyrosine

kinase inhibitor

↓ HCC tumour growth following FBP1 loss via SASP inhibition [44]

FK866/

GMX1778

NAMPT inhibitor ↓ Senescent-associated cancer stem cell outgrowth in EOC [9,46]

Irinotecan TOP1 inhibitor ↑ SASP in ovarian cancer sensitising cells to anti-PD-1 therapy [62]

Metformin Gluconeogenesis inhibition ↓ mTOR and STAT3 pathway signalling in response to a CDK4/6 inhibitor

repressing the stemness of HNSCC cancer cells.

[89]

NVP-BSK805 JAK2 inhibitor ↓ SASP in Pten-deficient prostate tumours leading to increased CD8 activity [36]

Rapamycin mTOR inhibitor ↓ Senescent fibroblasts in prostate cancer inhibiting tumour growth [35]

Sertraline Serotonin reuptake inhibitor ↓ mTOR signalling in HCC senescent cells causing apoptosis and reduction of

tumour growth

[90]

Y-27632 ROCK inhibitor ↓ IL-6 and IL-8 production from senescent oral keratinocytes [78]
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SASP following CDK4/6 inhibition, the stemness of

the cancer cells could be repressed via the IL-6-STAT3

axis. Similarly, Wang et al. (2019) reported that target-

ing liver cancer cells with CDC7, a DNA-replication

kinase, followed by sertraline, a commonly prescribed

antidepressant, enhanced cancer cell death. In this

study, targeting CDC7 induced senescence and the

associated SASP, after which sertraline triggered apop-

tosis via suppressed mTOR signalling [90]. These stud-

ies are exciting examples of a growing field where

FDA-approved drugs are repurposed in other disease

settings. Considering the long journey to developing

FDA-approved drugs, this offers new hope for a fast-

tracked approach to cancer therapy.

4. Future perspectives

Many chemotherapeutic agents are successful in tack-

ling cancer by inflicting high levels of DNA damage,

but only recently have we begun to understand the sec-

ondary and often opposing effects of these treatments.

Senescence and the associated SASP can affect not only

malignant cells, but also cells within the TME, which

have been shown to be detrimental in several preclinical

models of cancer. Aside from assisting in tumorigenesis,

the SASP has also been shown to affect other unwanted

side effects of chemotherapies. For example, Dox-trea-

ted fibroblasts became senescent and secreted SASP fac-

tors associated with haemostasis, where activated

platelets produced harmful blood clots [91]. Further-

more, evidence from the past decade is collectively high-

lighting that the SASP is a particularly diverse

phenomenon that can be manipulated depending on the

stressor-derived transcriptional driver and the cell that

it is occurring in. In particular, studies have recently

shown that there are highly pro-inflammatory SASPs

that promote the secretion of protumorigenic factors

such as IL-1A and IL-6 and less inflammatory SASPs

that promote the clearance of senescent cells by the

immune system, by secreting factors such as TGF-b
[31]. Novel investigations are now pursuing the idea of

either clearing senescent and SASP-producing cells or

equilibrating the activity of specific SASP factors by

pharmacological inhibition in combination with primary

anticancer therapies. This remains a difficult but impor-

tant area of research, as we are still learning of the pro-

tective elements of the SASP after TIS and eliminating

all SASP-related factors might impact other physiologi-

cal functions, such as wound healing [92]. Overall, the

research of senotherapies is an extremely promising area

of cancer pharmacology that may in the future reduce

the adverse effects of senescence and the SASP follow-

ing cancer therapy.
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