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Abstract: Cellular senescence is traditionally considered as stable cell cycle arrest state with 
other phenotypic alterations including the production of an array of cytokines and growth 
factors. Cancer cells undergo senescence in response to chemotherapeutic agents, radio-
therapy and molecular targeted therapy. This form of senescence is termed therapy-induced 
senescence (TIS) and represents a desirable target in cancer therapy. Recent studies have 
shown that cellular senescence is a highly heterogeneous and dynamic process. Apart from 
being cleared by the immune system, the senescent cancer cells may survive for a long time 
and escape from senescence state. Notably, these cells even have the potential to regain stem- 
like state with high aggressiveness that eventually facilitates cancer recurrence. Furthermore, 
the senescence-associated secretory phenotype (SASP) of senescent cells is not always the 
same, and could establish immunosuppression and a protumor microenvironment. Given 
these detrimental effects, senescence-inducing chemotherapy followed by senotherapy (the 
“one–two punch” approach), has emerged. This combined therapy could mitigate unneces-
sary side effects of the persistent senescent cells, reduce the toxicity of pro-senescence 
therapy and prolong the survival of cancer patients, and it has a potential future in the 
precise treatment of cancer. Herein, we review the complex effects of therapy-induced 
senescence in cancer and highlight the great promise of two-step strategies in anticancer 
therapies. 
Keywords: cellular senescence, SASP, cancer therapy, reversibility, senotherapy

Introduction
Cellular senescence is a stable state of growth arrest induced by different stresses 
and plays a key role in developmental processes.1,2 This phenomenon was first 
observed by Hayflick and Moorhead and dates back to the 1960s.3 Through a range 
of experiments, they observed that human diploid fibroblasts in culture would enter 
a senescent phase wherein the mitotic activity was degenerated and lessened.3 This 
phenomenon of “Hayflick limit” is currently characterized as replicative senescence 
(RS), which is largely a result of telomere shortening upon each cell division.3 This 
senescent physiological response contributes to preventing genomic instability and 
the accumulation of DNA damage, representing a fundamental tumor-suppressor 
mechanism.4 That is, senescence-associated growth arrest is a barrier against 
malignant transformation and the development of cancer. Apart from this form of 
senescence, later studies revealed that cellular senescence could be induced by 
diverse stimuli.2 The activation of oncogenes is found to result in senescence 
induction (oncogene-induced senescence (OIS)).1 In addition, exposure to DNA 
damage agents such as ionizing radiation and various anticancer chemotherapy 
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agents are also known to mediate a senescent phenotype in 
both normal and cancer cells, which is often termed “ther-
apy-induced senescence” (TIS).5,6 Inducing cancer cell 
senescence by chemotherapy may provide an effective 
means to limit cancer progression and to improve the 
prognosis of various solid and hematological 
malignancies.7–9

While the defining features of senescence include the 
establishment of a stable cell cycle arrest, many other 
cellular and molecular alterations are observed in senes-
cent cells which contributes to a better understanding of 
the pathophysiological functions of senescent cells. For 
example, senescent cells undergo global epigenetic 
changes and metabolic reprogramming, and secrete senes-
cence-associated secretory phenotype (SASP).1,2 SASPs, 
a complex mix of proinflammatory cytokines and chemo-
kines, play a crucial role in crosstalk with neighboring 
cells, which could alter the tissue environment and affect 
tissue homeostasis.10,11 Of note, the qualitative and quan-
titative compositions of the SASPs are not always the 
same. They depend on senescence-inducing factors, cell 
type and the elapsed time since senescence initiation, 
which could be the reasons for the dual role of SASPs in 
tumor development.12–14

Cellular senescence is traditionally considered an “irre-
versible” mechanism by which tumor proliferation can be 
limited for a long time.4 Therefore, senescence may be 
a favorable goal for cancer treatment. However, in recent 
years, several studies have highlighted an unexpected dark 
side of TIS cells. This body of research showed that TIS 
cells could remain for a prolonged period of time and 
amplify many side effects of cancer therapy, such as bone 
marrow suppression, bone loss, and cancer metastasis and 
relapse.15–17 Long-term senescent cells can shape their sur-
roundings toward a tumor-permissive and chronic inflam-
matory microenvironment by releasing SASP, which 
contributes to therapeutic resistance, malignant cell spread-
ing and cancer relapse.10,12,18 Recent studies also showed 
that some of the senescence tumor cells induced by che-
motherapy may escape cycle rest and recover proliferation 
in vivo and in vitro, which indicates that senescent cancer 
cells may be one form of tumor dormancy and contribute to 
tumor recurrence.19–22 Therefore, senescence induction can 
be considered as a “double-edged sword”. On the one hand, 
cellular senescence might limit the propagation of damaged 
cells and malignant transformation. On the other hand, 
senescent cells might induce a tumor-promoting microenvir-
onment and maintain a tendency of cell proliferative 

reprogramming. To overcome the side effects of cellular 
senescence, the use of senotherapy to target senescent cells 
may be a potential anticancer adjuvant therapy. Indeed, more 
recent studies suggest that killing senescent cells in mice 
could extend their life span.23,24 When combined with cur-
rently used cancer therapies,25,26 this approach may achieve 
a better purpose of extending the short-term and long-term 
survival of cancer patients. In this review article, we 
describe the regulatory mechanism, the fate and biological 
function of therapy-induced senescent cells in cancer. 
Furthermore, we highlight the vast potential of the combina-
tion therapy of pro-senescence chemotherapy and senother-
apy in cancer.

Cancer Cellular Senescence 
Following Therapy
Cellular senescence, is an important mechanism that main-
tains the normal physiological functions of the body. It 
affects many physiological and pathological processes, and 
promotes aging and aging-related diseases, even including 
cancer. A variety of stressors trigger senescence such as 
oncogene activation, telomere erosion and chemora-
diotherapy-induced DNA damage. The stressors activate 
the p53/p21CIP1 and p16INK4a/Rb tumor suppressor net-
works, resulting in hypophosphorylation of Rb and block-
ing cycle arrest in G1/G2 phase.1 Cellular senescence 
could not be characterized by universal or specific biomar-
kers. In contrast, it has a multiplicity of biomarkers that 
are characterized by a number of nonexclusive character-
istics: stable cell cycle and growth arrest; morphological 
changes such as increased cell size; chromatin remodeling; 
metabolic reprogramming; senescence-associated β- 
galactosidase (SA-β-gal) activity; resistance to apoptosis; 
and secretion of SASP.27

The aim of many chemotherapies is to kill cancer cells 
by damaging DNA; however, they also induce senescence. 
The list of drugs is long and still expanding, including: 
doxorubicin, cisplatin, taxol, etoposide (ETO), cyclopho-
sphamide (CTX), and many others.6,28–31 Upon the treat-
ment with doxorubicin, most of the tested cell lines derived 
from 10 different types of human solid tumors exhibited 
a senescent-like phenotype, which included enlarged and 
flattened morphology, increased granularity and positive 
SA-β-gal.6 When exposed to the DNA-damaging agents 
ETO or SN-38, various human cancer cell lines undergo 
terminal growth arrest and express of SA-β-gal.30 Apart 
from in vitro conditions, the phenomenon of TIS in vivo 
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has been repeatedly identified in various animal models and 
human tumor tissues. For instance, in primary murine lym-
phomas treated with CTX, upregulation of SA-β-gal activity, 
p53, and p16INK4a could be found.31 Forty-one percent of 
breast tumors from patients who had received neoadjuvant 
chemotherapy had SA-β-gal positive staining.30 Of note, the 
majority of these agents can force tumor cells into senes-
cence via the induction of DNA damage.5

Apart from senescence, cancer cells can also experience 
necrosis or apoptosis in response to chemotherapy. The out-
come partly depends on the magnitude of stress that is 
applied to cancer cells: lower levels of stressors cause senes-
cence, whereas stronger stimuli lead to apoptosis. Chang 
et al identified that senescence was more common than 
apoptosis among human solid tumor cell lines at moderate 
doses of doxorubicin.6 Such a dichotomy was also observed 
in prostate cancer cells, the cancer cells exhibited SA-β-gal 
activity and characteristic morphology at 25 nM doxorubi-
cin, but underwent apoptotic cell death and cytotoxicity at 
100–250 nM increased concentrations of doxorubicin.32,33 

These observations suggest that lower drug doses are more 
likely to induce cancer cell senescence rather than cause cell 

death, which may minimalize treatment-related toxic side 
effects, when administered chronically.

The Intracellular Mechanism of 
Therapy-Induced Cell Senescence
There are numerous drugs and other therapies that can 
robustly induce cancer cell senescence, and the majority 
of these agents and therapies directly or indirectly act by 
inducing DNA damage, mainly by single- and double- 
strand breaks. The DNA damage response (DDR) activates 
p53/p21 and/or p16INK4a, and then results in a senescent 
phenotype by improving the relative abundance of hypo-
phosphorylated Rb.30,31 These results imply that the 
mechanism of TIS in tumor cells may have the same 
core as the classic pattern of senescence (Figure 1A).

The DDR pathway starts from the activation of the 
Ataxia Telangiectasia–Mutated (ATM), Ataxia 
Telangiectasia and Rad3-related (ATR) kinases. This reac-
tion leads to the phosphorylation of numerous proteins, 
including γ-H2Ax (histone H2AX phosphorylated at 
Ser139), p53-binding protein 1(53BP1), and kinases 
Chk1 and Chk2. As a consequence, p53 and various 

Figure 1 The mechanism and function of therapy-induced senescence. (A) Therapy induce senescence-associated growth arrest by generating DNA damage or targeting 
reinitiation of senescent pathway signaling. (B) The senescent cells could reprogram with stemness by Suv39 h1 or p53 inactivation, Wnt stem signaling activation and/or 
derepression of the H3K9 me3 mark. (C) The SASP is an important mediator of cross-talk between senescent cells and nonsenescent cells. Scheme summarizing some of 
the functions associated with the SASP.
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biologic cyclin-dependent kinase inhibitors (CDKis) are 
triggered and eventually increase the expression of phase- 
specific CDKis, resulting in irreversible exit from the cell 
cycle at the G1 or G2/M stage.34 For example, the DNA- 
methylating drug temozolomide (TMZ) leads to ATM/ 
ATR kinase mediated cellular senescence. Functional p53 
and persistent p21 induction are required for TMZ-induced 
senescence.35 Our group has demonstrated that miR-34c- 
5p is a key regulator in senescence induction pathways. 
Increasing the expression of miR-34c-5p could enhance 
DA (daunorubicin and cytarabine)-induced leukemia stem 
cell (LSC) senescence by activating p53-p21CIP1-cyclin- 
dependent kinase (CDK)/cyclin or p53-independent CDK/ 
cyclin pathways.36 Only miR-34c-5p overexpression can 
induce LSC senescence, which could also promote the 
senescence induction of chemotherapy.36 Importantly, it 
has been demonstrated that elevated p16INK4a expression 
leads to persistent cell cycle arrest.36 Induction of p16INK4a 

by TIS agents selectively inhibits CDK4 and CDK6, thus 
leading to hypophosphorylated Rb and cell cycle exit. 
Moreover, p16INK4a was observed that it markedly 
increased in various therapy-induced senescent cells such 
as doxorubicin-induced breast cancer cells and cisplatin- 
induced liver cancer cells.37–39 Furthermore, rather than 
acting separately, there are is complicated crosstalk 
between p53 and p16INK4a to achieve senescence activa-
tion in response to chemotherapy. A study in primary 
murine lymphomas showed that CTX-induced senescence 
was controlled by p53 and p16INK4a.29 These data suggest 
that the involvement of certain tumor suppressor genes, 
such as p21, p16INK4a, and p53, is highly cell-specific 
during the executionary phases of senescence. Of note, 
the observations indicate that p53, p21 and p16INK4a 

expression is necessary, but is now known to, the absence 
of these proteins does not mean that cells cannot achieve 
TIS.30,40

In addition, TIS could occur independently of the DNA 
damage response or classical senescence pathways. In 
a prostate mouse model, TIS was also induced in PTEN 
hemizygous cancer cells without a DNA damage 
response.41 One important p53 target gene is cyclin- 
dependent kinase inhibitor (CDKi) p21, the upregulation 
of which blocks CDK2 activity and the reinitiation of cell 
division. However, another report showed that 6-anilino- 
5,8-quinolinequinone treatment induced the transcription 
of p21 rather than p53 and subsequently resulted in growth 
arrest and senescence in colorectal cancer, which indicated 
that p21 may serve as a senescence promoter in a p53- 

independent manner.42 There is a report that in a mouse 
model of acute promyelocytic leukemia (APL), retinoic 
acid (RA) and/or arsenic trioxide could mediate PML- 
RARA degradation, activate p53 and induce leukemia 
cell senescence.7 Lapatinib-induced breast cancer cell 
senescence was correlated with increased levels of p15 
and p27 rather than the expression of p16INK4a or p2143 

(Figure 1A). Another study suggested that an S phase 
kinase-associated protein 2 (Skp2) inhibitor could drive 
growth arrest and cellular senescence, which was asso-
ciated with PTEN or p19ARF mutations. This chemother-
apy-induced tumor cell senescence was identified not to 
involve p53 and DNA damage but instead critically 
depends on p21, p27, and ATF4 induction.40 These reports 
suggest that some cancers may undergo TIS by particular 
stress-signaling responses.

The Fate of Chemotherapy-Induced 
Senescent Cells
Immune Cell-Mediated Clearance
Senescent cells play a key role in immune surveillance by 
stimulating both innate and adaptive immune responses. 
This immunosurveillance of senescent cells consequently 
leads to the clearance of senescent tumor cells, suggesting 
that the cellular senescence is a general mechanism that 
limits cancer development.18 Therapy induced senescent 
cells with upregulation and secretion of SASPs leads to the 
activation of an innate immune system by recruiting neu-
trophils, macrophages and natural killer (NK) cells. 
Immune cells, especially NK cells, play a crucial role in 
immune surveillance by recognizing senescent tumor cells 
and leading to specific cytotoxicity toward senescent 
tumor cells. Xue et al showed that p53 reactivation in 
tumor-bearing mice can trigger the senescence response 
in vivo, accompanied by tumor clearance mediated by 
activated NK cells.44 Lymphomas from lymphoma- 
bearing mice treated with CTX underwent stable cell 
cycle arrest and displayed key SASP components that 
triggered NK cell-mediated immune clearance of senes-
cent cells.45 In another study, senescent multiple myeloma 
cells induced by low doses of chemotherapeutics were able 
to increase NK cell receptor ligand (NKG2D) and DNAM- 
1 ligand expression, which enhanced NK cell-mediated 
immune responses leading to increased tumor 
clearance.46 In a mouse model with orthotopic implanta-
tion of melanoma patient tumors, Liu et al observed that 
chemotherapy-induced senescent melanocyte cells 
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released SASP factors including IL-6 and IL-8. These 
factors promote macrophage and neutrophil recruitment 
into the tumor, where they exhibit anti-tumor activity and 
consequently limit tumor growth.47

Moreover, senescent cells can activate the adaptive 
immune response to support an antitumor microenviron-
ment. In a patient-derived xenograft mouse model of mel-
anoma tumor, chemotherapy-induced senescent cells 
secreted the chemotactic protein CCL5, which promotes 
immune cell homing into melanoma tumors to support 
a tumor-suppressive immune response.48 A series of 
experiments in the mouse liver revealed that the clearance 
of premalignant senescent hepatocytes strictly depended 
on the adaptive immune response mediated by CD4+ 

T cells, and the immunosurveillance of senescent cells 
inhibited the development of hepatocellular carcinomas. 
In contrast, a lack of CD4+ T cells impairs immune clear-
ance of senescent hepatocytes, which contributes to liver 
cancer growth.49 In addition, monocytes/macrophages are 
required for senescence surveillance mediated by CD4+ 

T cells.49

Long-Term Survival and Immune Escape
One of the characteristics of senescent cells is growth 
arrest at the G1 or G2/M phases of the cell cycle, but 
senescent cells were identified to be able to survive for 
a long time.1 Senescent melanocytes were observed to 
remain indolent for years in benign nevi in vivo.50 In 
another study, a subpopulation of senescent prostate cancer 
cells induced by doxorubicin treatment persisted for at 
least 5 weeks in mouse tumor xenograft models.51 The 
immunosuppressive microenvironment created by senes-
cent cells could protect senescent cancer cells from being 
cleared and permit tumor cell residues,10,18 which may be 
one of the most important reasons for the long-term survi-
val of senescent cells. For instance, fibroblasts treated with 
palbociclib promoted Gr-1+ myeloid cell-mediated immu-
nosuppression in melanoma mouse models.21 Toso et al 
found that senescent prostate cells shaped an immunosup-
pressive tumor microenvironment by activating the Jak2/ 
Stat3 pathway. In contrary, a JAK2 inhibitor could 
enhance the efficacy of docetaxel-induced senescence 
and promote the clearance of senescent cells by triggering 
the immune system.52 The senescent cancer cells induced 
by chemotherapy (mitoxantrone (MIT), ETO) shed 
NKG2D-Ls to promote their immunoevasion and persist.8

Senescence-Associated Reprogramming 
Inducing Cancer Relapse
In the past, cellular senescence was considered to be 
a static, irreversible state. However, recent studies have 
found that cellular senescence is not a one-way street, but 
a dynamic process. It was observed in vivo and in vitro 
that some of the senescent tumor cells induced by che-
motherapy could restore proliferation and tumorigenesis. 
In this case, the tumor cells that escape senescence may 
contribute to tumor recurrence and have a higher potential 
for invasive growth.2

A study conducted by Was et al showed the reversi-
bility of senescence in human colon cancer HCT116 cells. 
In their study, HCT116 cells were exposed to repeated 
cycles of doxorubicin, which mimics clinical chemother-
apy regimens. On the 13th day, the characteristics of 
senescent cells, including a flat morphology, increased 
activity of SA-β-gal and polyploidy in these doxorubicin- 
induced HCT116 cells, were observed. However, two 
weeks after the removal of doxorubicin, the number of 
cells increase 6-fold. Time-lapse imaging confirmed the 
presence of highly proliferative progeny in senescent 
HCT116 cells.53 In another study, a subpopulation of 
colon cancer cells that treated with chemotherapy showed 
a combination of senescent cells and stem-like 
characteristics.54 Through analysis of the microarray sig-
nature, senescent cells were found to express excessive 
expression of many stem-related genes, including CD34, 
Lgr6, Prom1, CD44, Ngfr, and Nestin.11 Similarly, the 
correlative observations have also been reported in which 
stem cell markers were observed in OIS or TIS in recent 
years.53–55 Indeed, the senescence melanocyte induced by 
the oncogene N-RAS61K showed stem-like features, in 
which the expression of Pdpn and Nanog was markedly 
increased. Nanog is a master transcription factor of cellu-
lar self-renewal.55 Moreover, senescent human and mouse 
cancer cells could also exhibit proliferation potential and 
senescence characteristics at the same time.11,19 In epithe-
lial ovarian cancer (EOC), Nacarelli et al found that cis-
platin-induced senescence upregulated ALDH1 protein 
levels and the expression of ALDH1A1 along with 
CD133 mRNA, which is also the cancer stem-like cell 
(CSC) signature. When cisplatin-treated EOC cells rather 
than EOC cells were inhibited, the EOC CSC signature 
was suppressed and the survival of EOC-bearing mice was 
improved.56 By lineage tracing the p21+ senescent cells in 
the p21-CreER mouse model, some of the previously 
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labeled senescent cells were found to re-entered the cell 
cycle and proliferate rather than being cleared at the late 
embryonic stage.57 In agreement with previous observa-
tions, the researchers from Charité University Medicine 
found that Eμ-Myc-Bcl2-overexpressing lymphoma cells 
induced senescence by chemotherapy exhibited both 
senescence and stem cell-like characteristics. Based on 
single-cell tracking experiments, SA-β-gal-positive cells 
were found to incorporate 5-ethynyl-2′-deoxyuridine 
(EdU), which suggested that senescent cells restarted 
DNA synthesis. More importantly, the senescent tumor 
cells of mouse and human origin were allowed to escape 
cellular senescence and resume sustainable proliferation 
when senescence-essential mediators such as Suv39 h1 
or p53 were acutely inactivated. Strikingly, compared to 
cells that are never senescent, tumor cells that escape from 
the senescent state can re-enter the cell cycle with higher 
aggressive growth and tumor-initiation potential by acti-
vating the WNT pathway.19 In addition, Yu et al showed 
that loss of the H3K9 me3 mark, such as elevate activity of 
the H3K9 demethylase JMJD2C, could make OIS cell re- 
entry into cell cycle in melanocyte models.58 These find-
ings indicate that senescent cells have the potential to 
repossess their self-renewal capability. TIS may result in 
senescence-associated reprogramming, which promotes 
cells to escape from the arrested condition and cancer 
recurrence (Figure 1B). However, more direct evidence 
about the stemness recovery of senescent tumor cells 
remains to be investigated in the future.

Senescence-Associated Signaling 
Crosstalk Between Tumor Cells and 
Their Niche Cells
Senescent cells can secrete a complex mixture of proinflam-
matory cytokines, chemokines, growth factors and other 
cytokines, which is also called as SASP.10 These secretomes 
might be an important mediator of the cross-talk between 
senescent cells and nonsenescent cells (Figure 1C).

The Effects of Senescent Cancer Cells on 
Neighboring Cells
At the early stage of tumors, SASPs contribute to 
increased tumor growth control by reinforcing and/or 
“spreading” senescence-associated cell cycle exit via auto-
crine and paracrine signaling. SASPs might be required for 
stable cell cycle arrest. For example, IL-6 and IL-8, the 
major components of the SASP, have been shown to 

restrain the proliferation of malignant cells by reinforcing 
the senescence growth arrest in an autocrine fashion.59 

PAI-1 was also found to be essential for the induction of 
senescence even in the absence of p53.60 In other studies, 
senescent MCF-7 breast cancer cells triggered by adria-
mycin were observed to have an antiproliferative effect in 
which they induced a senescent state of cell cycle arrest in 
naive MCF-7 cells by secreting factors in vitro.61 

Paracrine-induced senescence by SASPs might be impor-
tant for the inhibition of tumor progression. Moreover, 
secreted SASP factors can directly modulate the immune 
response by signaling to the immune system. As described 
above, senescent cancer cells recruit immune cells to 
remove the senescent tumor cells, consequently limiting 
tumor progression via engagement of the innate and adap-
tive immune systems.

Other than frequently acting as an anticancer mechan-
ism, senescent cells have recently been considered bene-
ficial to cancer progression and relapse in some 
settings.10,18 Their contribution includes creating an 
immunosuppressive and protumor tissue microenviron-
ment that protects some cancer cells from being cleared 
and permits tumor cell residues, thus positively favoring 
cancer relapse and progression. One of the functions of 
SASPs is that they can suppress the tumor immune 
response, which contributes to cancer promotion. For 
example, a recent study found that chemotherapy-induced 
senescent cells were able to circumvent immune clearance 
through concerted MMP-mediated shedding of NKG2D 
ligands and paracrine suppression of NKG2D–dependent 
immunosurveillance.8 A study conducted by Toso et al 
showed that Pten-null senescent prostate tumors released 
a subset of immunosuppressive SASP cytokines. These 
SASP factors could block both the proliferation and activ-
ity of immune cells, which promoted tumor progression 
and chemoresistance.52 Through analyzing proteome pro-
filing of senescent melanoma cells induced by doxorubi-
cin, the senescent melanoma cells were revealed to secret 
a panoply of proteins to contribute to tumor immunosup-
pression or tumor immune evasion.62 In summary, SASP 
factors are not always the same, and tissue-specific.

Other reports have revealed that the SASPs secreted by 
senescent cancer cells can also impact the metastatic and 
invasion potential of cancer cells.12,63–65 The SASP factors 
from malignant tumor cells can alter the tissue microenviron-
ment, thus creating a local region of the tumor-promoting 
microenvironment that stimulates nearby premalignant and 
malignant cells metastasis and invasion.12 Chemotherapy- 
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triggered senescent mesothelioma cells strongly enhanced 
epithelial-to-mesenchymal (EMT) induction and chemoresis-
tance mediated by SASP.63 In a mouse model of breast cancer, 
p95HER2-induced senescent breast cancer cells promoted 
metastasis in a noncell-autonomous manner.64 Across the 
types of thyroid cancer, senescent cells were found to be 
capable of promoting neighboring nonsenescent cancer cell 
invasion and metastasis via CXCL12-CXCR4 signaling.65

In addition to these functions, SASPs have been sug-
gested to contribute to the proliferation and stemness of 
cancer cells. Indeed, cisplatin treatment-induced senescent 
melanoma cells stimulated the growth of nonsenescent 
cancer cells mediated by IL-1α and IL-8.66 Similarly, 
after exposure to senescence-inducing doxorubicin or irra-
diation, the emergence and maintenance of CSCs was 
promoted in multiple myeloma, which was correlated 
with the upregulation of the SASPs secreted by non- 
CSCs, particularly with RANTES expression.67 To date, 
this has yet to be specifically studied between TIS cancer 
cells and the tumor microenvironment. In summary, the 
SASPs have dual effects of tumor suppression and tumor 
promotion. Therefore, patients may obtain beneficial out-
comes from the elimination of senescent cells.

Effects of Senescent Stromal Cells on 
Neighboring Cells
Obviously, chemotherapeutic drugs not only induce cancer 
cell senescence but also contribute to stromal cells entering 
senescence. Similar to senescent cancer cells, senescent 
stromal cells have a dual role in tumor development. On 
the one hand, senescence is widely accepted as a firm tumor 
barrier because it can prevent tumorigenesis and limit the 
tumor proliferative life span. SASPs from senescent 
mesenchymal stromal cells (MSCs) could block the prolif-
eration of immortalized prostate cells (PNT2) by inducing 
senescence, which acted as a weapon effective against pre- 
tumorigenesis.68 Lujambio et al found that senescent hepatic 
stellate cells could stimulate the recruitment and M1 polar-
ization of macrophages to suppress tumorigenesis and to 
form an antitumor microenvironment.69 On the other hand, 
contrary to the originally proposed tumor suppressor func-
tion of senescent cells, SASPs secreted by senescent stromal 
cells may play a protumor role in tumor development. For 
example, a recent study suggested that conventional che-
motherapies induced senescence of the prostate stromal cell 
line PSC27. As a result, amphiregulin (AREG) derived from 
senescent stromal cells enhanced cancer cell resistance to 

chemotherapeutic agents and increased programmed cell 
death 1 ligand (PD-L1)-mediated immunosuppression.9 In 
a breast cancer mouse model, bleomycin-induced senescent 
human fibroblasts stimulated the growth of cotransplanted 
breast cancer cells (MDA-MB-231) by secreting 
metalloproteases.70 In another study in lung cancer, the 
antitumor drug boanmycin could induce fibroblast senes-
cence, and the long-term treatment-induced senescence 
could alter the lung tumor microenvironment by increasing 
the expression of IL-6, thus contributing to tumor relapse 
and metastasis.71

Targeting Senescence Cancer Cells
As discussed above, cellular senescence has beneficial and 
detrimental effects on cancer development.2,18 Senescent 
cells initially inhibit tumor development, while accumulat-
ing senescent cells promotes tumor development. For 
instance, palbociclib initially blocked tumor cell prolifera-
tion by inducing cancer cell senescence. However, with 
prolonged treatment with palbociclib, a tumor-permissive 
environment that promoted tumor growth would be 
established.21 Given the detrimental effect of senescent 
cells on cancer, removing existing senescent cells may 
increase therapeutic efficacy. The Campisi group demon-
strated that the removal of senescent cells after doxorubi-
cin treatment had clinical potential because it could reduce 
the incidence of cancer relapse and metastasis, as well as 
side effects of chemotherapy.16 Some researchers estab-
lished “INK-ATTAC” transgenic mice in which p16Ink4a- 
positive cells were depleted by the dimerizer AP20187 
(AP).23 The mouse model suggested that the removal of 
senescent cells reduced spontaneous tumor formation. 
Similarly, the p16-3MR transgenic mouse model in 
which tracking and eliminating senescent cells could be 
permitted indicated that targeting senescent cells could 
prevent or delay cancer relapse as well as reduce che-
motherapy side effects.24 Altogether, these data highlight 
the benefits of targeting these senescent cells in cancer 
treatment. Senotherapy as an antitumor strategy targeting 
senescent cells has been proposed. Current senotherapy is 
focused on: i) specific removal of senescent cells by seno-
lytics; ii) SASP neutralization (anti-SASP strategy); and 
iii) improving immune-mediated senescent cell 
elimination.72

Senolytics
Among senotherapies targeting senescent cells, senolytics 
are the most developed and well-studied, and show 
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promising results in cancer treatment (Table 1). According 
to studies, senolytics mainly interfere with the pathway 
involved in apoptosis to achieve selective elimination and 
target of senescent cells, which are also called senescent-cell 
anti-apoptotic pathways (SCAPs), such as the 
BCL-2/BCL-XL, PI3K/AKT, p53/p21, Ephirins/dependence 
receptors/tyrosine kinases and the hypoxia inducible factor 
(HIF-1α) pathway.73 In recent years, another HSP-90 SCAP 
has been reported.74 For instance, dasatinib + quercetin (D 
+Q) treatment, which targets several of these SCAPs, was 
effective in eliminating senescent human umbilical vein 
cells (HUVECs) rather than control cells in vitro.73 

ABT737, which targets BCL-2, BCL-W and BCL-XL, was 
found specifically to induce apoptosis in senescent cells and 
efficiently to clear them in two independent senescent mouse 
models.75 Similarly, navitoclax (ABT-263, targets BCL-XL, 
BCL-2, and BCL-W) was demonstrated that it to eliminate 
senescent cells effectively by inducing apoptosis in a cell 
type- and species-independent manner.76 In another study, 
Wang et al found that ABT-263 could selectively kill senes-
cent melanoma and lung cancer cells, providing a potential 
strategy for sequential using after a pro-senescence drug for 
cancer.25

Although numerous reports have shown the benefits of 
senolytics in age-related diseases including cancer, there are 
still unwanted damage/side effects. Some evidence suggests 

that systemic administration of BCL-2 family inhibitors such 
as navitoclax (ABT-263) results in thrombocytopenia and 
neutropenia.77–79 It would be desirable to control the abun-
dance of senolytics by intermittent dosing, without affecting 
effectiveness. In addition, different senescent cell types may 
rely on different antiapoptotic mechanisms. Therefore, it is 
difficult to contend that these senolytic drugs are generally 
effective for all types of senescent cells. In the future, seno-
lytics need to be more specific or combined with other drugs 
to solve this problem. A new strategy has been described that 
could overcome the problem of specificity of senolytics 
using galactooligosaccharides–coated nanoparticles contain-
ing senolytics when administered in a chronic manner.80

SASP Inhibitors
Blocking the SASP is another potential means to inhibit 
the functions of senescent cells as they relate to tumor 
progression (Table 2). SASP inhibitors can target path-
ways such as p38 MAPK, NF-κB, and mTOR, to suppress 
SASP production. Alternatively, inhibition of specific 
SASP factors could also be achieved, as is the case for 
IL-6, IL-8 and TNFα. Rapamycin (selective MTORC1 
complex inhibitor) can repress the ability of senescent 
fibroblast cells to stimulate cell proliferation and tumor-
igenesis in vivo by modulating SASPs by selectively sup-
pressing IL1A translation.88 As our own work has showed, 

Table 1 Candidate Senolytics

Agent Molecular Targets Target Class/ 
Mechanism

Development Status Refs

ABT-737 BCL-2, BCL-W, BCL-XL Apoptosis Preclinical animal models [75]

ABT263 

(Navitoclax)

BCL-2, BCL-W, BCL-XL Apoptosis Preclinical animal models/clinical trials [76,81]

Dasatinib(D) Pan-receptor tyrosine kinases Receptor tyrosine 

kinases

Clinical trials [73,82]

Quercetin(Q) PI3K/AKT, BCL-2, p53, p21, Serpine Apoptosis Preclinical animal models/Clinical trial [73,82]

Fisetin PI3K/AKT and reactive oxygen species 
(ROS)

Apoptosis Preclinical animal models/Clinical trial [83,84]

Piperlongumine Oxidation resistance 1 (OXR1) and PI3K/ 
Akt/mTOR

Apoptosis Preclinical animal models [85,86]

Cardiac Glycosides Na+/K+ATPase pump and proapoptotic 
BCL-2 family

Apoptosis Approved for heart disease/Preclinical 
animal models

[87]

Alvespimycin (17- 
DMAG)

Heat-shock protein 90 (HSP90) Chaperone subfamily Preclinical animal models/clinical trials [74]
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rapamycin promoted hematopoietic stem cell (HSC) survi-
val by inhibiting senescence.89 Another mTOR inhibitor, 
AZD8055, efficiently eliminated TIS cells and synergized 
with prosenescence drug to reduce tumor burden and 

increase survival in mice model of aggressive liver 
cancer.26 Metformin has proven efficient in decreasing 
the secretion of inflammatory cytokines in senescent cells 
by inhibiting the phosphorylation of IκB and IKKα/β and 
the activation of NF-κB.90 The AK1 inhibitor 5Z-7 
weaken the SASP phenotype of senescent cells treated 
with chemotherapeutic agents by inhibiting both the p38 
MAPK and PI3K-Akt-mTOR pathways. Thus, 5Z-7 sub-
stantially sensitizes cancer cells to chemotherapy and pro-
motes tumor regression by affecting the expression of 
SASP factors but not senescence.91 Anakinra, an IL-1 
receptor (IL-1R) antagonist, markedly reduced the inva-
siveness of metastatic cancer cells by decreasing senes-
cence-associated IL-6/IL-8 secretion.92 Notably, the SASP 
has a complex background dependency and particular 
components have effects on tumor development.10,14 In 
addition, if signaling cascades upstream of SASPs, such 
as p38 MAPK or PI3K–AKT–mTOR were blocked, 
unwanted side effects would appear such as promoting 
tumorigenesis and relapse, because SASP development is 
orchestrated by multiple signaling pathways and these 
signaling pathways are not exclusive to senescence.41,72 

Thus, to enhance the therapeutic efficacy and to make 
SASP inhibitors more specific for senescent cells, it is 
important to identify which SASP compounds have tumor- 
promoting functions and which ones possess antitumori-
genic functions.

Improving Immune System Function
Senotherapy to improve the immune system-mediated 
clearance of senescent cells could reduce the senescent 
cell burden and limit tumor proliferation. This could be 
achieved through chimeric antigen receptor T cells (CAR- 
Ts) that could target specific senescence-related molecules 
or increase immune activity to enhance surveillance.18 Of 
note, a recent study suggests that PD-1 checkpoint block-
ade reawakens exhausted CD8+ T cells following senes-
cence induction, thus triggering antitumor immunity and 
producing tumor cell death.95 As a consequence, the addi-
tion of anti-PD-1 therapy to the prosenescence regimen 
promoted tumor regression. To date, this therapy has not 
been identified with enough experiments.

Targeting Senescent Cancer cells – Two- 
Step Cancer Therapies
Numerous studies have demonstrated that cancer-associated 
senescent cells are initially helpful for the tumor-suppressive 

Table 2 Candidate SASP Inhibitors

Agent Molecular 
Targets

Development 
Status

Refs

Rapamycin Mechanistic target 

of rapamycin 

kinase (mTOR)

Approved for 

immunosuppression/ 

clinical trials for 
cancer:

[88]

AZD8055 Mechanistic target 
of rapamycin 

kinase (mTOR)

Clinical trials [26]

Metformin IKK complex and/ 

or NF-κB and 
Dicer, others

Approved for 

T2DM/clinical trials

[90,93]

5Z- 
7-oxozeaenol

Transforming 
growth factor- 

β1-activated 

kinase-1 (TAK1)

Preclinical animal 
models

[91]

Anakinra IL-1 receptor Approved for 

rheumatoid 
arthritis/clinical 

trials

[92]

LY2228820 p38MAPK Clinical trials [94]

LY3007113 p38MAPK Clinical trials [94]

Canakinumab IL-1β Approved for 

cyropyrin-associated 
periodic syndromes

Etanercept TNFα Approved for 
autoimmune 

diseases

Infliximab or 

Adalimumab

TNFα Approved for 

autoimmune 

diseases

Rilonacept IL-1α and IL-1β Approved for 

cyropyrin-associated 
periodic syndromes

Siltuximab IL-6 Approved for 
multicentric 

Castleman disease

Tocilizumab IL-6R Approved for 

autoimmune 

diseases
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response. Therefore, the induction of cellular senescence is 
considered an effective and powerful strategy for cancer 
therapy with fewer severe side effects of cytotoxicity.5 RA 
and/or arsenic trioxide can activate pro-senescence Trp53 
signaling to eradicate leukemia-initiating cells, ultimately 
definitively curing acute promyelocytic leukemia.7 In precli-
nical mouse models of KRAS-mutant pancreatic ductal ade-
nocarcinoma (PDAC), a combination of trametinib and 
palbociclib (T/P) could drive PDAC cells into senescence, 
which resulted in vascular remodeling that in turn facilitated 
chemotherapeutic drug delivery and CD8+ cell infiltration.95 

However, as mentioned above, the unwanted accumulation 
of senescent cells can be harmful, which could turn into 
a potential threat such as stemness-reprogrammed and 
immune suppression. To reconcile this controversy, “one– 
two punch” approach to cancer therapy has been proposed, in 
which pro-senescence treatments are followed by 
senotherapy.72 This method may achieve a better purpose 
of extending both the short-term and long-term survival of 
cancer patients. In this regard, the use of senotherapy can 
reduce the side effects of pro-senescence therapies by killing 
senescent cells from the tumor as well as removing the SASP 
source permanently and reducing side effects from cellular 
senescence. For example, limiting therapy-induced SASPs 
by inhibiting the p38 MAPK-MK2 pathway could rescue 
chemotherapy-induced bone loss in doxorubicin-treated 
mouse models.17 Wang et al found that TIS cells became 
vulnerable to apoptosis induction by ABT263 in vitro, and 
demonstrated the feasibility of the sequential therapy for 
cancer in which senotherapy could be administered conco-
mitantly or after senescence-inducing treatment.25 In precli-
nical mouse models of ovarian and breast cancer, concurrent 
PARPi and ABT263 treatment was observed to have 
a significant potentiation of cell killing. ABT263 enhanced 
the limitation of resistance by inducing PARPi-induced 
senescent apoptosis.96 Researchers have found that panobi-
nostat could kill persistent senescent cancer cells that arose 
post-Taxol therapy by decreasing the expression of BCL-XL 

and increasing acetylated H3. Under this combination treat-
ment, the tumor burden could be significantly reduced.97 

A recent study suggests that pro-senescence therapy with 
a CDC7 inhibitor, combined with mTOR inhibitor that can 
selectively eliminate TIS cells, may elicit a more-effective 
inhibition of growth in liver cancer without causing damage 
to normal cells.26 A later study on a mouse model of aggres-
sive breast cancer showed that the use of the nano- 
encapsulated senolytic agent navitoclax could selectively 
eliminate palbociclib-induced senescence, which contributed 

to the limitation of tumor growth and metastases.98 Although 
the application of prosenescence therapy represents 
a successful cancer treatment strategy, an increasing number 
of studies have shown that some patients still relapse, per-
haps because of the existence of long-term senescent cells 
that promote tumor recurrence. These studies suggest that the 
“one–two punch” approach of cancer therapy may provide 
a new therapeutic opportunity to improve antitumor efficacy 
and outcomes in cancer patients.

Conclusion and Future Perspectives
Over the past decades, our understanding of the cellular and 
molecular mechanisms that drive senescence has exploded. 
Both conventional and targeted antitumor drugs could 
induce cancer cell senescence as a primary response. The 
induction of senescence is a potential means of cancer 
treatment because it leads to a persistent cytostatic state in 
various cancer types. Interestingly, recent studies suggest 
that cellular senescence is a dynamic process rather than 
a binary choice in which senescence-associated secretomes 
display highly dynamic compositional changes. Long-term 
senescent cells have a deleterious impact on their neighbors, 
which is correlated with SASP.2,11 Of note, chemotherapy- 
induced senescent cancer cells were found to have the 
potential to escape from the growth arrest and re-entry 
into the cell cycle with high aggressivity,20 which argued 
against the therapeutics of driving tumor cells into senes-
cence. However, to date there are no reliable markers to 
isolate true senescent cells. In the future, more sufficient 
evidence is needed to prove senescence-associated 
reprogramming.

Perhaps we could develop a newer agent that drives the 
cancer cells into a “deep” senescent state in which the 
arrest state is irreversible; thus, the senescent cells would 
not be able to escape from senescence and decrease the 
possibility of stemness. This agent may be combined with 
other compounds that mediate senescent cell emulations, 
such as senolytic drugs and immune-boosting drugs 
(Figure 2). This combination also called “one–two 
punch” approach, which first applies pro-senescence treat-
ments to induce senescence and then to eliminate senes-
cent cancer cells by senotherapy.1,25,26 This combination 
therapy could address the dual behavior of senescence and 
provide a therapeutic benefit in cancer treatment. 
Nevertheless, studies have shown that senolytic cause 
some side effects. For example, navitoclax results in 
thrombocytopenia and neutropenia.73 As such, we can 
expect that there are side and off-target effects, which 
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should be carefully taken into consideration. A major chal-
lenge for combination therapies involving senotherapy will 
be the question of how to target the right cells at the right 
time. Therefore, it is essential to identify more reliable 
senescence markers to assess the therapeutic effects of 
pro-senescence and senolytic drugs. In the future, we 
could use single-cell profiling technologies to characterize 
the phenotypic spectrum of senescent cells as well as 
unravel to the heterogeneity of senescence and the SASP 
and the role senescence plays in cancer. Further studies 
addressing these questions could bring a great break-
through for the precise treatment of cancer.
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