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Cellular senescence is a stress-​inducible state of termi-
nal proliferative arrest accompanied by a hypersecre-
tory phenotype referred to as senescence-​associated 
secretory phenotype (SASP). Senescent cells can have 
context-​dependent beneficial or detrimental roles in 
various physiological and pathological settings. The ini-
tial physiological evidence of senescence included the 
finding of senescent cells in the limb, hindbrain, neural 
tube and several organs of developing mouse embryos 
as early as day 9.5 (ref.1), in a study that also showed that 
defective senescence programmes or removal of senes-
cent cells during various developmental stages results in 
patterning abnormalities1.

The contribution of senescent cells to tissue regen-
eration and remodelling can also be observed in adult 
tissues. In a mouse model that enables the identification 
of senescent cells, removal of such cells during wound 
healing delayed tissue repair2, whereas in a mouse model 
of oncogene-​induced senescence (OIS), local trans-
plantation of keratinocytes transiently exposed to SASP 
factors accelerated tissue repair3. Interestingly, the senes-
cence programme is associated with enhanced stemness 
through cell-​autonomous and cell-​non-​autonomous 
mechanisms (which can include senescence propa-
gation, tissue remodelling and regulation of immune 
responses via SASP factors). This association could 
reflect a key built-​in feature of senescent cells in sup-
porting the recovery phase of wound healing3–5, when 
tissue-​insulting stresses are resolved and parenchymal 
cellularity needs to be replenished6. Senescent cardiac 
fibroblasts contribute to cardiac regeneration in neo-
natal mice7, and are crucial for heart repair in both 

neonatal and adult zebrafish8. The presence of senes-
cent human-​derived cultured cells limits fibrosis during 
skin wound healing9, and similar antifibrotic effects of 
senescent cells have been observed in the kidneys, liver 
and lungs in mouse models10–12.

A gradual but highly variable accumulation of senes-
cent cells can be observed during the natural ageing 
process. In aged organisms, senescent cells can con-
tribute to a variety of age-​related pathologies, including 
pulmonary fibrosis, biliary liver damage, arteriosclero-
sis, retinopathy, osteoarthritis, dementia and diabetes 
mellitus13–19. Clearance of senescent cells during ageing 
extends the lifespan and healthspan of aged transgenic 
mice20, whereas in other mouse studies, transplantation 
of a small proportion of senescent cells or injection of 
chimeric antigen receptor (CAR) T cells with a senescent 
phenotype accelerated physical dysfunction and reduced 
lifespan21,22. Conversely, some senescent cell types have 
indispensable structural functions in organ integrity and 
their forced clearance in mice leads to tissue damage and 
organ impairment23. Importantly, premature accumula-
tion of senescent cells can happen as a consequence of 
endogenous and exogenous stresses, such as microbial 
attack (Box 1). More central to this Review, exposure 
to constitutive mitogenic signals (such as OIS) or to 
DNA-​damaging and other non-​genotoxic therapeu-
tic agents induces senescence in susceptible neoplastic 
cells and other tissue components. Such stable prolifer-
ation arrest of (pre)neoplastic cells seems to operate as 
a potent tumour suppressive mechanism while simulta-
neously promoting the survival of the SASP-​producing 
senescent cells and their crosstalk with the tumour 
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microenvironment (TME). Moreover, eventual re-​entry 
of these damaged and mutagenized cells into the cell 
cycle would result in expansion of biologically altered 
post-​senescent cells.

In summary, senescent cells have rather heterogene-
ous phenotypes and can exhibit both antitumour and 
tumour-​promoting features. Whether these different 
subsets of senescent cells are the consequence of distinct 
intrinsic programmes or are instead instructed by their 
varying environmental contexts remains to be explored. 
In this Review, we present the available evidence sup-
porting the contrasting roles of senescent cells in can-
cer, and discuss how these features can be exploited with 
therapeutic intent.

Hallmarks of senescent cells
Proliferation arrest and unresolved DDR. In response to 
internal or external stresses linked to DNA alterations, 
proteotoxicity (a consequence of premature protein 
oxidation and low-​fidelity synthesis of high amounts 
of SASP factors) and aberrant mitogenic signals, cells 
activate complex mechanisms to prevent propagation 
of damage. A common outcome is the induction of  
cell senescence, a viability-protective, lastingly stable cell 
cycle arrest phenomenon (Box 2). The major mediators 
of senescence-associated proliferation arrest (SAPA) 
are cyclin-dependent kinase (CDK) inhibitors 1 and 2A 
(commonly known as p21 and p16INK4a), which block the 
formation of CDK–cyclin complexes involved in the cell 
cycle checkpoints at the G1–S phase transition24. CDKs 
can phosphorylate different Rb family members, leading 
to the release and subsequent activation of the transcrip-
tion factor E2F. Upon p53 activation, Rb cooperates with 
retinoblastoma-​like proteins 1 and 2 (commonly known 
as p107 and p130, respectively) to suppress the transcrip-
tion of genes involved in this phase transition25, which 
collectively promote a senescent state26. p21 suppresses 

CDK2–cyclin E activity, thereby retaining Rb in its 
hypophosphorylated G1 form that inhibits transcription 
of E2F target genes, which are typically involved in DNA 
replication and thus promote S phase entry. Further sta-
bilized by Rb-​mediated repressive chromatin marks, the 
expression of E2F target genes is firmly silenced, locking 
the cell into a lasting G1 phase arrest. p16INK4a directly 
interacts with and inhibits CDK4/6. p16INK4a expression 
is considered a common and robust, albeit not neces-
sarily specific, marker of senescence, and its promoter 
activity and transcriptional activation are extensively 
exploited as reporters of senescent cells in vivo20,23,27,28. 
Thus, when p21 and p16INK4a are chronically activated to 
block CDKs, Rb proteins remain hypophosphorylated. 
and neutralize E2F transcription factors, thus locking the 
cell into an indefinite proliferative halt24.

Chronic activation of the DNA damage response 
(DDR) is a common inducer of the senescence res
ponse and SAPA. DNA double-strand breaks are robust  
activators of the DDR via initial recruitment of the 
kinase ATM to the site of DNA damage29. The recruit-
ment of ATM to DNA lesions drives phosphorylation  
of histone H2AX, which facilitates the assembly of  
specific DNA repair complexes. In addition to H2AX 
phosphorylation, histone methylation also contributes 
to the assembly of DDR components. A complex encom-
passing transcription intermediary factor 1β, Rb-bound 
heterochromatin protein 1 (HP1) isoforms and the 
H3K9 methyltransferase SUV39H1 is loaded directly 
onto the chromatin at DNA double-strand breaks, lead-
ing to Rb-​dependent local trimethylation of histone 
H3K9. The resulting product, H3K9me3, functions as a  
seed mark for senescence-associated heterochromatin  
foci in the vicinity of E2F target gene promoters. 
Moreover, H3K9me3 also activates histone acetyltrans-
ferase KAT5, which subsequently acetylates ATM29. 
Acetylated ATM kinase phospho-activates CHEK1 and 
CHEK2, which, in turn, further spread the DNA dam-
age signal by phosphorylating numerous proteins (such 
as BRCA1, PML, p53, CDC25A and TLK1) involved 
in DNA repair, damage-induced transcription, cell 
cycle arrest, apoptosis and chromatin remodelling30,31. 
Ultimately, persistent DDR signalling leads to p53 phos-
phorylation at multiple serine residues, which eventually 
enables its role as a positive regulator of the transcription 
of many genes, including p21 (ref.32).

Structural and metabolic changes. Chronic activation of 
DDR signalling and persistent SAPA are associated with 
structurally and/or functionally defective organelles.  
A study in cultured human fibroblasts revealed that OIS is  
associated with multinucleation or enlarged nuclear size33 
that are consequences of incomplete mitosis and failed 
cytokinesis. These processes are characterized by struc-
tural nuclear alterations in senescent cells, among which 
the most consistent is loss of lamin-​B1 (ref.34). A charac-
teristic feature of senescent cells in vitro is their enlarged 
cell body, which either acts as a cellular insult that trig-
gers senescence or results as a consequence of ongoing 
cell growth in the absence of cell division35. Upregulation 
of senescence-​associated β-​galactosidase (SA-​β-​gal) 
activity36 and accumulation of lipid-​containing granules 
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(known as lipofuscin) are important markers of senescent 
cells, reflecting lysosomal and autophagic abnormalities 
and dysregulated mTOR signalling. Indeed, activation of 
mTOR complex 1 (mTORC1), which integrates various 
stress signals and modulates cell growth accordingly37, 
occurs in response to senescence-​inducing stimuli38. 
In PTEN-​loss in vitro models of induced senescence, 
the activated mTOR kinase in mTORC1 or mTORC2 
stabilizes p53 and triggers the senescent state39. In a 
different in vitro model, however, only mTORC1, and 
not mTORC2, was essential to establish RAS-​induced 
senescence and replicative senescence40. Moreover, 
mTOR signalling is a major regulator of autophagy41. 
The expression of senescence markers and susceptibility 
to induction of liver cancer were higher in mice in which 
the essential autophagy gene Atg5 was silenced than in 
wild-​type mice42. Although autophagy and senescence 
are undoubtedly closely linked, this relationship is not 
yet fully understood43. In preclinical models, proteotoxic 
stress not only drives entry into a senescent state, but 
also activates autophagy, which consequently buffers 
toxicity from misfolded SASP factors44,45. In mice har-
bouring a Braf    V600E mutation and Pten loss, deletion of 
Atg7, another autophagy-​related gene, facilitates mela-
noma formation by disabling senescence46. In cultured 
human fibroblasts, inhibition of RAS effector pathways, 
including autophagy-​promoting PI3K–AKT signalling, 
enables senescence through its effect on FOXO tran-
scription factors47. These findings suggest that mTOR 
inhibitors, commonly referred to as rapalogs, might 
induce or prevent senescence in a context-​dependent  
manner45,48,49.

The mitochondria of senescent cells typically have 
defects in the respiratory chain and excessive produc-
tion of reactive oxygen species (ROS). Of note, cellu-
lar senescence is associated with an increased number 
of mitochondria, but the membrane potential of these 
mitochondria is decreased, leading to enhanced ROS 

production50. Interestingly, mitochondrial dysfunction 
can be a direct inducer of senescence51,52. Multiple fac-
tors involved in senescence induction, such as oxidative 
stress and proteotoxic stress, lead to protein misfold-
ing, which in turn evokes endoplasmic reticulum stress 
via the unfolded protein response45,53. Accordingly, 
senescent cells have an increased unfolded protein 
response45,54. Changes in lysosomes, mitochondria and 
the endoplasmic reticulum can be cause and conse-
quence of senescence-​associated metabolic alterations. 
Senescent cells are hypermetabolic; that is, they have 
enhanced oxygen consumption, and use glycolysis, 
fatty acid oxidation and oxidative phosphorylation 
in an aberrant manner to maximize energy produc-
tion, which is needed to maintain ATP-​consuming 
homeostatic processes45,55,56. Cellular AMP to ATP 
and ADP to ATP ratios are known to increase during 
senescence57. Enhanced glucose uptake can be visualized 
by [18F]-​fluorodeoxyglucose PET in senescent tumours 
in vivo, which display a lack of proliferative activity 
when imaged for the DNA synthesis-​indicating tracer 
[18F]-​fluorothymidine45. The relative and potentially 
dynamically changing contributions of glycolysis, the tri-
carboxylic acid (TCA) cycle, oxidative phosphorylation 
and fatty acid oxidation during long-​term maintenance 
of senescence, as well as their cooperation and comple-
mentation in energy production and related metabolic 
pathways, remain to be elucidated in greater detail58.

Reconversion of lactate to pyruvate by l-lactate 
dehydrogenase B fuels the TCA cycle out of the 
senescence-enforced enhancement of non-oxidative glu-
cose metabolism (commonly referred to as the Warburg 
effect)45. Moreover, Rb can promote the conversion of 
pyruvate into acetyl-CoA by activating pyruvate dehy-
drogenase via transcriptional upregulation of pyruvate 
dehydrogenase (acetyl-transferring) phosphatase 2  
(ref.56). In this way, Rb increases the flux of pyruvate 
through the TCA cycle and, subsequently, oxidative 
phosphorylation59.

Senescent cells also have an altered plasma mem-
brane composition, with the most consistent change 
being upregulation of caveolin-1, an important 
component of cholesterol-​enriched microdomains 
referred to as caveolae60. Other plasma membrane 
proteins whose expression has also been reported to 
change during senescence are receptor-​type tyros-
ine protein phosphatase DEP-1, β2-​microglobulin, 
membrane-​bound oxidized vimentin, dipeptidyl pep-
tidase 4 and urokinase-​type plasminogen activator 
receptor (uPAR)22,61,62. The changes in plasma membrane 
composition not only have cell-​autonomous signalling 
implications but also participate in the communication 
between senescent cells and their microenvironment, in 
concert with mediators of the SASP.

SASP. The NF-​κB, p38, mTOR and C/EBPβ signalling  
pathways are major components of the SASP63–67.  
These pathways are mainly involved in chronic DDR  
signalling, and include pro-inflammatory cytokines (for  
example, IL-1α, IL-1β, IL-6 and IL-8), chemokines  
(for example, CCL2, CCL5 and CXCL1), growth factors (for  
example, HGF, EGF and TGFα), matrix-remodelling 

Box 1 | Virus-​induced senescence

Premature accumulation of senescent cells owing to viral infection
Viral infections, including SARS-​CoV-2, exert a senescence response in host cells  
upon virus entry and replication, subsequently aggravating the clinical course via 
senescence-​associated secretory phenotype (SASP)-​driven hyperinflammation as part of 
the ‘cytokine storm’ and broad activation of immune cell networks that characterize 
coronavirus disease (COVID-19)228,229. Accordingly, cells ​induced to senescence by viral 
infection or pre-​existing age-​associated senescent cells contribute to organ damage in 
COVID-19 and are a potential therapeutic target, with senolytic removal of these cells 
early during infection proposed as a strategy to attenuate disease severity228,229.

Senolytic therapy targeting virus-​induced senescence in preclinical models 
and patients
In the context of SARS-​CoV-2 infection, the ability of navitoclax, dasatinib–quercetin 
and fisetin to selectively eliminate cells with virus-induced senescence has been tested 
in vitro and in vivo229. Beyond their potent activity against SARS-CoV-2-infected 
genetically senescence-​capable cells, but not against SARS-CoV-2-infected senescence- 
incapable cells, these agents also attenuated COVID-19 lung pathology in SARS-CoV-2- 
infected hamster and human ACE2-​transgenic mouse models to varying extents, and 
markedly reduced SASP-​driven signs of systemic inflammation. Two randomized trials 
testing single-​agent quercetin in patients testing positive for SARS-​CoV-2 by PCR met 
their primary end points and found significantly less severe clinical courses of COVID-19  
in the quercetin arm, including reductions in the frequency of hospitalization,  
supplemental oxygen requirement, referral to the intensive care unit and death229–231.
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enzymes (for example, matrix metalloproteinases (MMP) 
1 and 3)68 and various oxylipins69. SASP factors are the 
major paracrine messengers between senescent cells and 
their surrounding cells, including stromal bystanders, 
immune cells, premalignant and cancer cells. Like many 
other senescence-​associated features, however, the SASP 
is not stable, instead being highly dynamic6,70,71. Indeed, 
senescence-​associated phenotypes are temporal and 
early-​stage senescent cells are phenotypically different 
from late-​stage senescent cells72–74. Induction of p21 and 
a Notch-​driven SASP are considered early events70,75,76, 
whereas upregulation of p16INK4a and an NF-​κB-​driven 
SASP are evident at later stages of senescence71,77,78. This 
temporal regulation of senescence-​associated phenotypes 
seems to be, at least in part, controlled by the sequen-
tial and dynamic activation of diverse transcriptional  
programmes and hierarchies72–74.

Stability of senescence. Continuous transcriptional or, 
more generally, functional changes in senescent cells, 
and the permanent need to actively maintain senescence-​
supporting transcription puts the stability of cell cycle 
arrest at risk, occasionally leading to the restoration of 
proliferative properties with a potentially detrimental 
effect on tumour suppression5,79. Specifically, cancer 
cells that undergo latent stem-​like reprogramming dur-
ing senescence might exert this transcriptional feature 
upon cell cycle re-​entry, driving particularly aggressive 
relapses, as demonstrated in studies in a mouse model 

of lymphoma and human-​derived lymphoma cells5. Of 
note, most of the evidence supporting the dynamic and 
temporal dependence of senescence-​associated pheno-
types comes from studies in culture systems and, there-
fore, efforts are needed to prove that these events occur 
in physiological and pathological contexts in vivo.

Senescence in patients with neoplasia. The accumulation 
of SA-​β-​gal-​positive senescent cells in the skin of older 
individuals (aged ≥65 years) was first described almost 
three decades ago80. Hallmarks of senescent cells were 
subsequently identified in dermal premalignant lesions, 
specifically human melanocytic naevi81,82. These discov-
eries sparked unprecedented interest in the measure-
ment of senescence in neoplastic and malignant human 
tissues (Table 1). Given that no single marker exists that 
robustly and unequivocally recognizes and discriminates 
this unique state, accurate labelling of senescent cells in 
preclinical studies has been difficult83. Only a consistent 
profile of numerous senescence indicators — the most 
prominent of which are damaged DNA, activated DDR 
and/or MAPK signalling, halted cell cycle, expanded 
lysosomal compartment and histone modifications — 
faithfully define senescence. Therefore, studies claim-
ing to have detected senescence in tissue samples on 
the basis of a single marker must be interpreted with 
caution.

Senescent cells in premalignant lesions. Cellular senes-
cence is a common feature in human neoplastic tis-
sues. For example, the senescence marker CXCR2 was 
detected in prostate intraepithelial neoplasia-​derived 
samples84, and PML and ERK were found in benign 
human prostatic hyperplasia-​derived samples85,86. 
Senescent cells expressing both SA-​β-​gal and p16INK4a 
were detected in neurofibroma-​derived samples47. 
Colon adenomas, which are stable precursor lesions 
of invasive colon cancer, were found to be negative 
for the proliferation marker Ki67 and positive for  
SA-​β-​gal87,88. Moreover, colon adenoma-​derived sam-
ples also have elevated expression of p16INK4a, HP1γ  
(an H3K9me3-​enriched senescence-​associated hetero-
chromatin focus-​promoting scaffold that connects H3K9 
methyltransferases to Rb as another binding partner), 
and focal γH2AX expression, indicating enhanced DNA 
damage87,89. p16INK4a, p21 and a variety of SASP factors 
were detected in patient-​derived non-​malignant tissue 
surrounding the tumour boundaries of hepatocellular 
carcinoma lesions90. Nevertheless, the mere detectability 
of senescent cells is not an indication of whether these 
cells will have a tumour-​suppressive or pro-​tumorigenic 
functional role.

Therapy-​induced senescence. Senescence has key impli-
cations not only for tumour development but also for 
responses to anticancer therapy. Indeed, in various 
preclinical models, exposure to chemotherapy drugs 
or radiation increased the presence of senescence 
marker-​positive cells91,92. Confirmation of these results 
in samples derived from patients with cancer undergo-
ing treatment indicated that anticancer therapy might 
lead to the induction and accumulation of senescent 

Box 2 | Differences between senescence and other cellular states associated 
with cell cycle arrest

Senescence24

•	Terminal cell cycle arrest

•	Activation of anti-​apoptotic programmes

•	Morphological and structural changes

•	Increased senescence-​associated β-​galactosidase and lysosomal activities

•	Reprogrammed metabolism and presence of senescence-​associated secretory 
phenotype

•	Paracrine effects on tumour microenvironment (TME)

Quiescence232

•	Temporary cell cycle arrest and preserved proliferative capacity

•	Sensitive to (strong) external growth stimuli

•	Reduced metabolic activities

•	Protection from cellular damage

•	No secondary effects on TME

Autophagy233

•	Usually coupled with cell cycle arrest

•	Increased lysosomal activity

•	Contribution to secondary effects on TME, such as immune system modulation234,235

Dormancy236

•	G0–G1 temporary cell cycle arrest

•	Resistance to cytotoxic drugs

•	Contribution to metastasis

Therapy-​tolerant persister cells237–240

•	Reversible cell cycle arrest upon initial therapy

•	Features of anti-​apoptosis and cell cycle re-​entry capacity

•	Reprogrammed metabolism

•	Non-​cell-​autonomous effects on TME
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cells in malignant and non-​malignant tissues in clini-
cal settings93,94. These findings are not surprising, given 
that most common anticancer therapies can cause DNA 
damage, the major inducer of senescence in both non-​
malignant and cancer cells — albeit with the caveat that 
the thresholds to enter senescence seem to vary between 
malignant and non-​malignant cells, as described for 
apoptosis. Additionally, the vast majority of anticancer 
drugs are administered systemically, thus potentially 
inducing senescence in multiple tissues or compart-
ments. Alkylating agents27,95,96 (for example, cisplatin, 
cyclophosphamide and temozolomide), topoisomer-
ase inhibitors27,65,91,95 (such as doxorubicin, etoposide  
and camptothecin) and γ-​irradiation78, but also micro-
tubule inhibitors27,97,98 (for example, paclitaxel) and, to a 
lesser extent, vinca alkaloids78 (for example, vincristine), 
have all been identified as senescence inducers in pre-
clinical models. An analysis of biopsy-​derived samples 
from patients with prostate cancer treated with mitox-
antrone revealed upregulation of the senescence markers 
p16INK4a and p21 as well as the SASP factors IL-6 and 
IL-8 (ref.68). Staining of samples derived from patients 
with breast cancer who received chemotherapy (various 
regimens) revealed the presence of various senescence 
markers (p16INK4a, p21, p53 and SA-​β-​gal) within malig-
nant lesions93. Another study showed that cytotoxic 
chemotherapy increases cellular senescence (higher 
p16INK4a expression) in the haematopoietic compartment 

in patients with breast cancer and induces long-​lasting 
elevation of the SASP factors VEGFA and CCL2 (ref.99).

Interestingly, chemotherapy promotes senescence 
not only in tumours but also, to a lesser extent and in 
a rather temporary way, in non-​malignant tissues, with 
potential long-term implications for the recovery of  
non-malignant tissue after successful elimination  
of the malignant cell population. In this regard, the detec-
tion of an increased number of T cells overexpressing 
p16INK4a in patients with breast cancer treated with dif-
ferent chemotherapeutic agents is a finding worth high-
lighting because it indicates that immunosenescence can 
occur as a bystander effect of treatment99,100. Neoadjuvant 
chemotherapy is also associated with elevated expression 
of p16INK4a in the mammary duct, lobular and adipose 
tissues of patients with breast cancer101. In tumour-​free 
mice, exposure to the topoisomerase II inhibitor doxoru-
bicin leads to systemically elevated SASP and functional 
impairment reminiscent of accelerated ageing, which 
is only explained in part by direct organ toxicity of this 
chemotherapeutic agent27.

Similar to chemotherapy, radiation is used for 
cancer treatment owing to its ability to generate an 
acute burst of DNA damage. The advantage of radio
therapy is its more local delivery, although not in a 
cancer-​specific manner. Radiation has been shown to 
induce senescence in human head-​and-​neck squa-
mous cell carcinoma-​derived cells102. Analysis of 

Table 1 | Selected studies showing evidence of senescent cells in patients with cancer

Origin of patient samples Senescence inducer Senescence markers Ref.

Premalignant melanocytic naevi from young patients 
(<1 year old)

Oncogenic BRAFV600E ↑ SA-​β-​gal and p16INK4a staining 81

Premalignant melanocytic naevi Oncogenic BRAFV600E ↑ SA-​β-​gal, p21 and p16INK4a staining 82

Prostate intraepithelial neoplasia Various oncogenes ↑ CXCR2 staining 84

Dermal neurofibroma in patients with 
neurofibromatosis type 1

Either NF1 deficiency or oncogenic HRAS ↑ SA-​β-​gal and p16INK4a staining 47

Premalignant colon adenoma DNA damage and various oncogenes ↑ p16INK4a, HP1γ and γH2AX staining 87

Premalignant colon adenoma p53 ↑ SA-​β-​gal and p16INK4a staining 89

Premalignant colon adenoma and stage IV CRC Oncogenic HRAS and KRAS ↑ SA-​β-​gal, phospho-​ERK, HP1γ and 
PAI1 staining

↓ Ki67 staining

88

Peritumoural tissues in the liver of patients with HCC Oncogenic NRAS ↑ p16INK4a, p21 and CCR2 staining 90

Breast cancer Cytotoxic chemotherapeutic agents: 
cyclophosphamide, doxorubicin and 
5-​fluorouracil

↑ SA-​β-​gal, p53 and p16INK4a staining 93

Primary cells isolated from patients with prostate 
cancer

Chemotherapeutic agents: mitoxantrone ↑ CDKN2A, CIP1 and genes encoding 
SASP factors on qPCR

68

CD3+ T lymphocytes or plasma from patients with 
stage I–III breast cancer

Chemotherapeutic agents: 
cyclophosphamide, doxorubicin

↑ CDKN2A on qPCR; ↑ VEGFA and 
CCL2 in ELISA

99

Intermediate-​grade to high-​grade breast cancer Neoadjuvant chemotherapy ↑ p16INK4a staining 101

Salivary gland biopsy samples from patients with 
HNSCC

Radiation ↑ p16INK4a staining 103

HNSCC Radiation ↑ CXCR2 on qPCR 102

Peripheral blood from patients with NHL Radiation ↑ CIP1 on microarray hybridization 104

Cell-​free plasma from patients with breast cancer CDK4/6 inhibitor: palbociclib ↑ IGFBP3 on ELISA 111

CRC, colorectal cancer; ELISA, enzyme-​linked immunosorbent assay; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; NHL, 
non-​Hodgkin lymphoma; qPCR, quantitative PCR; SA-​β-​gal, senescence-​associated β-​galactosidase; SASP, senescence-​associated secretory phenotype.
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non-​malignant submandibular gland samples derived 
from irradiated patients revealed upregulation of 
p16INK4a (ref.103). SA-​β-​gal-​positive cells have been 
found in non-​malignant lung tissues from patients with 
non-​small-​cell lung cancer who had received chemo-
therapy, but not in tumour and non-​malignant lung 
tissues obtained prior to chemotherapy94. Consistent 
elevated expression of p21 was identified by microarray 
hybridization analysis in the white blood cells of patients 
who had received radiotherapy104.

Treatment-​induced premature accumulation of 
senescent cells can also be observed in patients exposed 
to targeted therapies. The CDK4/6 inhibitors palboci-
clib, ribociclib and abemaciclib have a function similar 
to that of p16INK4a, thereby eliciting a stable proliferation 
arrest indicative of cellular senescence105–108. Whether 
this type of senescence is independent of DNA dam-
age is under debate109,110. CDK4/6 inhibitors are able to 
induce a p53-​dependent proliferation arrest with fea-
tures of senescence in non-​malignant cells in culture and 
in vivo111. The pan-​inhibitor of histone deacetylases vori-
nostat, induces cellular senescence in cultured urothelial 
carcinoma and leukaemia cells112,113. Decitabine is a mild 
DNA-​damaging agent and potent DNA methyltrans-
ferase inhibitor that is able to activate, among other loci, 
p16INK4a by modulating methylation at its CpG-​enriched 
regions; this agent induced SA-​β-​gal activity in cultured 
malignant pleural mesothelioma cells114. Drugs target-
ing angiogenesis, such as VEGF inhibitors, can induce 
senescence in preclinical models of colorectal cancer115 
and renal carcinoma116. Furthermore, antiangiogenic 
therapies can also lead to the elevation of serum lev-
els of cytokines in patients117, possibly reflecting a 
SASP-​like response to such agents. Finally, therapeu-
tic antibodies, especially those not conjugated with a 
directly DNA-​damaging and thus cytotoxic payload 
(such as the anti-​CD20 antibody rituximab), promote 
senescence in cultured lymphoma cells118. In a study 
with results published in 2021, the induced senescence 
responses of 13 cancer cell lines to the cytotoxic agent 
etoposide and the Aurora kinase A inhibitor alisertib 
was profiled at the transcriptomic level, resulting in a 
classifier termed SENCAN that can be used as a tool to 
detect cancer cell senescence in vitro119.

Taken together, broad evidence indicates that senes-
cence is an integral effector mechanism induced by most 
anticancer treatment modalities, especially but not solely 
those resulting in DNA damage. Therefore, the com-
plex senescence process is a key long-​term treatment 
outcome in clinical oncology. Additional studies are 
needed to quantify the extent of senescence induction 
in non-​malignant cell compartments as a side effect of 
various therapeutic modalities, to document the tem-
porary nature and/or persistence of such cells, and to 
gain deeper insights into their potential beneficial or 
detrimental role in long-​term tumour control and organ 
regeneration in patients with cancer.

Senescence and tumour suppression
Growth arrest. Senescent cells are in a stable state of cell 
cycle arrest, which presents a natural barrier to tumor-
igenesis (Fig. 1). OIS is a senescence programme driven 

by activated oncogenes, especially members of the RAS 
and BRAF families. Such mitogenic moieties overwhelm 
non-​malignant cellular growth control mechanisms 
by fuelling various aberrant signalling pathways and 
unscheduled DNA replication in particular. The cellular 
counter-​response upon sensing unleashed pro-​mitotic 
activity is to trigger a firm proliferation arrest, highlight-
ing the directly protective role of senescence as a switch 
against tumour initiation and development120. Studies in 
various mouse models, supported by correlative evidence 
from human-​derived tissue samples, have underscored 
the tumour-​suppressive role of OIS81,120–123.

In mice harbouring oncogenic Ras but lacking intact 
alleles of Suv39h1 or carrying a p16INK4a-​insensitive 
constitutively active CDK4 mutant, tumour devel-
opment occurred that was otherwise controlled by 
Ras-​induced senescence120,124. Hence, disruption of 
senescence-​essential genes, particularly those encoding 
key mediators of cell cycle arrest, predisposes organ-
isms to develop cancer. Whether senescence induction 
and/or maintenance is fully dependent on individual 
gene activities, such that their inactivation would pre-
vent or terminate the process, is not entirely clear; for 
example, particularly strong pro-​senescence triggers 
can still evoke senescence in the absence of functional 
TP53 alleles78. Conversely, inactivation of Tp53, the 
genes encoding either one of the three Rb family mem-
bers or Suv39h1 in already senescent cells enables cell 
cycle re-​entry out of the terminal arrest condition5,125,126. 
Tp53-​knockout mice are born at normal Mendelian 
ratios and lack apparent phenotypic alterations but 
are prone to develop spontaneous tumours at around  
6 months of age127,128. Similarly, about two-​thirds of mice  
with knockout of Cdkn2a (the locus encoding p16INK4a 
and the p53 upstream regulator p19ARF) develop fibrosar-
comas, sarcomas or lymphomas at 5–9 months of age129. 
Both models, however, recapitulate a compound defect 
of senescence and apoptosis: mice with Tp53 knockout 
and, to a much lesser extent, those with Cdkn2a knock-
out also have impaired DNA repair and thus, accumulate 
DNA damage. This scenario complicates assessment of 
the selective contribution of senescence to tumour sup-
pression in these models. Of note, mouse models solely 
lacking senescence-​mediating gene activities as a lost 
tumour-​suppressor principle still need the activation 
of an oncogenic driver in such a ‘reverse tumorigenesis’ 
sequence; for example, spontaneous selection for activa-
tion of Ras or another oncogene in senescence-​incapable 
cells. By contrast, genetic models driven by constitutively 
activated Ras and in which senescence is genetically 
ablated typically develop macroscopic tumour lesions 
with much shorter latencies. A variety of spontaneous 
tumours were observed at an average age of 16 months in 
mice with knockout of Cip1 (the gene encoding p21)130. 
Double knockout of Cdkn2a (with the locus encoding 
p19ARF left intact) and Cip1 rendered mice extremely 
susceptible to carcinogen-​induced skin cancer, typically 
driven by Hras mutations131. Of note, 38–50% of human 
cancers carry inactivating alterations in TP53 (ref.132), 
48–80% in CDKN2A133 and 14% in CIP1 (ref.134), while 
15–20% and up to 8% harbour oncogenic mutations in 
RAS and BRAF, respectively135,136.
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Importantly, the tumour-​suppressive function of 
senescence is further enhanced by cell-​extrinsic mech-
anisms. Indeed, senescent cells are able to promote 
senescence of adjacent cells through both the SASP 
and direct cell–cell interactions, thus also limiting the 
propagation of not yet senescent premalignant or fully 
malignant cells in their vicinity63,84,137–139. In some cases, 
SASP factors enforce apoptosis or necrosis of surround-
ing cells. For example, the SASP factor TNFα can induce 
ROS-​dependent apoptosis in human-​derived cancer cell 
lines140, while IL-6 triggers apoptosis in cultured neo-
plastic T lymphocytes141. Hence, senescence operates 
as an antitumour barrier in vivo, and SASP-​mediated 
paracrine control of potential precursor lesions in the 
environment further enhances its robustness.

Immune surveillance. An increasing body of evidence 
supports the important role of oncogene-​driven senes-
cent cells in promoting cancer immunosurveillance. 
Premalignant senescent cells seem to be primed for 
clearance by the immune system; for example, macro
phages recruited via secretion of CCL2 and further 
activated through CD4+ T cell assistance eliminate 
NrasG12V-​senescent premalignant hepatocytes in mice142. 
Global remodelling of the super-​enhancer landscape in 
HRASG12V-​induced senescent human cultured fibroblasts, 
specifically via recruitment of the chromatin reader 
bromodomain-​containing protein 4 to SASP-​gene-​
adjacent super-​enhancer sites in the genome, was found 

to have a crucial role in immunosurveillance when these 
fibroblasts were injected into mice143. Indeed, inhibition 
of bromodomain-​containing protein 4 suppressed the 
SASP programme and disrupted the immune clearance 
of these premalignant OIS cells143. The tumour suppres-
sor p53–p21 axis cell-​autonomously controls the OIS 
response, but additionally mediates communication 
between senescent cells and immune cells, presumably via 
the SASP144–146. Specifically, restoration of Tp53 in mouse 
models of lymphoma and sarcoma led to tumour regres-
sion with features of cellular senescence, thereby imply-
ing that p53-​mediated apoptosis and senescence-​evoked 
immune clearance are the underlying mechanisms144. 
Interestingly, similar findings were observed in a mouse 
model of liver cancer upon restoration of p53. Notably, 
this process was mediated by the innate immune clear-
ance triggered by the SASP factors CSF1, CCL2, IL-15 and 
CXCL1 (ref.145). p53 cooperates with the NF-​κB pathway 
to regulate SASP factors that can activate macrophages to 
form a tumour-​suppressive microenvironment147,148. In a 
different mouse model of liver cancer, sustained expres-
sion of p21 was found to induce a senescence programme 
with a peculiar secretory phenotype including CXCL14 
and IGFBP3, which contributed to macrophage and lym-
phocyte recruitment to the tumour site, thus activating 
immunosurveillance mechanisms146. Notably, oncogenic 
Ras overexpression also activated immune surveillance 
functions that protected from oncogenic growth via  
p21-​dependent senescence146.
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Oncogenes
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Growth
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↑ Immune surveillance
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↑ Secondary cell death

Metabolic
changes
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↑ SA-β-gal 
activities

↑ p16INK4a ↑ p53 ↑ p21

Senescent cell

Fig. 1 | Cell-intrinsic and cell-extrinsic roles of oncogene-induced senescence in tumour suppression. Oncogene-​
induced senescence (OIS) is a senescence programme driven by activated oncogenes (for example, NRASG12V and 
BRAFV600E). OIS forms a natural barrier to tumorigenesis by inducing stable growth arrest of premalignant cells, reinforced 
by cyclin-​dependent kinase inhibitors (such as p16INK4a and p21). Thus, OIS operates as a cell-​intrinsic tumour-​suppressive 
mechanism. Cells undergoing senescence (including OIS) acquire metabolic changes and the senescence-​associated 
secretory phenotype (SASP), both of which mediate tumour suppression in a cell-​extrinsic manner. SASP factors, including 
chemokines, cytokines, growth factors and enzymes, can induce paracrine senescence or a stable proliferation arrest  
in neighbouring cancer cells. Some SASP factors also enhance immune surveillance, which, in turn, accounts for the 
clearance of senescent cells. Moreover, SASP factors can induce secondary cell death in the cancer cell population.  
NK, natural killer; SA-​β-​gal, senescence-​associated β-​galactosidase.
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As opposed to apoptosis-​mediated tumour suppres-
sion, senescence-​mediated tumour suppression is dif-
ficult to study in p53-​dependent settings, and has been 
genetically dissected in a Myc-​driven mouse model of 
lymphoma, in which apoptotic remnants of lymphoma 
cells triggered the activation of macrophages, which 
subsequently secreted senescence-​promoting TGFβ 
that induced tumour-​suppressive senescence in the 
lymphoma cell compartment121. These steps could be 
attributed to lymphoma cells (through Bcl2-​mediated 
apoptotic block or Suv39h1 knockout-​based senes-
cence incapability) and macrophages (through interfer-
ence with TGFβ production), respectively, and all led 
to accelerated lymphoma growth in vivo121. As seen in 
response to p53 and/or p21 reactivation, restoration of 
melanoma senescence by pharmacological inhibition or 
genetic inactivation of H3K9me3 demethylases led to the 
recruitment of macrophages to tumour sites in vivo149. In 
mouse models of aggressive B cell lymphomas harbour-
ing NF-​κB-​deregulating mutations, activating Myd88 
or Card11 mutations accelerated lymphomagenesis 
despite enforcing OIS in a substantial proportion of 
Eµ-​myc lymphoma cultured cells. Conversely, these cells 
constituted the senescence-​associated immunogenic 
tumour population that underwent selective and direct 
elimination by primed CD8+ T cells upon inhibition of 
PD-​L1. This finding provided the first demonstration 
of an immunogenic switch of senescent cells recognized 
by the adaptive immune system and leading to delayed 
tumour progression in mice150. Thus, therapeutic inter-
ference with key factors modulating innate or adaptive 
immune responses is a promising strategy to enhance 
the clearance of premalignant OIS cells and prevent 
tumour progression.

Immunogenic effects can also be observed in the con-
text of anticancer therapy, in particular, in tumours that 
enter therapy-​induced senescence (TIS) in response to a 
variety of different antineoplastic agents. Combinations 
of inhibitors of MEK and CDK4/6 potently induced cel-
lular senescence accompanied by NF-​κB-​driven SASP 
in a Kras-​mutant-​driven mouse model of lung cancer151. 
In these mice, the SASP components TNFα and ICAM1 
subsequently elicited natural killer (NK) cell-​mediated 
immunosurveillance that contributed to tumour 
regression151. Dual inhibition of MEK and CDK4/6 
also led to senescence phenotypes in a mouse model 
of Kras-​mutant pancreatic ductal adenocarcinoma 
(PDAC)152. Importantly, SASP factors secreted by the 
senescent PDAC cells contributed to vascular remod-
elling, which facilitated drug delivery and promoted 
the accumulation of CD8+ T cells whose cytotoxicity 
could be enhanced through antibody-​mediated inhi-
bition of PD-1 (ref.152). Moreover, in a mouse model of 
breast cancer, CDK4/6 inhibition-​driven cellular senes-
cence also triggered antitumour immunity, mediated by 
suppression of regulatory T cells and re-​expression of 
endogenous retroviral elements, which elicited an inter-
feron response106,153. Complementary findings unveiled 
enhanced CD8+ T cell cytotoxicity following CDK4/6 
inhibition in other breast cancer models154. Finally, 
chemotherapy-​mediated NF-​κB induction in lymphoma 
TIS mouse models controlled tumour growth at least in 

part through the recruitment of innate immune cells, 
namely macrophages64,155.

Collectively, these findings suggest that TIS functions 
as a potent tumour ​suppressor not only by cell-​intrinsic 
growth control but also through immune-​mediated 
cell-​extrinsic mechanisms. Nevertheless, the characteris-
tics of the SASP-​modulated immune cell activity, and in 
particular the actual senescence-​associated neoepitopes 
recognized by the adaptive immune system, remain to 
be characterized.

Senescence and tumour promotion
Cell-​extrinsic mechanisms of senescence, mainly the 
SASP, might have paradoxical tumour-​promoting prop-
erties (Fig. 2). Several SASP factors are associated with 
pro-​tumorigenic processes, including chronic inflam
mation, mitogenic signalling, stemness, angiogenesis, 
migration and invasion, genotoxicity and immuno
suppression84,156 (Supplementary Table 1 and Fig. 2). 
Pioneering studies showed that senescent cells promote 
the malignant conversion of otherwise non-​malignant 
cells both in vitro and in vivo157, and that they stimu-
late the proliferation of fully transformed breast cancer 
cells in immunocompromised mice157,158. Orthotopic 
co-​transplantation of cells with senescence induced 
by BRAFV600E and thyrocytes with thyroid cancer cells 
in mice increased the tumour invasion ability of the 
latter159. Doxorubicin-​induced systemic senescence 
contributed to breast cancer metastasis in an orthotopic 
mouse model. Moreover, these detrimental effects were 
neutralized via genetic or pharmacological clearance of 
senescent cells27. Doxorubicin treatment also induced 
senescence in the MMTV-Wnt1 breast carcinoma mouse 
model, in which the senescence response was linked to 
impaired tumour growth and recurrence by competing 
with and thus protecting against apoptosis as an ulti-
mate ‘cytolytic end point’, further aggravated by mito-
genic SASP effects160. Non-​malignant brain cells with 
radiation-​induced senescence contributed to the growth 
of glioma cells in mice, which was blunted with the seno-
therapeutic agent navitoclax161. Correlative evidence for 
pro-tumorigenic functions of senescence has also been 
found in studies of patient-derived samples. For example, 
the SASP of cultured human melanoma cells was shown 
to exert pro-tumorigenic and pro-metastatic properties 
in a xenograft mouse model162. Moreover, a senescence- 
associated gene signature was identified in the peritu-
moural area of hepatocellular carcinomas both in mice 
and humans, with the presence of this signature in the 
latter correlating with poor overall survival90.

SASP-​mediated tumorigenesis. Many studies have 
highlighted the pro-​tumorigenic activity of individual 
SASP factors. IL-6 and IL-8, two well-​characterized and 
abundant SASP factors, are known drivers of cancer 
proliferation163,164. CCL5 can promote cancer cell pro-
liferation through the activation of c-​MYC and cyclin 
D1 (refs.165,166). HGF stimulates mitogenic signalling 
cascades in cancer cells and cooperates with MMPs to 
further accelerate cancer progression158. The ability of 
senescent cells to support metastatic growth is asso-
ciated with tissue remodelling properties that can be 
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attributed to various SASP factors. For example, IL-6 
promotes angiogenesis and, conversely, the fraction 
of CD31-​expressing endothelial cells in tumours was 
reduced in Il6 knockdown mice163. Other SASP factors, 
such as CXCL5 and VEGF, increase blood vessel den-
sity in tumour xenograft models167,168. In addition to 
angiogenesis, SASP factors can promote migration and 
invasion. MMPs operate as master regulators of cancer 
invasiveness through degradation of extracellular matrix 
components, thereby facilitating tumour dissemination 
to secondary sites169. Accordingly, in prostate tumours 
with Pten-​loss-​induced senescence, genetic ablation 
of Timp1 (encoding a metalloproteinase inhibitor fac-
tor) operates as a switch favouring the development of 
metastases via effects on the function and relative abun-
dance of certain SASP factors, such as MMPs, GDF-15, 
FGF1 and IGFBP5 (ref.170). Of note, IL-6 and IL-8 can 
contribute to MMP induction via activation of the tran-
scription factor STAT3 (refs.171,172). In a mouse model of 
Cdkn1b overexpression-​induced senescence, IL-6 pro-
moted osteoclast formation and, thus, a more penetrable 
TME for breast cancer bone metastasis173. Furthermore, 
CXCL12 release from senescent thyrocytes stimulated 

thyroid cancer cells to invade lymph nodes in a mouse 
xenograft model159. Moreover, soluble E-​cadherin 
secreted by p19ARF-​expressing senescent cells enhanced 
melanoma cell metastasis and invasiveness in vitro and 
in vivo174. Importantly, many of the aforementioned 
effects ascribed to the senescent state reflect well-​
established biological properties of these growth fac-
tors. Aspects that remain to be determined are whether  
the local or systemic elevation of these factors is truly the 
result of an accumulation of senescent cells, and whether 
the burden of senescent ‘persister’ cells (either residual 
malignant or stressed non-malignant cells) is sufficiently 
high to account for the attributed effects in patients with 
cancer.

SASP-​mediated immune evasion. Another important 
mechanism by which senescent cells and their SASP 
indirectly contribute to cancer progression and relapse is 
the negative modulation of the immune system. In con-
trast to the already discussed immune-​activating proper-
ties of senescent cells in specific TMEs, studies in several 
mouse models have shown that SASP factors can sup-
press host immunity under certain circumstances. Via 
secretion of CCL2, hepatocytes with NrasG12V-​induced 
senescence attracted a subset of CCR2+ myeloid cells that 
engaged cytotoxic NK cells, eventually blocking tumour 
immune surveillance90. IL-6-​secreting senescent cells 
residing in the tumour stroma were shown to recruit 
myeloid suppressor cells (expressing CD11b and Gr-1) 
and reduce antitumour T cell immune surveillance175. 
Moreover, IL-6 and IL-8 also enhanced the surface 
expression of HLA-​E that interacts with the inhibitory 
receptor NKG2A, thereby blunting the activity of cyto-
toxic NK cells and mature CD8+ T-​cells176. In Pten-​null 
senescent prostate tumours, activation of the Jak2–Stat3 
pathway led to an immunosuppressive TME mediated 
by various SASP factors. In turn, SASP reduction and 
remodelling by JAK2 inhibitors restored antitumour 
immunity177. Thus, fine-​tuning the release of SASP fac-
tors is a strategy that could help re-​establish or improve 
cancer immunosurveillance.

Reversibility of senescence in cancer. SAPA might not 
always mark an irreversible end point for all cells within 
a population of presumably senescent cancer cells, and 
those that escape cell cycle arrest are likely to contrib-
ute to a clinical cancer relapse5,178. This phenomenon 
is distinct from partial, defective or irregular states of 
senescence that collectively account for states lacking 
certain aspects of the full-​featured senescence response 
(that can be referred to as ‘light senescence’, senescence-​
like or pseudo-​senescent states) (Box 2). Not surprisingly, 
reversible senescence is often, albeit not exclusively, 
observed in the context of TIS. Unlike the continuous 
pro-​senescent DNA replication stress enforced by con-
stitutively active mitogenic oncogenes, cells entering 
senescence after just a single dose of a genotoxic agent 
undergo DNA damage stress to a lesser extent, espe-
cially if previous DNA damage events have been largely 
resolved by DNA repair attempts. Upon a single expo-
sure to chemotherapy, maintenance-essential DDR sig-
nalling can only emanate from remaining damage sites, 
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particularly the irreparable telomeres179. Besides, senes-
cent cells are metabolically highly active and turn around 
crucial maintenance factors of the senescence response. 
For example, they need to renew transcriptionally repres-
sive H3K9me3 marks in the vicinity of E2F target gene 
promoters caused by nucleosome turnover149,180. Of note, 
genetic interference with senescence-​essential factors, 
especially using inducible systems, underscored that, 
similar to other biological states, senescence is not neces-
sarily irreversible125,126,149. In a lymphoma mouse model, 
spontaneous cell cycle re-entry was tracked through stain
ing of several senescence and proliferation markers, and 
observed in a rare subpopulation of faithfully senescent 
cells that regained DNA replication capacity during 
TIS5. Even cancer cells with major genetic defects in 
senescence programmes, such as TP53 mutations, could 
potentially enter senescence if exposed to a sufficiently 
high dose of DNA-​damaging agent91, although this 
response might not be as deep and lasting as that elicited 
in cells lacking these alterations. Indeed, a small propor-
tion of H1299 TP53-​null lung cancer-​derived cells with 
senescence induced by the topoisomerase I inhibitor 
camptothecin were able to resume proliferation 18–24 
days after treatment in a process mediated by CDK1 
(refs.94,181). Doxorubicin-​induced senescent MCF7 breast 
cancer cells retaining wild-​type TP53 but harbouring a 
PIK3CAE545K mutation were able to form colonies upon 
drug removal182. Chemotherapy-​induced senescent 
H460 lung cancer cells and HCT116 colon cancer cells 
also regained proliferative capacity as early as 6 days 
after removal of etoposide or doxorubicin. At this time 
point, however, cultured cells are typically expected to 
exhibit full-​featured TIS, thereby leading to questioning 
whether a full senescence state had been established183. 
The PARP inhibitor olaparib induced a senescence-​like 
proliferation arrest in ovarian cancer-​derived cultured 
cells that relied on the continuous provision of the drug. 
Indeed, this state was reversible upon removal of the 
PARP inhibitor, but nevertheless led to the proposition 
that the temporary senescent state switch may be a novel 
therapeutic opportunity (discussed below)184.

Escape from proliferation arrest is not exclusively 
found in TIS and has also been reported in the context  
of OIS. For example, reactivation of telomerase activity  
or deletion of CDKN2A contributed to escape from 
HRASG12V-​induced or BRAFV600E-induced senescence 
programmes in various human cell types in culture185. 
Unlike loss of p16INK4a and p19ARF expression, however, 
overexpression of hTERT prior to the activation of these 
oncogenes did not prevent the onset of senescence63,186.  
Fibroblasts with HRASG12D-induced senescence and 
melanocytes with BRAFV600E-induced senescence 
resumed proliferation in culture upon induction  
of KDM4C, an H3K9me3-active demethylase, out of 
senescence149. Similarly, inactivation of a regulatable 
variant of Suv39h1 in mice permitted lymphoma cells 
with doxorubicin-induced senescence to re-enter the 
cell cycle5,178. Moreover, a proportion of oncogenic cul-
tured cells with CDC6-induced senescence had spon-
taneously escaped from proliferation arrest 4 weeks 
after senescence induction. These ‘escapers’ harboured 
genomic alterations caused by chromosome inversion 

that favoured senescence evasion and an aggressive 
cancer phenotype187.

Of note, culture adaptation is a strong selector against 
an intact senescence response, especially if multi-​passage 
cell lines and not primary cells are used188. Even with 
formally intact TP53 or CDKN2A alleles, cancer cell 
lines often harbour other mutations that impair max-
imal senescence capacity, making it virtually impossi-
ble to judge whether their regrowth potential out of a 
senescence-​like arrest condition truly reflects senescence 
escape, or re-​progression from a never fully entered 
senescence state (a process referred to as ‘senescence 
bypass’). Biological heterogeneity as well as unequal 
distribution of therapeutic agents in tissues might 
account for a similar phenomenon in vivo that, despite 
being likely, remains to be investigated in greater detail. 
Nevertheless, robust evidence from studies in primary 
cell cultures supports the view that fully senescent cells 
might indeed re-​acquire proliferative capacity while 
remaining, to some extent, locked into other features 
of cellular senescence5,149. Such evidence not only sheds 
light on a potential mechanism underlying clinical 
relapses but also emphasizes that the state after senes-
cence is a dissociated one that combines partial pres-
ervation and partial reversal of senescence-​associated 
phenotypes. Thus, escape from senescence could occur 
if loss of maintenance-​essential genes permits cell cycle 
re-​entry despite an epigenetically firmly secured senes-
cent arrest. Such a transition, however, should be con-
sidered as a biological progression rather than as actual 
reversibility of senescence. The unequivocal demonstra-
tion of the existence of senescence reversibility mecha-
nisms requires in vivo tracking systems that are currently 
not available.

Senescence-​associated stemness. Adding to the stemness-​
instructive paracrine effects that SASP factors can 
exert3,4, other reprogramming mechanisms can under-
lie cell-​intrinsic senescence-​associated stemness; that is, 
the de novo formation of cancer stem cells that drive 
aggressive relapse via their tumour re-​initiating self-​
renewal potential. One such process was described in 
a TIS mouse model in which WNT pathway mediators 
and activation of MEK–MAPK and PI3K–AKT signal-
ling, which subsequently inhibited glycogen synthase 
kinase-3β and thus β-​catenin degradation, activated 
stemness properties5. In a mouse model of oncogene-​
driven breast cancer, expression of the NF-κB cascade-​
activating receptor RANK in mammary epithelial cells 
elicited both senescence and stemness. Although tumour 
onset was delayed, tumour growth and aggressiveness 
were favoured in the long term189. The gain of stem-
ness and aggressive growth properties has also been 
observed in other settings in which previously fully or 
partially senescent cancer cells resumed proliferation178. 
Similar characteristics were seen in CIP1-overexpressing  
TP53-null cultured cancer cells, which entered a transient 
senescent state but quickly escaped with enhanced can-
cer stem cell properties and an aggressive phenotype190. 
Further supporting these findings, senescence-like resil-
ient phenotypes induced by cytarabine were observed 
in cultured acute myeloid leukaemia cells that might 
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hypothetically act as leukaemia-​reinitiating stem cells 
and promote relapse in patients191. Importantly, retained 
senescence-​associated gain of stemness in senescence 
escapers has been demonstrated in samples derived from 
patients with relapsed diffuse large B cell lymphoma that 
exhibited strong enrichment for WNT signalling activity 
reminiscent of senescence-​associated stemness5.

Implication for treatment-​related AEs
In addition to their potential pro-​tumorigenic role, 
SASP factors might explain or contribute to some of 
the adverse events (AEs) associated with anticancer 
therapies (Fig. 3). In patients with cancer, older age 
(>65 years) is associated with reduced tolerance to 
anticancer treatment27 and a greater risk of developing 
serious AEs192, as well as genetic alterations that might 
lead to reduced sensitivity to treatment; together these 
features constitute major hurdles for the successful 
administration of antineoplastic therapies at efficient 
doses. Interestingly, high expression of p16INK4a in circu-
lating T cells before treatment, presumably a surrogate  
biomarker of system-wide senescent cell burden, cor-
relates with severe chemotherapy-​induced fatigue in 
patients with breast cancer, suggesting that senescent 
cells might contribute to the reduced tolerance of older 
individuals to anticancer therapies27. Ageing exacerbates 
the toxicity of these treatments and, in addition, some 
of them can also accelerate the onset of age-related dys-
functions, rendering chemotherapy a potential inducer 

of premature ageing via induction of senescence and 
SASP193,194.

Cancer survivors are at an increased risk of devel-
oping secondary primary malignancies and non-cancer 
chronic diseases, such as chronic heart failure, coronary 
heart disease and pulmonary fibrosis, earlier and faster 
than the general population as a result of impaired organ 
function195,196. Examples of such accelerated ageing pheno
types have been observed in survivors of childhood can-
cers who are cured from their malignant diseases but 
tend to develop chronic conditions — such as cardio-
vascular dysfunction, ischaemic cardiac failure, renal 
and hepatic disorders, diabetes, poor fitness, muscular 
weakness and cognitive decline — two decades earlier 
than individuals with no history of paediatric cancer 
treatment197,198. Indeed, experimental evidence suggests 
that these manifestations of accelerated ageing in can-
cer survivors are associated with systemic senescence 
and SASP factors, probably as a result of anticancer 
therapy199. Childhood cancer survivors have premature 
accumulation of T lymphocytes expressing high levels 
of p16INK4a and have higher circulating concentrations of  
the pro-​inflammatory SASP factors IL-10 and IL-17 
(refs.193,197). Acceleration of age-​associated dysfunctions 
and frailty can also be observed in survivors of cancers 
in adulthood, who tend to have a higher incidence of 
hospitalization, chronic diseases and non-​cancer-​related 
mortality200, although a causal link between anticancer 
therapy and senescence dependency are technically 
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dysfunction

Fatigue and 
frailty

Hepatic failure

Renal failure

Inflammation

Bone loss

Muscle 
weakness

Reduced
tolerance
of therapy

Endogenous
senescent cells

Therapy-induced
senescent cells

SASP

Fig. 3 | Role of senescent cells in treatment-related adverse events. Endogenous senescent cells in different tissues of 
older individuals (>65 years) reduce tolerance to cancer therapy and contribute to cancer progression. By contrast, cancer 
therapies can also induce senescence in different tissues and organs, thereby mimicking accelerated ageing. These 
senescent cells and associated detrimental SASP factors contribute to treatment-​related adverse events, such as fatigue, 
frailty, cardiac dysfunction, hepatic failure, renal failure, general inflammation, bone loss and muscle weakness. SASP, 
senescence-​associated secretory phenotype.
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difficult to demonstrate. As in children and adolescents, 
TIS is also believed to be a major driving force of frailty 
and other AEs in adults owing to its detrimental effect 
on tissue function via chronic inflammation, similar to 
‘inflammaging’, which is a chronic mild inflammatory 
process that develops with age198,200,201.

Studies in mouse models have demonstrated that 
TIS promotes cardiac dysfunction, inflammation, 
bone loss, muscle weakness, renal and hepatic failure, 
haematopoietic insufficiency, and overall frailty27,111,202. 
Despite the presumably temporary presence of TIS cells 
in non-​malignant tissues, a fact that should not be over-
looked is that certain cancer types and stages require 
continuous dosing or extensive treatment cycles, fol-
lowed by next-​line protocols if no longer effective, often 
resulting in many months or even years of chronic drug 
exposure.

Senotherapies in cancer
The preclinical evidence of increased secondary 
tumour incidence, aggressive relapses and chronic 
treatment-​related toxicity as a putative result of per-
sisting TIS cells, further aggravated by the ageing-​related 
accumulation of endogenously senescent cells, under-
scores the rationale for senolytic therapeutic approaches 
(Fig. 4). Senotherapy can refer to the selective elimina-
tion of senescent cells using agents termed senolytics 
(Supplementary Table 2) or to the reduced produc-
tion and secretion of SASP factors using drugs called  
senomorphics (Supplementary Table 3).

Senolytic therapy. In the first demonstration of effective 
senolysis in a cancer context, specifically delayed tumour 
growth in a mouse model, the autophagy inhibitor bafi-
lomycin promoted caspase-​dependent lymphoma cell 
death via the endoplasmic reticulum-​associated proteo-
toxic pathway, following TIS using cyclophosphamide45. 
Importantly, the same therapeutic sequence failed to 
delay tumour growth beyond the effect of cyclophos-
phamide alone in mice harbouring lymphomas that were 
genetically senescence-​incapable. Senolytic drugs mainly 
target anti-​apoptotic pathways that are upregulated 
in senescent cells to ensure survival despite enhanced 
stress signalling. Navitoclax, a BCL-2 family inhibitor 
targeting the proteins BCL-2, BCL-​XL and BCL-​W, 
selectively kills senescent cells in culture (including rep-
licative lifespan-​exhausted, (pre)malignant and virus-​
induced senescent cells), and in sublethally irradiated 
or aged mice. Navitoclax-​related depletion of senescent 
cells also ‘rejuvenated’ the regenerative capacity of aged 
haematopoietic stem cells and muscle stem cells in mice 
without cancer203. In the context of cancer, exposure to 
navitoclax following doxorubicin or etoposide effec-
tively induced tumour regression in a mouse xenograft 
model204. Navitoclax was also able to efficiently kill 
ovarian and breast cancer cells that underwent PARP 
inhibitor-​related senescence in vitro and in mouse 
xenografts184. Galacto-​conjugated nanoparticles with 
navitoclax (nav–gal) can be specifically activated by a 
high SA-​β-​gal activity and can selectively kill senescent 
cells. Co-​exposure to cisplatin and nav–gal resulted in 
enhanced elimination of lung cancer cells both in vitro 

and in vivo205. In mice with doxorubicin-​induced senes-
cence, the BET family protein degrader ARV-825 had 
effective senolytic activity against senescent hepatic 
stellate cells and delayed liver cancer development206. 
In a mouse model of liver cancer, the mTOR inhibitor 
AZD8055 also showed senolytic potential against cancer 
cells with senescence induced by small-​molecule inhib-
itors of CDC7 (ref.207). Cardiac glycosides, including the 
widely prescribed digoxin, were able to selectively kill 
TIS cancer cells in culture and in vivo208,209.

The immune system can also elicit endogenous seno-
lytic effects following TIS. For example, dual inhibition 
of MEK and CDK4/6 induced senescence in a mouse 
model of Kras-​mutant PDAC, favoured tumour vascu-
larization and endothelial cell activation, and ultimately 
enhanced the efficacy of anti-​PD-1 antibodies in this 
model152. Moreover, CAR T cells targeting uPAR on 
the surface of senescent cells have been developed as 
promising cell-​based senolytics22. Mice with lung ade-
nocarcinomas were first exposed to a combination of 
MEK and CDK4/6 inhibitors to induce senescence, and 
then received uPAR-​targeting CAR T cells to selectively 
kill those senescent cells, leading to a marked delay in 
tumour growth22.

Other senolytic drugs have been widely used in the 
settings of ageing and other disease models. ABT-737 
is another BCL-2, BCL-​XL and BCL-​W inhibitor that 
induced apoptosis in senescent cells within the lung 
upon radiation-​induced DNA damage and in lung epi-
dermal cells with p53 hyperactivation caused by trans-
genic overexpression of p14ARF (the human homologue 
of p19ARF)210. Removal of senescent cells by ABT-737 
in the liver also enhanced liver regeneration in adult 
mice without cancer211. The BCL-​XL-​selective inhib-
itors A1155463 and A1331852 have been developed 
as promising senolytic drugs212. The broad-​spectrum 
tyrosine kinase receptor inhibitor dasatinib combined 
with quercetin, a flavonoid with extended activity 
against various kinases, including SRC and PI3K, has 
been extensively investigated as a senolytic combina-
tion regimen213. In mice, this combination selectively 
killed transplanted senescent cells, delayed the decline 
in physical activities and extended lifespan21. Notably, 
dasatinib–quercetin has already been administered to 
patients with diabetic kidney disease as a putative seno-
lytic regimen in clinical trials214. Exposure to this com-
bination reduced the abundance of senescent cells and 
the pro-​inflammatory SASP factors in human adipose 
tissues21, and improved organ function of patients diag-
nosed with idiopathic pulmonary fibrosis215. Similar to 
quercetin, fisetin is a flavonoid that was identified as a 
senolytic drug that can remove senescent cells, thereby 
improving the healthspan and lifespan of progeroid mice 
upon long-​term exposure216. Moreover, a study using an 
SA-​β-​gal screening system identified the HSP90 inhib-
itor 17-​demethoxy-​geldanamycin as a potent senolytic 
drug217. FOXO4-​DRI is a peptide designed to disrupt the 
p53–FOXO4 interaction, thereby selectively inducing 
apoptosis in senescent cells. Removal of senescent cells 
using FOXO4-​DRI neutralized doxorubicin-​induced 
toxicity in vivo and restored general fitness as well as 
renal function in aged animals218. Senolytic drugs have 
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selectively kill senescent cells that have detrimental pro-​tumorigenic effects (see Supplementary Table 2).  
b | Senomorphic therapy inhibits the signalling pathways that regulate the senescence-​associated secretory  
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also shown activity in the context of SARS-​CoV-2 infec-
tion (Box 1). Given all these exciting findings, more pre-
clinical but, ultimately, clinical studies (some of which 
are ongoing) are needed to demonstrate whether the 
long-​term benefits of senolytics outweigh their poten-
tial toxicities, and to identify the most effective dose 
schedules, especially regarding one-​time versus repeated 
administration of senolytic agents.

Senomorphic therapy. Given that the majority of 
tumour-promoting and chemotoxicity-promoting func-
tions of senescent cells seem to be causally related to the 
SASP, senomorphic SASP inhibitors could be used as 
effective alternatives to senolytics, thereby potentially 
preserving the less SASP-dependent pro-immunogenic 
functions of senescent cells, especially tumour immuno
surveillance in the context of cancer cell senescence. 
SASP inhibitors, however, might require long-term 
administration because most of their effects are likely to 
vanish upon drug discontinuation. NF-κB-mediated sig-
nalling is the master regulator of the pro-inflammatory 
role of the SASP. Metformin, to some extent, prevents 
nuclear translocation of NF-κB pathway components 
and their subsequent transactivation at target gene pro-
moters, thereby reducing expression of various SASP 
factors and potentially explaining, at least in part, the 
anti-ageing and antitumour effects of metformin in 
both mouse models and patients with diabetes219. In 
various preclinical studies, the mTOR inhibitor rapa-
mycin might have the context-dependent potential 
to induce senescence45, diminish NF-κB activity65,66, 
suppress the pro-inflammatory SASP at the transla-
tional level, and limit the growth-promoting effect of 
senescent bystander fibroblasts on prostate tumours66. 
Hypoxia mimetics (such as roxadustat) interfere 
with the expression of various SASP factors by atten-
uating mTOR activation, and have been shown to 
reduce senescence-mediated AEs in a mouse model 
of doxorubicin-induced senescence220. Inhibitors of 
the p38 pathway were also found to suppress the SASP, 
leading to reduced bone loss and metastasis in a mouse 
model of TIS breast cancer202,221,222. Inhibition of the JAK 
signalling pathway in aged animals reduced inflammag-
ing and alleviated age-related frailty; a number of JAK 
inhibitors are being tested in clinical trials involving 
patients with myelofibrosis, acute myeloid leukaemia 
or lymphomas223,224.

Antibodies against SASP factors also hold the poten-
tial to limit detrimental senescence-​associated func-
tions. Siltuximab, a neutralizing anti-​IL-6 monoclonal 
antibody approved for the treatment of multicentric 
Castleman disease, is being tested in various onco-
logical settings225. Canakinumab, an antibody inhib-
iting IL-1β that is approved for the treatment of a 
variety of pyrexia-​featured inflammatory syndromes, 
has shown some activity in various trials involving 
patients with non-​small-​cell lung cancer226. These 
and other agents require in-​depth follow-​up inves-
tigations in appropriate model systems and clinical 
trials to pinpoint their specific anticancer efficacy as 
senescence-​dependent, SASP-​suppressing agents beyond 
unspecific anti-​inflammatory potential.

The phenotype of senescent cells is highly hetero
geneous, with subsets of senescent cells exhibiting only a 
partial SASP, and thus a fundamentally different strategy 
to capitalize on the beneficial side of senescence might 
be the identification of compounds that promote acti-
vation of less-​toxic senescence programmes. CDK4/6 
inhibitors operate as potent senescence inducers in 
cancer cells and, to some extent, in non-​malignant cells, 
including lymphocytes. CDK4/6 inhibitor-​induced 
senescent non-​malignant and malignant cells largely lack 
pro-​inflammatory SASP factors111,153. The proportion of 
senescent cancer cells in mice exposed to the CDK4/6 
inhibitor abemaciclib was comparable to that in mice 
exposed to doxorubicin, but mice exposed abemaciclib 
suffered less from detrimental effects owing to a reduc-
tion in pro-​inflammatory SASP factors111. Importantly, 
despite the marked reduction in the inflammatory SASP 
response, CDK4/6 inhibition triggers antitumour immu-
nity and favours senescent cell removal111,153. Whether 
other fundamental and potentially deleterious facets 
of the senescent phenotype, in particular epigenetic 
remodelling into a latent stemness programme5, occur in 
response to these agents requires further investigation.

Conclusions
Cellular senescence is an inherent and virtually una-
voidable consequence of treatment in patients with can-
cer. Cancer cell senescence mainly refers to surviving 
cancer cells that enter stable and durable cell cycle arrest, 
but can also be triggered in non-​malignant cells in var-
ious organ systems across the body. Given the complex 
cell-​extrinsic effects that senescent cells can exert in 
their surroundings, and the fundamental cell-​intrinsic 
rewiring that profoundly alters cellular functionality and 
can account for stem-​like reprogramming, the conse-
quences of senescence are far more complex than those 
of apoptosis. Thus, managing residual senescent can-
cer cells as well as the consequences of senescence of 
non-​malignant cells in patients receiving pro-​senescent 
antitumour therapies is a clinical challenge. Weighing 
the balance between the ‘bright’ and ‘dark’ sides of senes-
cence is difficult, given that tumour-​suppressive and 
tumour-​promoting effects linked to senescent cancer 
cells can coexist in the same patient. Specifically, neither 
a dependable quantitative assessment of the different 
contributions that such effects could have on long-​term 
outcome nor marker-​based detection and selective tar-
geting of less-​desirable senescent cell populations is 
currently feasible in the clinic. Pharmacological sup-
pression or modulation of the SASP might work to a 
certain extent, but is unlikely to robustly change tumour 
fate. By and large, premature cancer cell senescence has 
acutely beneficial but chronically detrimental ramifica-
tions. Most cytotoxic and cytostatic cancer treatments 
currently available induce senescence, whether intended 
or not, as a collateral effect in a certain proportion of 
the surviving cancer cell population. Thus far, senolysis 
(that is, senescence-​related opportunities to eliminate 
drug-​exposed malignant cells that failed to undergo 
apoptotic cell death in the first place but contributed 
to the initial treatment response via proliferative arrest) 
seems to be the preferred strategy because it seems the 
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only definitive option towards tumour eradication. 
Although numerous promising candidate senolytics 
are being identified, some of which have entered clini-
cal trials227, prospective results of large-​cohort oncology 
trials remain to be reported. Such studies should provide 
insights as to whether protection from post-​senescent 
cancer relapse and concurrent elimination of organ 
function-​disabling senescent cells in non-​malignant 

tissues can be established as key objectives of therapeu-
tic senolytic approaches in patients with cancer. When 
these goals are achieved, hopefully in the near future, 
another major challenge not discussed here remains 
the drug-​exposed death-​resistant and never-​senescent 
cancer cell.
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