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Abstract

Cellular senescence is a complex, highly regulated cell state induced 
by cellular damage and stress. Senescence is central to many areas 
of biology, with roles in tumour suppression, tissue regeneration, 
antiviral defence and diverse age-related pathologies. Senescence 
is characterized by stable cell cycle arrest, metabolic alterations, 
chromatin remodelling and the secretion of pro-inflammatory 
and tissue-modifying factors that are collectively termed the 
senescence-associated secretory phenotype. Recent technological 
advances, including new genetic models, single-cell and spatial 
multi-omics platforms and machine-learning approaches, promise to 
enable the phenotyping, tracing and manipulation of senescent cells 
with unprecedented precision and resolution. This Review defines 
our current understanding of the genetic pathways that regulate 
senescence induction, maintenance, propagation and heterogeneity, 
including the DNA damage response, non-genotoxic stress pathways, 
epigenetic changes and cell–cell communication. We also emphasize 
key challenges in distinguishing senescence from other cell fates 
and the need for next-generation biomarkers to capture the varied 
phenotypes and functions of senescent cells.
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Given the complex relationships between senescence and other 
hallmarks of ageing (for example, genome instability, telomere attri-
tion, mitochondrial dysfunction, stem cell exhaustion and chronic 
inflammation11), as well as between senescence and other cell fates 
(for example, apoptosis and quiescence), it is difficult to parse the 
signalling mechanisms and cellular events that are unique to a senes-
cent state. Here, we review our current understanding of the molecu-
lar regulation of senescence to offer insights as to how cells detect 
stress, rewire regulatory circuits and establish senescence as a cell 
fate. We synthesize classic and emerging mechanisms implicated in 
senescence induction, maintenance and propagation. The goal is to 
provide readers with an understanding of the internal genetic logic 
of senescence regulation, highlighting recent insights that demand 
a redefinition of how senescence is conceptualized, identified and 
experimentally interrogated. For a detailed description of the roles 
of cellular senescence in age-related pathologies and therapeutic 
targeting, we refer readers to other recent reviews12,14,16,17.

Induction of primary senescence
Primary senescence is initiated in response to molecular and organelle 
stress in a cell-autonomous manner. As a tumour suppressive mecha-
nism, a key trigger of senescence is nuclear genome instability. Inducers 
of nuclear genomic instability that promote senescence include DNA 
damage elicited by endogenous or exogenous genotoxins, telomere 
attrition or damage, oncogene activation and loss of DNA repair that 
causes replicative and transcriptional stress (Fig. 1). These events all 
elicit cell cycle arrest via related mechanisms that prominently feature 
the tumour-suppressor protein p53 (ref. 25).

Initiation by persistent DNA damage response
In response to genotoxic stress, senescence signalling is driven by the 
canonical DDR (Fig. 1a). The DDR is a complex network of transcrip-
tional, epigenetic and proteomic changes that occur in response to 
DNA damage or replication stress. When proliferating cells sense DNA 
damage, they stabilize p53 through ATM–CHK2 or ATR–CHK1 path-
ways and lose the activity of negative regulators of p53 such as MDM2, 
leading to cell cycle arrest through upregulation of p21CIP1. This allows 
time for DNA repair to occur before replication to avoid mutagenesis.

The DDR was originally associated with cellular senescence 
through the concept of replicative senescence, which is defined as 
a cell-autonomous limit to proliferation after a certain number of cell 
divisions4. Replicative senescence was subsequently linked to the 
shortening of telomeric DNA to a critical level, resulting in the end of a 
chromosome being identified as an irreparable DNA double-stranded 
break (DSB) that persistently activates the DDR and subsequent cell 
cycle arrest. Telomere attrition, and the preventative roles of telom-
erase reverse transcriptase (TERT) and telomerase RNA component 
(TERC) in maintaining telomere length, was initially proposed as key 
molecular determinants of senescence26,27. However, TERT and TERC 
are now more accurately defined as mitigators of a type of replica-
tive stress that can drive senescence, rather than as direct signalling 
mediators of senescence.

Specific molecular mechanisms are involved in telomere- 
associated activation of the DDR (Fig. 1b). As telomeres shorten, 
recruitment of the shelterin complex proteins, including TRF1 
(encoded by TERF1) and TRF2 (encoded by TERF2), is reduced, with 
negative effects on the telomere cohesion between sister chromatids 
that otherwise protects telomeric DNA by preventing inappropriate 
subtelomeric recombination28. Loss of the shelterin complex also 

Introduction
Cellular senescence is a fundamental biological state defined by a 
stable withdrawal from the cell cycle, often accompanied by altered 
morphology, chromatin remodelling, metabolic rewiring and the 
secretion of pro-inflammatory and tissue-modifying factors that 
are collectively termed the senescence-associated secretory pheno-
type (SASP). This state was initially identified in cultured fibroblasts, 
with key features being a cell’s limited replication capacity, activa-
tion of the DNA damage response (DDR) and increased expression of 
cyclin-dependent kinase (CDK) inhibitors such as p16INK4a (encoded 
by CDKN2A; referred to here as the p16Ink4a locus in mice) and p21CIP1 
(encoded by CDKN1A; referred to here as the p21Cip1 locus in mice). Since 
its discovery, senescence has emerged as a complex, multifaceted 
stress response that integrates numerous intracellular and intercellular  
pathways1–4.

Senescence has crucial biological functions: it is essential for 
embryonic patterning5; it is a tumour-suppressor mechanism that 
halts the proliferation of cells experiencing aberrant growth signals 
or genomic instability6; transient senescent cells, kept in check by 
scheduled immune clearance, release factors important for wound 
healing and tissue repair7,8; and senescence is a potential antiviral 
mechanism9,10. However, when senescent cells accumulate, they 
promote chronic sterile inflammation, which disrupts tissue homeo-
stasis, contributes to age-related chronic diseases and is a key hallmark 
of ageing11. Senescent cells increase in abundance in most, if not all, 
tissues with age and, through their SASP, negatively affect their tissue 
microenvironment, attract immune cells and impair the regenera-
tive capacity of the tissue or its resilience to stress12–14. This dual role 
of senescence — being protective in acute contexts but detrimental 
when unresolved15 — makes it a subject of research interest across 
multiple disciplines, including ageing, cancer biology, immunology 
and regenerative medicine. The physiological and pathological roles 
of senescent cells have been elucidated almost entirely using trans-
genic mice in which cells expressing p16Ink4a and, more recently, p21Cip1 
can be identified through reporters and selectively ablated through 
pharmacogenetics (Box 1).

Senescence is not a uniform cellular phenotype, rather it rep-
resents a dynamic cell fate adopted in response to diverse forms of 
stress, including replication, genotoxic, oncogenic, mitochondrial 
and inflammatory stress and chronic metabolic imbalance16–19. Despite 
considerable progress in identifying senescence markers and regula-
tory pathways, many challenges remain in mechanistically defining how 
distinct stressors converge to trigger or sustain senescence. Most of our 
current mechanistic understanding of senescent cells comes from cell 
culture studies, typically induced by non-physiological stress. The 
extrapolation of conventional biomarkers of senescent cells discovered 
from cell culture studies — such as the expression of p16INK4a or p21CIP1, 
and senescence-associated β-galactosidase (SA-β-Gal) activity — to 
in vivo systems is not straightforward. Furthermore, there is exten-
sive cell lineage, context-specific, spatial and temporal heterogeneity 
among senescent cells and their secretomes14,20–22, which are now being 
proposed to form distinct ‘senotypes’23,24. These knowledge gaps are 
being addressed using technological advances in single-cell and spatial 
multi-omics, sophisticated transgenic animal models and screening 
tools, as well as deep learning approaches, which are facilitating the 
analysis of senescence at unprecedented resolution and throughput. 
Such approaches are revealing important regulatory mechanisms 
driving the physiological initiation and establishment of senescence 
programming and SASP expression.
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renders telomeric DNA more vulnerable to genotoxic stress28. As most 
somatic cells in humans do not express TERT to elongate telomeric 
sequences, shortened or damaged telomeres that are not protected by 
shelterin and by cohesion activate the DDR, leading to increased telo-
meric foci of DNA repair protein RAD51, histone H2AX phosphorylated 
at Ser139 (pH2AXSer139; commonly known as γH2AX) and p53-binding 
protein 1 (53BP1) and triggering p53-dependent cell cycle withdrawal29.

As a G-rich sequence, telomeric DNA is particularly vulnerable to 
oxidative damage and is difficult to replicate. A single 8-oxo-guanine 
DNA lesion at telomeric ends is sufficient to impair replication, induc-
ing p53 signalling and cell cycle withdrawal30. Telomeric DNA is also 
difficult to repair, as indicated by the telomeric DNA-mediated activa-
tion of a persistent DDR in non-replicating cells such as neurons and 
cardiomyocytes31,32. Thus, the DDR can be initiated at telomeres with 
or without critical telomere shortening or loss of shelterin complex 
function.

In addition to replicative senescence, p53-mediated cell cycle 
arrest also occurs in response to expression of oncogenic RAS2,33 
(Fig. 1c). The DNA-binding proteins CHD7 and MZF1, which are activated 
by mitogenic signalling from MYC or RAS–RAF–MAPK, cooperate 
to bind the CDKN2A locus, resulting in the upregulation of p16INK4a 
expression34. Oncogene-induced senescence is instigated by replica-
tive stress, which causes DSBs at replication forks3. In support of this, 
diseases caused by mutations in the DNA helicases and endonucleases 
that resolve replication stress are associated with premature senes-
cence and ageing35. In addition, somatic mutations caused by DSBs are 
increased in senescent cells and with chronological age36. Sequencing 
technologies have definitively linked DSBs to cellular senescence37 and 
have also revealed that pre-senescent and senescent cells have impaired 
DSB repair (Fig. 1a), which promotes further genome instability and a 
persistent DDR in non-replicative cells37.

The CDKN2A locus, which comprises the p16INK4a open reading 
frame, also includes a second tumour-suppressor gene p14ARF in humans 
(p19 Arf in mice). p19ARF has an important role in promoting senescence 
by sequestering MDM2 and thereby stabilizing p53 (refs. 38,39), as 
well as by increasing p21CIP1 activation in response to DNA damage40 
(Fig. 1a). p19ARF is suppressed by the mitotic fidelity proteins BUB1 
and BUBR1, expression of which is reduced with age and in replica-
tive senescence41–43. Loss of BUBR1 also exacerbates the DDR and  
increases SA-β-Gal activity and p16Ink4a and p19 Arf expression42,43. In addi-
tion to chromosome organization, BUB1, which is itself a substrate  
of ATM-dependent phosphorylation in the DDR, has a crucial role in 
coordinating the DDR and preventing prolonged formation of γH2AX 
foci44. Many mutations associated with loss of p16 INK4a expression in 
tumour cells also negatively affect p14ARF or p19 Arf expression38,39. p14ARF 
and p19 Arf are often overlooked as senescence markers. However, many 
tools that target or quantify gene expression at the CDKN2A locus also 
impact or detect p14ARF or p19ARF.

Transcriptional stress also contributes abundantly to nuclear 
genome instability45. Any block to RNA polymerase progression 
can instigate senescence, illustrating another mechanism by which 
genotoxic stress activates the DDR and promotes senescence even 
in non-proliferating cells45,46. This is particularly important in light 
of the compelling evidence that senescence can occur in postmi-
totic cells31,32,47. Transcriptional stress also leads to transcriptomic 
infidelity through transcript imbalance, which can impact metabolic 
processes, further amplifying cellular stress. Longer genes are dispro-
portionately affected by transcriptional stress, such that with ageing, 
transcriptomes are skewed towards shorter transcripts, affecting key 
processes such as p53, nuclear factor-κB (NF-κB) and mechanistic target 
of rapamycin (mTOR) activity45. As proof of concept, transcriptional 
stress owing to reduced expression of the transcription elongation 

Box 1 | Genetic models to study senescence in vivo
 

The INK-ATTAC mouse model provided the first evidence that 
p16Ink4a-expressing senescent cells promote ageing242,243. A caspase 
fusion protein was knocked into the p16Ink4a locus, enabling the 
inducible, systemic apoptosis of p16Ink4a-expressing cells to determine 
the effects of reducing senescent cell burden on mammalian 
health204. The INK-ATTAC model also has a green fluorescent protein 
reporter to identify p16INK4a-expressing cells by fluorescence imaging. 
The p21-ATTAC mouse model was later generated to allow for the 
detection and deletion of p21Cip1-expressing cells through knock-in of 
the p21Cip1 locus244. The p16LUC reporter strain and its later iteration, the 
p16tdTom strain, enable the detection and longitudinal monitoring of 
p16Ink4a-expressing cells245,246, although p16Ink4a expression is quite low, 
which is problematic for the detection of spontaneous senescence 
in tissues.

Another tool is to use the p16Ink4a or p21Cip1 promoter to drive 
Cre recombinase expression. Such mice can then be crossed to 
mice with a Lox–Stop–Lox cassette that controls reporter or suicide 
gene expression, which enables inducible detection or ablation of 
p21Cip1-high or p16Ink4a-high cells at any age247. Taking advantage 
of another classic senescence-associated gene, the recently 
developed GAC reporter mouse, contains a fluorescent reporter 
knocked into the 3′ untranslated region of the β-galactosidase 

gene (Glb1) for live monitoring of senescent cells with high levels of 
lysosomal β-galactosidase activity248. The p16-3MR model contains 
a luciferin reporter, an mCherry reporter and a herpes simplex virus 
thymidine kinase domain to allow for the detection, isolation and 
ganciclovir-mediated ablation of p16Ink4a-high cells, respectively249. 
Similarly, the p21-ATD model provides p21Cip1-mediated expression 
of luciferase, tdTomato and diphtheria toxin receptor for selective 
clearance of p21Cip1-high cells250.

These transgenic models, although they have been crucial for 
establishing the physiological importance of senescence, can 
only capture a cross-sectional view of senescence. To address this 
limitation, inducible Cre and Dre transgenic systems driven by the 
p16Ink4a promoter were recently developed224, enabling, for the first 
time, lineage tracing and isolation of p16Ink4a-high cells over time.

Notably, a major limitation of all of these models is their reliance 
on single gene products to identify senescent cells. Although 
p16Ink4a, p21Cip1 and Glb1 are strongly associated with senescence, 
they are also expressed in non-senescent contexts; conversely, 
senescent cells with low or absent p16Ink4a or p21Cip1 expression can 
escape detection in these models. Thus, these models risk both 
overestimating and underestimating senescent cell burden and do 
not fully capture the functional diversity of senescence phenotypes.

http://www.nature.com/nrg
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factor TFIIS leads to stalling of RNA polymerase II at sites of oxidative 
DNA damage, transcriptional heterogeneity, increased genome insta-
bility, cell cycle arrest at G2/M phase and increased inflammation48 
(Fig. 1d). Use of aberrant transcription start sites and intronic retention 
is also associated with senescence and occurs particularly in genes with 
long introns49. Alternative splicing events mediate age-related and 
senescence-related transcriptomic changes via histone deacetylases 
(HDACs), PTEN, AKT and several inflammatory SASP genes50. Changes 
in heterochromatin accessibility (discussed later) also contribute 

to spurious gene expression and transcriptional heterogeneity in 
senescent cells.

Other nuclear events implicated in initiating senescence 
include non-coding RNAs (ncRNAs). Genome-wide screens have 
identified ncRNAs such as SALNR and OIS1 and the microRNAs 
(miRNAs) miR-181a and miR-22 as drivers of senescence51,52. Although 
most senescence-associated ncRNAs are promising therapeutic 
candidates, in this Review, we highlight those with clear mechanistic 
association under physiological conditions (Fig. 1c). For example, 
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downregulation of OIS1 and its neighbouring tumour-suppressor gene 
DPP4 leads to suppression of p21CIP1 expression and restores prolifera-
tion in cells undergoing oncogene-induced senescence52. SENEBLOC 
is an MYC-responsive long non-coding RNA (lncRNA) that blocks the 
induction of senescence by promoting MDM2-mediated degradation 
of p53 as well as epigenetic silencing of p21CIP1 by HDAC5 (ref. 53).

Environmental stressors that affect genomic stability are also 
potent inducers of senescence. This includes classic carcinogens such 
as tobacco smoke54 as well as genotoxins used to treat patients with 
cancer55. Recent evidence also suggests that RNA and DNA viruses can 
elicit a virus-induced form of senescence that can be acute or chronic in 
nature56,57. Endoretroviral activation58 and cytoplasmic DNA and RNA 
sensors59–61 also instigate and propagate senescence (see the ‘Spreading 
of senescence’ section).

Establishing and maintaining cell cycle arrest
Factors that indirectly regulate genome maintenance are often 
altered in senescent cells, thus exacerbating the original insult. For 
example, expression of SIRT6, a sirtuin that promotes DSB repair62, is 
decreased in senescent cells (Fig. 1e). SIRT6 may prevent senescence 
not only through promoting DNA repair but also by recruitment 
of FOXM1, which antagonizes activity of the DREAM (dimerization 
partner, RB-like, E2F and multivulval class B) complex63. The DREAM 
complex — which functions to inhibit DNA repair and cell cycle progres-
sion of quiescent cells — contains the RB family protein p107 or p130, 
which is involved in differentiation and reversible cell cycle arrest6,64. 
DREAM-dependent cell cycle inhibition is mediated by repression of 
the Myb-MuvB (MMB) complex, which otherwise promotes cell cycle 
progression via cyclins (cyclin A and cyclin B). CDKs remove the DREAM 
complex from MMB gene targets. CDK2 phosphorylates p130 of DREAM 
to initiate MMB de-repression and cell cycle progression. However, 
p21CIP1 inhibits CDK2 leading to G2/M phase arrest65. The DREAM com-
plex can also assist p21CIP1 in mediating DNA damage-induced senes-
cence when p16INK4a and RB signalling are inactive, through the induction 
of G0/senescence-associated cyclins (for example, cyclin D)66. Con-
versely, loss of function of the DREAM complex promotes expression 
of DNA repair genes and prevents DDR-mediated cell cycle arrest67,68.

Activation of the DDR in proliferating cells activates ATM–CHK2 
or ATR–CHK1 pathways, leading to cell cycle arrest at G2/M phase 
through stabilization of p53. p53 can also trigger permanent G0/G1  
phase arrest in response to genotoxic stress. Senescence is also marked 

by upregulation of the hypo-phosphorylated, anti-proliferative 
form of retinoblastoma-associated protein (RB), which inhibits 
E2F-mediated transcription of the cell cycle machinery and 
imposes an irreversible brake on G1/S phase transition3,6,33. This 
differs from the reversible cell cycle arrest in quiescent cells where 
RB is dispensable for cell cycle exit6. Characterization of the roles 
of p53 and RB in driving senescence led to the identification of the 
first senescence-associated genes, including the CDK4 and CDK6 
inhibitor p16INK4a and the CDK1, CDK2, CDK4 and CDK6 inhibitor 
p21CIP1. On the basis of expression of these markers, senescence is 
a genotoxic stress-responsive terminal differentiation process, 
whereby G2/M phase arrest is primarily driven by p53 and p21CIP1, 
and irreversible G0/G1 phase arrest is established through p16INK4a 
and p21CIP1 (refs. 2,3,33) (Figs. 1a and 2).

Arrested cells can re-enter the cell cycle, initiate programmed cell 
death or can become permanently arrested and senescent. How this 
‘decision’ is made is not clear but could involve: (i) the extent of DNA 
damage and whether it is irreparable in terms of amount, genomic loca-
tion or type of lesion, leading to a persistent DDR; (ii) the extent of dam-
age to the rest of the cell; and/or (iii) the cell type and its capacity to be 
replaced. Cells with DNA damage that escape proliferation arrest often 
acquire somatic mutations and can promote tumourigenesis. Thus, 
senescence is an evolved tumour-suppressor mechanism in long-lived 
multicellular organisms. Unsurprisingly, therefore, polymorphisms in 
these genes involved in cell cycle arrest impact human longevity and 
disease. For example, four single nucleotide polymorphisms (SNPs) 
were identified as being associated with extreme longevity using 
five large cohorts of centenarians. One of these SNPs is located in the 
CDKN2A-CDKN2B region (rs4977756, A→G) and is associated with regu-
lation of CDKN2A and ANRIL (antisense ncRNA in the INK4A locus)69. 
A study of Italian centenarians identified two SNPs (rs1801270; A→C and 
rs1059234; C→T) in the CDKN1A locus that are depleted in long-lived 
individuals70. A study of three large cohorts of individuals greater than 
65 years of age identified two SNPs (rs2811712 and rs3218005; A→G) 
located between CDKN2A and CDKN2B that affect ANRIL expression 
and correlate with less physical impairment71. Not surprisingly, SNPs in 
tumour-suppressor genes that are depleted in individuals with extreme 
longevity are also often associated with increased risk for cancers.

Although p16INK4a and p21CIP1 have independent roles in senescence, 
they can also functionally compensate for each other in the response 
to genotoxic stress. For example, p21CIP1 blocks G1/S phase transition 

Fig. 1 | Signalling pathways in response to nuclear genotoxic stress that 
induce cell cycle arrest. Nuclear events that elicit chronic activation of the 
DNA damage response (DDR) and related signalling mechanisms. a, Unrepaired 
DNA damage, in particular double-stranded breaks, activates the DDR through 
recruitment of the DNA repair protein RAD51, histone H2AX phosphorylated at 
Ser139 (pH2AXSer139; commonly known as γH2AX) and p53-binding protein 1  
(53BP1). This results in cell cycle arrest through stabilization of p53 and 
upregulation of the cyclin-dependent kinase (CDK) inhibitors p21CIP1 and p16INK4a 
to allow for DNA repair to occur before replication. p14ARF in humans (p19ARF in 
mice) promotes senescence by stabilizing p53 and increasing p21CIP1 activation 
in response to DNA damage. p14ARF and p16INK4a are suppressed by the mitotic 
fidelity protein BUBR1, which coordinates the DNA damage response and 
prevents prolonged formation of γH2AX foci. b–d, However, chronic activation 
of the DDR in response to telomere damage (b), oncogenic stress (c) and 
transcriptional stress (d) can lead to cellular senescence. b, Shortening of 
telomeric DNA results in reduced recruitment of the protective shelterin complex 
and TRF proteins, leading to DNA damage. Damaged telomeric DNA as a result 

of telomere attrition or other events such as oxidative damage activates the 
DDR through RAD51 and γH2AX recruitment. c, Oncogenic signalling through 
MYC and RAS–RAF–MAPK pathways activates the DNA-binding proteins 
CHD7 and MZF1, which upregulate p16INK4a expression. Oncogene-induced 
senescence is instigated by replicative stress, which causes double-stranded 
breaks at replication forks. Non-coding RNAs such as OIS1 and SENEBLOC can 
regulate senescence in a positive or negative manner, respectively. Oncogenic 
mutations leading to loss of p53 function can enable cells to escape senescence. 
d, Stalling of RNA polymerase II-mediated transcription, for example, owing 
to DNA damage or reduced expression of the transcription elongation factor 
TFIIS, leads to transcriptional heterogeneity and cell cycle arrest. e, The DREAM 
complex inhibits cell cycle progression to promote genomic integrity. However, 
in response to persistent DDR, DREAM inhibits DNA repair and exacerbates DNA 
damage-mediated senescence. Loss of SIRT6 and reduced FOXM1 recruitment 
further suppresses DNA repair and promotes cell cycle arrest. For full details of 
all pathways, see the main text. HR, homologous repair; MMB, Myb-MuvB; NHEJ, 
non-homologous end joining.
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through inhibition of CDK1 and CDK2 (ref. 72), and functional p53 
and/or p21CIP1 is required for the initiation of G0/G1 arrest in response 
to DNA damage73,74. However, p16INK4a and stable CDK4 and CDK6 inhi-
bition can maintain RB hypo-phosphorylation and G0/G1 arrest even 
if p53 and p21CIP1 proteins are lost or degraded3,75,76. Conversely, loss of 
RB–p16INK4a signalling can be compensated for by increased p53–p21CIP1 
signalling to drive senescence in damaged cells6,33. Together, these 
pathways converge to promote the establishment of stable cell cycle 
arrest (Fig. 2). However, they are not exclusive to senescence and have 
regulatory roles in multiple cell fates and functions (see the ‘Dynamics 
of SASP and cell fate regulation’ section). Furthermore, processes asso-
ciated with DNA repair, epigenetic alterations and chromatin rewiring, 
growth factor signalling and mitochondrial dysfunction converge to 
amplify the DDR and stabilize cell cycle arrest.

Chromatin alterations reinforcing senescence
Epigenetic changes and chromosomal alterations of the nuclear architec-
ture contribute to reinforcing the expression of senescence-associated 
genes. HDAC inhibitors induce p16INK4a-dependent cell cycle arrest at 
G0/G1 phase, independently of telomere length or p53 stabilization77–79. 
This reveals an important role for epigenetics in regulating senes-
cence. Indeed, following a genomic insult and activation of the 
DDR, many epigenetic changes occur to mediate the expression of 
senescence-associated genes (Fig. 3).

At steady state, p16INK4a expression from the CDKN2A locus is 
tightly regulated by polycomb repressive complex (PRC) chroma-
tin remodellers (Fig. 3a). Two components of PRC1, BMI1 and MEL18 
(also known as PCGF2), transcriptionally repress p16INK4a by seques-
tering the CDKN2A promoter. In addition, the PRC2 component EZH2 

deposits a repressive H3K27me3 mark on the CDKN2A locus. ANRIL, 
an lncRNA in proximity to the CDKN2A–CDKN2B locus, also contrib-
utes to the suppression of p16INK4a and p14ARF (CDKN2A) and p15INK4b 
(CDKN2B) transcription by directly binding and anchoring EZH2 and 
PRCs near the locus80. Activation of the DDR leads to ATM-dependent 
or ATR-dependent phosphorylation and degradation of EZH2. Loss of 
EZH2 leads to the de-repression of p16INK4a and p14ARF and induction of 
senescence-associated transcription through the attrition of repres-
sive histone marks and by instigating DNA replication-dependent DNA 
damage81. Conversely, mitogenic signalling such as through MYC, WNT 
or MAPK upregulates EZH2 and promotes cell cycle re-entry.

Basal expression of p21CIP1 is regulated by both p53-dependent 
and p53-independent processes, but the stable increase in p21CIP1 that 
occurs following DNA damage and replicative stress is primarily medi-
ated through transcriptional activation by p53 (ref. 73) (Fig. 3a). p21CIP1 
is also repressed by PRCs. The p21CIP1-associated lncRNA PANDA and 
scaffold-attachment-factor SAFA promote the recruitment of PRC 
components to the CDKN1A locus to suppress the expression of p21CIP1 
and to inhibit cell cycle arrest82.

Persistent activation of the DDR leads to the reorganization of 
chromatin and concomitant changes in nuclear structure (Fig. 3b). 
This is often initiated by decreased expression of the membrane 
protein lamin B1 (encoded by LMNB1) and loss of nuclear membrane 
integrity. p53 and RB downregulate LMNB1 mRNA expression83 while 
upregulating expression of lamin A/C (encoded by LMNA)84. DNA 
damage-induced nuclear deformation and lamin A/C stabilization 
also depend on p53 activity84. Lamin A/C has an integral role in the DDR 
and ATM signalling85. It is also mechanistically involved in the removal 
of PRC1-mediated repression of the CDKN2A promoter84.

Components of the nuclear pore complex such as NUP93 are 
crucial for maintaining nuclear structure. Age-associated depletion 
of NUP93 reduces lamin B1 expression and leads to DDR activation 
and cellular senescence86. Loss of NUP93 and senescence leads to 
the nuclear accumulation of YAP, a transcriptional regulator of 
genes involved in cell growth, which in this context enhances the 
SASP86. The interplay of YAP with lamin A/C and lamin B1 is highly 
context-dependent, responding, for example, to changes in stiffness 
of the extracellular matrix (ECM) in different cell types. Lamin A/C 
can also promote or inhibit YAP accumulation in the nucleus, which 
in turn impacts LMNB1 expression and inflammation differentially in 
different cell types and with different substrate rigidities85,87,88.

Cathepsin L is a lysosomal protease that can translocate to 
the nucleus and inhibit DNA repair by degrading 53BP1 (ref. 89). 
Cathepsin L further promotes degradation of lamin B1 and stabilizes 
lamin A/C. Cathepsin L also increases expression of the DNA repair and 
differentiation-associated transcription factor CUX1 (Fig. 3a). CUX1 
binds near the CDKN2A–CDKN2B locus to promote the expression 
of p16INK4a, p15INK4b, p14ARF and ANRIL90,91. The phosphatase PP2A also 
regulates nuclear lamina dynamics through dephosphorylation of 
lamin B1 and nuclear assembly proteins, and its expression is reduced 
with age (Fig. 3b). PP2A is also a potent inhibitor of p16INK4a expression 
in a p53–p21CIP1-independent manner92. Together, these events medi-
ate reorganization of the nuclear lamina to maintain expression of 
senescence-associated genes.

Following activation of RB and p16INK4a and irreversible cell cycle 
arrest, dysregulation of the nuclear lamina architecture and nuclear 
alterations result in the loss of lamina-associated domains and recruit-
ment of heterochromatin proteins (Fig.  3c). These DNA-binding 
proteins form dense heterochromatic DNA structures known as 
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senescence-associated heterochromatin foci (SAHF) in senescent cells 
that repress many genes involved in cell cycle progression93. Although 
early studies hypothesized that there is a universal relaxation of hetero-
chromatin in senescent cells1, it is now appreciated that a more nuanced 
disorganization of heterochromatic and euchromatic compartments 
regulates gene expression during senescence.

Upon acute DNA damage, p53–ATM signalling enforces a transient 
barrier to replication licensing by preferential heterochromatiniza-
tion (inactivation) of E2F-targeted cell cycle genes94, which facilitates 
DNA repair or programmed cell death. This p53-dependent chroma-
tin response is reversible and can be lost upon p53 degradation or 
inactivation. By contrast, SAHF form independently of replication 
or p53 activity and may enable the long-term survival of senescent cells, 
leading to deep or late senescence15,95 (see the ‘Dynamics of SASP 
and cell fate regulation’ section). Indeed, disruption of SAHF forma-
tion triggers excessive DDR signalling and p53-mediated apoptosis 
rather than sustained senescence94. This is further supported by evi-
dence that once stable SAHF form, the senescence programme can 
be sustained even if a persistent DDR is alleviated. For example, the 
histone acetyltransferase p300 is downregulated in senescent cells, 
resulting in impaired histone re-assembly after mitosis and increased 
SAHF formation. Loss of p300 increases p16INK4a expression and induces 
G2/M phase arrest; however, p16INK4a, p21CIP1 and DDR activation are 
no longer required to maintain this cell cycle arrest96. By contrast, 
loss of p300-mediated deacetylation before DDR activation delays 
senescence initiation by mitigating chromatin remodelling events 
required to establish a stable senescent state97. SIRT7, another sirtuin 
family member, prevents senescence and protects cells against DSBs 
and nucleolar fragmentation. This effect is mediated, in part, by het-
erochromatin relaxation owing to SIRT7-mediated desuccinylation at 
H3K122 and demethylation at H4K20me3 (ref. 98).

The formation of SAHF is associated with occupancy of the his-
tone variant macroH2A1, which replaces conventional H2A in the 
nucleosome. The two functionally dynamic isotypes macroH2A1.1 
and macroH2A1.2 are increased in senescence but only macroH2A1.1 
is sufficient to induce the DDR and SA-β-Gal activity99,100. In coordina-
tion with BRCA1, PARP1 and HDACs, macroH2A1 orchestrates DNA 
repair-associated chromatin remodelling. However, persistent activity 
of macroH2A1 in senescent cells creates a feedback loop with ATM and 
PARP1, resulting in reduced DNA repair, oxidative stress and expression 
of p16INK4a and p21CIP1 (ref. 100). The histone variant H3.3, which replaces 
H3, is decreased during replicative senescence, and this depletion leads 
to upregulation of p53 and p21CIP1 (ref. 101). Destabilization of other 
heterochromatin organization proteins, such as KAP1 (also known as 
TRIM28) and HP1 (also known as CBX) proteins, can also increase DDR 
activation, lysosomal dysfunction and SASP expression102.

Global and site-specific DNA methylation patterns strongly cor-
relate with chronological age and are often reliable predictors of 
healthspan and lifespan, leading to the development of ‘epigenetic 
clocks’. However, pre-senescent and senescent cells, especially those 
induced by oncogenic stress, have minimal methylation changes103. By 
contrast, and surprisingly similar to cancer cell epigenomes, replicative 
senescence is associated with global patterns of hypomethylation104,105. 
A loss of methylation is detected preferentially at dense nuclear 
lamina-associated heterochromatic domains, leading to hetero-
chromatin relaxation. Furthermore, DNA lesions and mislocalization 
of methyltransferases such as DNMT1 lead to impaired suppression 
of heterochromatin, whereas gene-rich euchromatic regions and 
CpG islands are globally hypermethylated105. Higher-order analysis 

of hyper-condensed DNA regions suggests that instead of transcrip-
tional changes at individual genes, the DNA methylation changes that 
occur in senescent cells reflect large-scale chromatin reorganization. 
For example, senescence is associated with silencing of large geo-
graphical clusters of genes106, suggesting that epigenetic drift during 
ageing disrupts nuclear architecture and genome stability without 
necessarily altering specific gene expression patterns. Interestingly, 
DNA damage and DDR signalling drive the mislocalization of DNA 
methylases and methyltransferases. The methylases further contribute 
to genome instability through the production of mutagenic intermedi-
ates such as formaldehyde and 5-methylcytosine. As the generation 
of these intermediates increases in aged tissues, DNA damage and 
epigenetic dysregulation become mutually reinforcing, forming a 
self-perpetuating loop that exacerbates genomic instability and drives 
senescence107,108.

The centromere-associated histone variant CENPA, and inter-
acting protein CENPC, maintains chromosomal integrity during 
the DDR (Fig. 3d). There is a p53-dependent and p21CIP1-dependent 
loss of expression and nuclear localization of these proteins in both 
DDR-mediated and replicative senescence109. Furthermore, down-
regulation of CENPA and CENPC is associated with the removal of 
H3K4me2 marks by the demethylase KDM1A, resulting in increased 
heterochromatic H3K9me3 occupancy in centromeric DNA of senes-
cent cells. Overall, these post-translational modifications of histones 
and nucleosome reorganization regulate gene expression in senes-
cent cells through the heterochromatic relaxation and transcrip-
tional de-repression of senescence-associated gene regions and the 
compaction of gene-rich euchromatic regions into SAHF that silence  
these genes93,100.

ncRNAs also participate in the epigenetic regulation of senescence- 
associated genes. The lncRNA MIR31HG facilitates PRC-mediated 
inhibition of CDKN2A expression in proliferating cells (Fig. 3a). The 
lncRNA KCNQ1OT1 silences many genes and DNA elements including 
retrotransposons and miRNAs, either by direct binding to promot-
ers or through recruitment of PRC2 and HP1. Inhibiting this lncRNA 
is sufficient to increase SAHF formation and induce senescence110,111 
(Fig. 3c). Multiple miRNAs are also implicated in regulating senes-
cence (Fig. 3a). For example, miR-20a-5p, miR-34a-5p and let-7c-5p, 
targeting p21CIP1, BCL2L1 and PTEN112, are proposed to functionally 
regulate cell cycle arrest and apoptosis in senescent cells. miR-708 is 
another miRNA that inhibits senescence by blocking expression of 
p16INK4a and p21CIP1 through regulation of the nutrient, energy and redox 
sensor mTOR complex 1 (mTORC1)113. Downregulation of miR-30-5p 
modulates mitochondrial dynamics to suppress senescence114. Finally, 
miR-96-5p reduces expression of the histone modifiers KDM5A and 
MORF4L2, resulting in increased levels of 53BP1 and genome-wide 
changes in heterochromatin organization. Stable expression of this 
miRNA is sufficient to epigenetically activate p16INK4a and p21CIP1 and 
induce early senescence in cells115.

In summary, there are numerous and diverse signalling mecha-
nisms in stably arrested cells that perpetuate genomic instability, 
DDR activation and senescence programming. As a result of these 
senescence-reinforcing events, it remains extremely challenging to 
define causal and consequential relationships in senescence. In addi-
tion to the genomic, epigenomic and transcriptomic regulators of 
senescence discussed here, the stability and subcellular localization 
of proteins associated with cell cycle arrest and the SASP are regulated 
by post-transcriptional, translational and post-translational events. 
Although the scope of this Review is limited to genetic regulation of 

http://www.nature.com/nrg


Nature Reviews Genetics

Review article

Persistent DDR

Dependent on ECM sti�ness

Dependent on ECM sti�ness

KCNQ1OT1

Stable SAHF formation Heterochromatin
relaxation

Proper histone
reassembly

Cytoplasm

Nucleus

WNTMYC

miR-708

PANDA

• miR-20a-5p
• miR-34a-5p
• let-7c-5p
• miR-708

Mitogenic signalling

MAPK

53BP1

ANRIL

• KCNQ1OT1
• MIR31HG

EZH2 p21CIP1

p16INK4a

Cathepsin L CUX1

CDKN2A

H3K27me3
MEL18

PRC1
BMI1

CDKN1ASAFA

PRC2

ATMATR

p53

PRC2
↓↓

↓↓

↓↓

Unrepaired DNA and
persistent DDR

↓↓

Cathepsin L
YAP

YAP

Lamin A/C

Lamin B1

Altered nuclear morphology and chromatin changes

H4K20me3H3K122suc
Nucleolar integrity

H2A H3.3

Lamin B1

PRC1

a   Changes to epigenetic regulation by PRCs

b   Altered nuclear membrane dynamics

c   Chromatin reorganization and SAHF formation

d   Destabilization of centromeric proteins

HIRA

KAP1 HP1

CDKN2A

PP2A

SIRT7

p300HDACs

PP2A

p53

RBp16INK4a

Euchromatin Heterochromatin

Accessible in non-
senescent cells

Silenced in
senescent cells

Transcriptomic
suppression (?)

MacroH2A H2A

p16INK4a
p53
p21CIP1

H3 H3.3

Sustained senescence-
associated gene expression

Sustained senescence-associated gene expression

Accessible in
senescent cells

Silenced in non-
senescent cells

KAP1

HP1

DNMT1

KDM1A

KDM1A

Histone 
variants

Transcriptomic
de-repression (?)

Lethal DDR

DNA
repair

H3K9me3H3K9

H3K4
H3K4me2

CENPA
CENPC

Euchromatin

Heterochromatin

Unrepaired centromeric
DNA and persistent DDR

Loss of CENPA and CENPC
expression and nuclear localization

p53

p21CIP1

p21CIP1

Heterochromatization
of centromeric DNA

p16INK4a

Genes and
factors
promoting
senescence

Genes and
factors
inhibiting
senescence
Genes and
factors with
indirect roles
in senescence
Mitogenic and 
oncogenic
genes and
factors

Non-coding
RNAs
Genes and
factors 
perturbed in 
senescence
and/or ageing

↑↑
↓↓

↓↓

↓↓

↓↓

↓↓

↑↑

↓↓

↓↓

↓↓

↓↓

↓↓

NUP93

↓↓

http://www.nature.com/nrg


Nature Reviews Genetics

Review article

senescence, we acknowledge these downstream layers of control as 
important regulatory nodes in senescence programming.

Non-genotoxic events in senescence regulation
Many pharmacological and genetic studies provide evidence of 
non-genotoxic cellular events, such as membrane damage, growth 
signalling, cytoplasmic defects and mitochondrial dysfunction, that 
induce senescence with or without activation of the DDR. However, our 
understanding of what can drive senescence in cell culture versus in vivo 
is limited. In addition, senescent cells engage multiple stress responses 
to maintain viability under arrested conditions. This results in meta-
bolic, morphological and mitochondrial rewiring as common charac-
teristics of senescent cells. What is unclear is whether this rewiring is 
programmed (i) owing to the selective pressure on the cell to remain 
viable; (ii) to establish the pro-inflammatory nature of a senescent cell 
necessary to elicit immune clearance; or (iii) as a passive response to 
internal and environmental cues that activate interconnected signalling 
mechanisms and often result in seemingly incoherent cellular features. 
Given the vast heterogeneity of senescent cells, the last scenario seems 
likely. The implication is that identifying universal signalling nodes in 
senescent cells to target therapeutically may be challenging.

Metabolic reprogramming
Simultaneous growth stimulation and cell cycle arrest reprogramme the 
metabolism of senescent cells. In contrast to reversibly arrested cells 
that have a low metabolic profile, senescent cells are hypermetabolic. 
Initially, p16INK4a and p53–AMPK pathways antagonize mTOR activation 
in senescent cells116. However, prolonged withdrawal from the cell cycle 
leads to changes in metabolic behaviour and persistent activation of 
mTORC1 and mTORC2 (ref. 117). mTORC1 activity renders cells insensi-
tive to extracellular nutrient signalling and constitutively anabolic118. 
In senescent human fibroblasts, mTORC1 is constitutively active 
even in the absence of mitogenic signalling through dysregulated 
autophagy and growth signalling pathways such as p38–MAPK118,119 
(Fig. 4a). mTORC1 activation enables p16INK4a-positive cells to establish 
permanent cell cycle arrest even after p16INK4a protein is degraded117. 
Indeed, loss of SPRY1, an upstream activator of mTOR and p38 activity, 
suppresses p16INK4a and p21CIP1 expression and prevents stable cell cycle 
arrest120. p38–MAPK-mediated mitogenic signalling in combination 
with p53-mediated cell cycle arrest increases genomic instability and 
exacerbates the DDR121. mTOR activation also leads to ribosomal RNA 
transcriptional stress and increased nuclear size, rendering the genome 
more vulnerable to damage117. Sustained growth signalling can also 
mediate senescence through alternative pathways. SOX6, which antago-
nizes mTOR–PI3K–AKT activity, also induces p53–p21CIP1-mediated 
senescence through multiple MAPK targets including p38, JNK, MYC 
and transforming growth factor-β (TGFβ)–SMAD signalling122 (Fig. 4b).

Progressive hypertrophy in senescent cells is not accompanied by 
the nucleic acid biosynthesis and proteomic changes that are neces-
sary to enable cell division123. Persistent anabolic signalling through 
mTOR activation without replication causes endoplasmic reticulum 
(ER) stress and can ultimately lead to metabolic crisis and cell death. 
Senescent cells resist this pathway through alteration of cellular 
morphology and adhesion characteristics. For example, the Hippo 
signalling mediator YAP–TEAD and mechanosensory adhesion pro-
teins (such as NOTCH1 and NECTIN4) are necessary for senescent cell 
enlargement124,125. The interplay between mTOR-mediated anabolic 
signalling, energy metabolism and YAP-mediated mechanosensing 
and adhesion determines the viability of senescent cells and their 
resistance to metabolic crisis126 (Fig. 4c). However, it is unclear whether 
increased cell and nuclear sizes are sufficient to sustain senescence 
independently.

YAP has diverse and often contradictory roles in the regula-
tion of senescence, depending on post-translational modifications, 
subcellular localization and stiffness of the cytoskeleton and ECM, 
which result in distinct gene expression profiles127 in different types 
of senescent cell. Interestingly, YAP is a transcriptional activator of 
CDK6. Reduced YAP expression can occur under conditions of repli-
cative senescence, which activates RB and p53 independently of the 
DDR128. The integrin ITGB3, a cell adhesion factor that is increased in 
senescent cells, is also sufficient to drive p53 and p21CIP1 expression in 
the absence of DNA damage, through TGFβ-dependent signalling129 
(Fig. 4c). The additional contributions of growth regulators such as 
mTOR, YAP and p38–MAPK to promoting the SASP are discussed later 
(see ‘Improper growth signalling and ncRNAs’ section).

Increased mTOR activity in senescent cells negatively affects lyso-
somal function and autophagy, which, in turn, impacts nutrient storage 
and recycling (Fig. 4d). However, the signalling mechanisms mediating 
this are not well defined, making it difficult to distinguish cause from 
effect in terms of altered nutrient sensing and metabolic rewiring of 
senescent cells. Although autophagy is largely thought to prevent 
senescence, the DDR and senescence signalling engage selective 
autophagic processes to maintain homeostasis and prevent oxidative 
or proteotoxic death, for example, through targeted degradation of key 
sensors of stress (such as SIRT1, KEAP1 and lamin B1)130–132.

Increased lysosomal content and lysosomal SA-β-Gal activity are 
hallmarks of senescent cells. TFEB is a major factor promoting lysoso-
mal and mitochondrial biogenesis and quality control. Paradoxically, 
however, the overexpression of TFEB prevents senescence and expres-
sion of TFEB decreases with age in humans and mice133. This apparent 
contradiction may be reconciled by the observation that TFEB ensures 
the survival of damaged cells, enabling the establishment of senes-
cence, but is not required for the survival of already senescent cells134,135. 
Expression of HKDC1, a downstream target of TFEB and regulator of 

Fig. 3 | Senescence-associated epigenetic remodelling reinforces stable cell 
cycle arrest. Chronic activation of the DNA damage response (DDR) can drive 
several subsequent events that promote senescence programming. a, Changes 
in epigenetic regulation in the nucleus by the decreased activity of polycomb 
repressive complexes (PRCs) promote the expression of cell cycle inhibitors 
p16INK4a and p21CIP1. They are suppressed by non-coding RNA-mediated regulation 
as well as by mitogenic signalling, which reactivates PRC complexes. b, Changes 
to the nuclear membrane mediated by laminal dynamics through downregulation 
of lamin B1 and upregulation of lamin A/C promote expression of senescence-
associated genes in a feedforward manner. c, Chromatin reorganization 

in the nucleus leading to the formation of stable senescence-associated 
heterochromatin foci (SAHF) results in transcriptomic suppression of genes, 
whereas heterochromatin relaxation owing to changes in DNA methylation 
and histone modification patterns results in transcriptomic de-repression of 
senescence-associated genes, thereby stabilizing senescence programming. 
d, Destabilization of centromeric DNA in the nucleus by loss of CENPA and CENPC 
expression and nuclear localization converges on several pathways to sustain 
senescence programming. For full details of all pathways, see the main text. ECM, 
extracellular matrix; HDAC, histone deacetylase; RB, retinoblastoma protein.
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autophagy, is decreased in senescent cells, also contributing to lysoso-
mal changes136. Cumulatively, these effects on lysosomal function and 
autophagy in senescent cells lead to the accumulation of dysfunctional 
mitochondria and increased lysosomal content, lysosomal membrane 
permeability and cellular acidity (Fig. 4d). Senescent cells overcome 
this increased acidity by also upregulating survival factors such as GLS1, 
which neutralizes cytosolic pH and prevents senescent cell death137.

Mitochondrial dysfunction
Mitochondrial dysfunction in senescent cells, leading to lipid oxidation 
and sublethal apoptosis, also sustains their viability. Mitochondrial 
function regulates energy homeostasis and nutrient use, nucleotide 
biosynthesis needed for DNA repair and replication, stress responses 
and cell death processes. Thus, it is not surprising that mitochondrial 
changes are prominent in senescent cells (Fig. 4d). However, the signal-
ling mechanisms regulating these mitochondrial changes in senescence 
are not well elucidated and are often nonlinear or redundant, mak-
ing it challenging to define cause and effect. For example, mitochon-
drial reactive oxygen species (ROS) were initially considered to be a 
primary initiator of oxidative DNA damage that leads to senescence. 
DDR-activated p53–p21CIP1–TGFβ signalling can drive mitochondrial 
ROS production, creating a feedback loop of increasing DNA damage 
and DDR signalling138. However, ROS produced through mitochon-
drial respiration are extremely reactive and short-lived and thus are 
unlikely to reach the nuclear genome139. Instead, secondary ROS prod-
ucts such as lipid peroxides likely mediate nuclear genome instability 
to initiate and maintain senescence140. By contrast, the generation of 
lipid peroxides and loss of membrane integrity during oxidative and 
genotoxic stress can prime cells for ferroptotic death141–143. ATM not 
only regulates the DDR but also increases lipid oxidation, ROS pro-
duction, and generation of tricarboxylic acid cycle metabolites such 
as acetyl-CoA. Increased production of acetyl-CoA promotes histone 
acetylation-dependent increased expression of p16INK4a (ref. 144). 
There is also evidence that mitochondrial ROS promote features of 
senescence independently from DNA damage145.

Altered lipid metabolism in senescent cells promotes the forma-
tion of large lipid droplets, which are sufficient to drive RB–p16INK4a- 
mediated senescence, independently of DNA damage143, whereas 
p16INK4a itself regulates fatty acid oxidation and lipid droplet forma-
tion146–148. Cholesterol synthesis and activation of the cholesterol recep-
tor ERR1 (also known as ERRα) promote genotoxic stress, expression 
of p21CIP1 and inflammatory cytokine production149. Age-associated 
phospholipase dysfunction and phospholipid depolarization also 
promote senescence through DDR-dependent and DDR-independent 

mechanisms150,151. However, it remains unclear how interorganelle inter-
actions between mitochondria, lipid droplets and their metabolites 
operate at the genetic level to regulate senescence.

During apoptosis, activation of caspase-activated DNase (CAD; 
encoded by DFFB) is required to fragment chromosomal DNA. Senes-
cent cells are resistant to apoptotic cell death through the increased 
expression of anti-apoptotic BCL2 family proteins such as BCL2, BCL-xL 
and BCL-ω152. In apoptosis-resistant senescent cells, sublethal CAD acti-
vation may instead intensify cell cycle arrest by exacerbating DNA dam-
age and DDR signalling (Fig. 4d). Indeed, inhibiting CAD reduces p16INK4a 
expression and suppresses DDR-dependent senescence induction153. 
Mitochondrial function and dynamics contribute to cell fate signal-
ling in response to genomic instability. CARM1 — a nuclear inhibitor of 
PGC1α, which promotes mitochondrial biogenesis — localizes to the 
cytoplasm in response to p38–MAPK activation. Cytoplasmic CARM1 
prevents mitochondrial biogenesis and increases ROS levels (Fig. 4d). 
Inhibiting CARM1 alters the expression levels of PARP1, BCL2 and BAX in 
senescent cells to promote apoptosis154. Hence, CARM1 and BCL2 fam-
ily members have become targets for drug development to eliminate 
persistent senescent cells152,155,156.

Thus, perturbations in growth signalling and metabolic function, 
changes in cell adhesion and membrane integrity, morphological 
alterations and mitochondrial dysfunction, independently or together 
with the DDR, are crucial modulators of the maintenance and viability of 
senescent cells. This highlights the importance of senescence not only 
as a tumour-suppressor mechanism but also as an integrated cellular 
stress response.

Spreading of senescence
Initially, the key deleterious feature of senescent cells was thought to 
be the permanent withdrawal of progenitor compartments from cell 
cycle, driving loss of tissue regenerative capacity. However, what 
makes senescent cells truly impactful in ageing and disease is their 
secretomes. The SASP comprises a diverse set of biomolecules asso-
ciated with pro-inflammatory as well as anti-inflammatory stress 
responses, ECM remodelling and growth factor signalling. In addi-
tion to the previously characterized families of commonly measured 
cytokines and chemokines (such as interleukins, interferons, tumour 
necrosis factor (TNF), TGFβ, matrix metalloproteinases (MMPs), 
CCL and CXCL chemokines), the SASP is now known to include 
lipids, extracellular vesicles with diverse cargo, mitochondrial DNA 
(mtDNA) and membrane-free macromolecules14,157. These SASP fac-
tors perturb immune cell signalling networks, mediate feedforward 
stabilization of senescence through autocrine signalling and drive 

Fig. 4 | Non-genotoxic stressors promote and sustain senescence. The figure 
shows a sequential cell trajectory from an actively cycling cell to a stable 
senescence fate. Alternative cell fates that are inhibited by senescence pathways 
are shown in grey. The trajectory is triggered and sustained by changes in 
the molecular circuitry regulating the DNA damage response (DDR), growth 
signalling, cell adhesion, morphology and metabolic and mitochondrial 
rewiring. a, Constitutive activity of mechanistic target of rapamycin (mTOR) and 
anabolic signalling in senescent cells leads to increased cell size and contents. 
b, Progressive hypertrophy accompanied by DDR signalling inhibits the cell 
cycle machinery and restricts cell division. Additional effectors of sustained 
growth signalling such as transforming growth factor-β (TGFβ) and SOX6 can 
promote p53-independent p21CIP1 signalling. c, Persistent anabolic signalling 
causes endoplasmic reticulum (ER) stress, which can lead to metabolic crisis 
and cell death. The viability of senescent cells is associated with changes in cell 

adhesion and morphology mediated through mechanosensing pathways, such 
as the Hippo signalling pathway mediator YAP–TEAD and the cell adhesion factor 
ITGB3. d, Increased mTOR activity in senescent cells negatively affects lysosomal 
function and autophagy, regulated by TFEB and its downstream target HKDC1. 
Increased cellular acidity resulting from lysosomal dysfunction is neutralized 
by GLS1. Mitochondrial dysfunction results in increased production of reactive 
oxygen species (ROS) and lipid peroxidation. Altered lipid metabolism promotes 
the formation of large lipid droplets in senescent cells. Senescent cells resist 
apoptotic cell death through the upregulation of anti-apoptotic proteins of the 
BCL2 family. Together, the changes in growth factor signalling, cell adhesion, 
morphology and organelle function maintain the viability and accumulation  
of senescent cells and can also feedforward to amplify DNA damage leading  
to a persistent DDR. For full details of all pathways, see the main text. CDK,  
cyclin-dependent kinase.
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secondary (paracrine) senescence. Recent evidence suggests that 
senescent cells also have endocrine and systemic effects18,158 by driving 
ageing-associated chronic sterile inflammation (Fig. 5).

The IKK–NF-κB pathway
Expression of a large subset of SASP factors is regulated by the transcrip-
tion factor NF-κB and its activating kinase, inducible IκB kinase (IKK). 
IKK is itself activated by cell-extrinsic factors through TNF receptors 
and Toll-like receptors and by cell-autonomous nuclear DNA damage 
through sumoylation of the IKK regulatory subunit NEMO (also known 
as IKKγ) as a part of the DDR. Inhibiting the IKK–NF-κB pathway reduces 
senescence in cell lines and in aged and progeroid mice, by blocking 
the paracrine effects of the SASP and/or through the suppression of 
autocrine signalling loops14,159,160. ROS and replication stress decrease 
expression of the NF-κB inhibitor IκBα, which further promotes expres-
sion of the SASP161. IKKβ, which phosphorylates and degrades IκBα, 
also activates p16INK4a through phosphorylation162. Similarly, C/EBPβ 
stabilizes NF-κB, inhibits IκBα and promotes expression of IL-6, IL-8, 
CCL2 and TNF. NF-κB activation is itself linked to endogenous DNA 
damage and inappropriate growth factor signalling responses in senes-
cent cells through pathways involving ATM–NEMO and p38–MAPK–p53 
(refs. 14,163) (Fig. 5Ac). Interestingly, although sustained DDR or mito-
genic signalling potently induces senescence, without the activation 
of stress response pathways such as NF-κB and interferon regulatory 
factor (IRF) signalling, there is no SASP163.

Chromatin remodelling and epigenetic dysregulation
Given that SAHF silence gene expression, it is intriguing that SASP 
factors are upregulated at the transcriptional level during senescence. 
This may be owing to the genome-wide reorganization of macroH2A1 
occupancy and heterochromatic H3K27me3 and H3K9me3 marks in 
senescent cells. Interestingly, loss of these repressive marks is observed 
specifically in SASP genes such as those encoding interleukins, IGF 

binding proteins (IGFBPs), MMPs and chemokines100. HMGB2, a key 
epigenetic regulator of pro-inflammatory factors, localizes to SASP 
gene loci during senescence to prevent the local spread of repressive 
epigenetic marks164. Senescence-associated loss of the deacetylase 
SIRT1 leads to increased occupancy of acetylation marks (H3K9ac 
and H4K16ac) at the promoters of SASP genes, which promotes the 
expression of IL-1β, IL-6, IL-8 and CXCL1 (ref. 165) (Fig. 5Aa).

The mammalian histone variant H2AJ accumulates in response to 
both DDR-induced senescence and oncogene-induced senescence. 
Although H2AJ has no direct effect on cell cycle arrest, inhibiting it 
blocks the expression of NF-κB-dependent SASP factors, including 
interleukins, MMPs, chemokines and IGFBPs166. Although H3.3 is 
decreased in senescent cells, the H3.3 chaperone, HIRA, colocalizes 
to DDR sites and regulates the formation of SAHF (Fig. 3c). This H3.3-
independent activity of HIRA also drives cGAS–STING–NF-κB-mediated 
SASP167. Other histone-modifying proteins that are implicated in 
regulating senescence include the TNF receptor-associated protein 
TRAP1 and HDAC, which mediate acetylation and lactylation at H4K12 
(ref. 168). In turn, these chromatin alterations drive the expression of 
multiple SASP genes (Fig. 5Aa).

Euchromatic localization of the heterochromatic protein HP1 can 
lead to disruption of chromatin architecture and of nuclear envelope 
integrity. In senescent cells, sumoylation of HP1 by IRTKS (also known 
as BAIAP2L1) and UBC9 mediates its recruitment to euchromatin, 
leading to the loss of repressive H3K9me3 marks. In turn, this can lead 
to the de-repression and cytoplasmic deposition of transposable DNA 
elements such as LINE1 (L1), SINE and IAP–LTR elements169. An increase 
in expression of these retrotransposable elements (RTEs) is observed 
during senescence, particularly in late senescent cells (Fig. 5Ab). L1 
and other RTEs, such as ALU, LTR and SVA, are concentrated in hetero-
chromatic (inactivated) regions in healthy cells and are expressed and 
mobilized only after persistent genome-wide senescence-associated 
chromatin remodelling170–172. Loss of the L1-binding surveillance 

Fig. 5 | Signalling events regulating the SASP and promoting the spread of 
senescence. A, Multiple epigenetic and transcriptomic alterations in the nucleus 
regulate senescence-associated secretory phenotype (SASP) gene expression. 
Aa, Chromatin remodelling promotes SASP gene expression through multiple 
pathways. HMGB2 localizes to SASP gene loci during senescence to prevent 
the local spread of repressive epigenetic marks and exclude SASP genes from 
senescence-associated heterochromatin foci (SAHF). Senescence-associated 
loss of the deacetylase SIRT1 leads to increased occupancy of acetylation marks 
(H3K9ac and H4K16ac) at the promoters of SASP genes. The H3.3 chaperone, 
HIRA, colocalizes to DNA damage response (DDR) sites and drives cGAS–STING–
NF-κB-mediated SASP. The histone variant H2AJ promotes the expression of 
NF-κB-dependent SASP factors. Ab, Increased expression and cytoplasmic 
accumulation of retrotransposable elements (RTEs) such as LINE1 (L1) are 
observed during senescence. Loss of retinoblastoma protein (RB) and SIRT6 
in senescent cells promotes L1 expression, as do transcriptional and splicing 
defects. RTEs drive the loss of heterochromatin architecture, resulting in SAHF 
spreading, and they upregulate expression of p21CIP1 and p16INK4a. Ac, SASP gene 
transcription is regulated by master regulators such as IKK–NF-κB and interferon 
regulatory factors (IRFs), which are activated by the DDR and additional 
stressors. B, Various persistent cellular stressors activate cytoplasmic signalling 
events that lead to the upregulation of SASP genes and diverse SASP profiles. 
Ba, Replicative, genotoxic, oxidative and growth factor signalling stress activates 
the IKK–NF-κB pathway, leading to the transcription of SASP genes. Non-coding 
RNAs such as MIR31HG, NFKBMARLs and miR-96-5p regulate these pathways. 
Bb, Senescent cells are characterized by increased cytosolic chromosomal 

fragments (CCFs), which arise from damaged DNA and sublethal cleavage by 
caspase-activated DNase (CAD). CCFs are actively shuttled into the cytoplasm 
by nuclear membrane proteins such as ALIX, TOR1 and ESCRT. Endoretroviral 
gene expression by the stress-responsive transcription factor ATF3 also leads to 
cytoplasmic nucleic acid deposits. These deposits activate cytosolic nucleic acid 
sensors, such as RIGI–MDA5 and cGAS–STING, which in turn induce the SASP 
through TBK1 activation. Bc, Mitochondrial dysfunction triggers the release of 
mitochondrial DNA (mtDNA) and mitochondrial RNA (mtRNA) into the cytosol 
through the formation of BAX–BAK pores in the mitochondrial membrane. 
p53 and p21CIP1 antagonize CCF formation and the SASP but their activity and 
expression decrease late in senescence. C, Soluble SASP factors and secreted 
extracellular vesicles can have dual functionality as pro-inflammatory/immune-
activating or anti-inflammatory/immune-suppressive factors. Ca, Changes 
in extracellular matrix (ECM) composition during senescence, for example, 
sensed by CCN1, and loss of mechanosensing by YAP and ITGB3 regulate the 
expression of SASP factors. Cb, Intercellular communication between senescent 
cells and neighbours via secreted soluble factors and extracellular vesicles can 
modulate immune cell recruitment and functionality, as well as promote the 
non-autonomous propagation of senescence. Cc, Juxtacrine signalling from 
senescent cells to neighbouring cells can occur through the upregulation of 
membrane proteins such as NOTCH1 or through direct protein transfer via 
cytoplasmic bridges. Senescent cells can also alter immune function through 
inhibitory ligand expression and physical interactions. For full details of all 
pathways, see the main text. dsRNA, double-stranded RNA.
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proteins TREX1 and RB in late senescence promotes L1 expression 
and cytoplasmic L1 deposits95. SIRT6 may also suppress senescence 
by inhibiting the L1-binding factor PAX5 and reducing cytoplasmic L1 
accumulation173.

More locally, RTEs usually reside in intergenic and intronic regions, 
and their expression can result from transcriptional defects. For exam-
ple, spurious intron retention in senescent cells and impaired boundary 
detection may lead to transcriptional readthrough of these elements. 
As global splicing and transcriptional regulation decline with age-
ing and cellular senescence, expression of intergenic L1 elements is 
increased in multiple models of senescence induction owing to tran-
scriptional errors174. Inhibition of splicing factors such as U2AF1 or 
the retention of introns in certain genes also promotes senescence175. 
Furthermore, L1 can drive the loss of heterochromatin architecture 
and upregulates expression of p16INK4a, p21CIP1, ATF3 and many SASP 
factors including interleukins and MMPs176. Thus, expression of these 
transposable elements sustains a late/deep senescence, associated 
with a feedforward mechanism that facilitates SAHF spreading172 
and increased expression of senescence-associated genes (Fig. 5Ab). 
Activation and cytosolic release of L1 elements can also trigger the 
cGAS–STING-mediated interferon response in late senescent cells95.

Improper growth signalling and ncRNAs
Growth signalling in senescent cells affects the SASP (Fig. 5Ba). 
For example, activation of mTORC1 amplifies DDR in senescent cells 
and leads to increased cGAS–STING activation, inflammation, cell 
cycle arrest and SASP117. In replicative senescence, downregulation of 
S6K1 (encoded by RPS6KB1), a downstream effector of mTOR, reduces 
the expression of SASP factors induced by NF-κB and cGAS–STING–
IRF signalling177. p38–MAPK and mTOR cooperate to translate and 
activate the protein kinase MK2 in senescent cells. Inhibition of MK2 
results in transcriptomic silencing of many SASP factors and reduces 
paracrine senescence, without affecting cell cycle arrest119. mTOR also 
regulates protein levels of the G0/G1 phase-associated cyclin D1, levels 
of which are increased in senescent cells, driving DNA damage and 
SASP expression178,179. Modulation of growth regulators, such as YAP, 
and senescent cell hypertrophy are sufficient to drive the expression of 
NF-κB-dependent SASP factors without affecting cell cycle arrest or the 
DDR124. In addition to triggering nucleic acid sensors, recent evidence 
suggests that mitochondria-derived metabolites such as citrate and 
acetyl-CoA can increase histone acetylation and increase the expression 
of SASP genes as well180. However, what drives the specificity, if any, of 
such epigenetic de-repression at promoters of tumour suppressors 
and SASP factors remains to be elucidated.

By contrast, insulin and insulin-like growth factor (IGF) signalling 
typically has a protective role against SASP. Loss of IGF1 signalling in 
lipid–ROS-mediated senescence leads to NLRP3 inflammasome activa-
tion and pro-inflammatory signalling181. IGFBP7, an inhibitor of insulin 
signalling and an SASP factor itself, can drive paracrine senescence182. 
Other growth factor signalling pathways, such as fibroblast growth 
factors and JAK–STAT signalling, may also regulate the expression of 
some SASP factors, including interleukins and CXCL chemokines183.

Many ncRNAs also regulate NF-κB-dependent SASP (Fig. 5Ba). 
For example, under conditions of oncogenic stress, MIR31HG 
translocates to the cytoplasm and promotes paracrine senescence 
through the upregulation of SASP targets of NF-κB, including MMPs, 
CXCL chemokines and interleukins184. In addition, a family of 13 
ageing-associated lncRNAs termed NFKBMARLs are well-conserved 
regulators of NF-κB and its inhibitor NFκBIζ185. The miRNA miR-96-5p is 

upregulated during replicative senescence and blocking this upregu-
lation suppresses interleukin production as part of the SASP without 
affecting interferon production115.

Cytoplasmic DNA and RNA sensing
Senescent cells, particularly late senescent cells, are characterized 
by increased cytosolic chromosomal fragments (CCFs). These CCFs 
activate sensor systems for DNA and double-stranded RNA, such as 
cGAS–STING and RIGI–MDA5, which induce innate immune responses 
and the SASP through TBK1 activation59,60 (Fig. 5Bb). Thus, inhibiting 
CAD-mediated DNA fragmentation in senescent cells suppresses the 
production of CCFs and induction of the SASP153. Interestingly, CCFs 
often exceed nuclear pore size and must be actively shuttled into the 
cytoplasm by nuclear membrane proteins such as ALIX (encoded by 
PDCD6IP), TOR1 and the ESCRT (endosomal sorting complex required 
for transport) complex186. Inhibition of CCF exporter proteins is suf-
ficient to inhibit cGAS–STING signalling and block the SASP in multiple 
models of senescence, without affecting p16INK4a or p21CIP1 expression 
or the formation of SAHF186. The existence of conserved mechanisms 
to export nuclear DNA into the cytosol suggests that CCFs might have 
pro-survival roles in senescent cells. Indeed, during replicative or onco-
genic stress, nuclear autophagy promotes nuclear lamina degradation, 
loss of nuclear membrane integrity and export of CCFs132,187. Senes-
cent cells recruit TXNRD1, which localizes to cytoplasmic chromatins 
and facilitates cGAS–dsDNA binding at CCFs. Inhibiting TXNRD1 in 
aged tissues is sufficient to block cGAS activation and reduce the 
NF-κB-dependent SASP, including production of IL-6, IL-1β, CXCL5 
and TNF and activation of the NLRP3 inflammasome188. Interestingly, 
p53 and p21CIP1 antagonize CCF formation and SASP expression189, but 
their activity and expression decrease late in senescence.

Late senescence is also associated with activation of dormant 
endoretroviral genes in the nuclear genome58,190. Some of the retro-
viral gene products, such as double-stranded RNAs expressed via 
the stress-responsive transcription factor ATF3, mediate a type I 
interferon response through activation of the cytoplasmic sensor 
RIGI–MDA5 (ref. 190) (Fig.  5Ab,Bb). These findings suggest that 
many senescence-associated immunomodulatory factors may be 
largely driven by innate immune processes that have evolved to 
combat viruses.

Sublethal apoptotic signalling in senescent cells triggers the 
release of mtDNA and mitochondrial RNA (mtRNA) into the cyto-
sol through the formation of BAX–BAK pores in the mitochondrial 
membrane191,192, which activates signalling through cytosolic nucleic 
acid sensors and reinforces SASP gene expression61,193,194 (Fig. 5Bc). 
Inhibiting the release of mtDNA and mtRNA, or blocking mtRNA poly-
merase activity, blunts the expression of almost all major SASP factors 
without affecting the expression of p16INK4a, p21CIP1, TP53 or other cell 
cycle genes61,193,194. These processes suggest that mitochondria function 
as downstream amplifiers of senescence features, independently of 
potential roles as upstream initiators of the DDR and cell cycle arrest.

Intercellular communication
A subset of SASP factors, including ECM remodelling proteins (such as 
MMPs and their inhibitors, TIMPs), chemotactic agents (such as CCL 
and CXCL chemokines) and other intercellular communication fac-
tors (such as extracellular vesicles, bioactive lipids and ncRNAs), are 
key mediators of paracrine senescence. Senescence-mediated altera-
tions in ECM composition are associated with fibrosis, inflammation, 
dysregulated immune surveillance, tumour progression and impaired 
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stem cell function, illustrating an important role in cell–cell commu-
nication (Fig. 5C). Some SASP factors affect the expression of TIMP1, a 
pan-MMP inhibitor that inhibits tumour cell metastasis195. For example, 
CCN1, an ECM adhesion molecule, upregulates pro-inflammatory SASP 
factors while downregulating pro-fibrotic SASP factors such as TGFβ 
and TIMP1 (ref. 196). In addition to regulating cell size and adhesion, the 
YAP–TEAD–TAZ pathway is mechanosensing and mediates responses to 
ECM stiffness197 (Fig. 5Ca). This mechanotransduction is a major driver 
of cGAS–STING activation and SASP production in senescent cells. 
NOTCH1, another key mechanosensory protein in senescent cells, pro-
motes paracrine senescence through TGFβ-driven secretomes while 
dampening immune-recruiting SASP compartments198. Collectively, 
distinct components of the SASP can exert context-dependent effects, 
both promoting pro-inflammatory microenvironments and impairing 
immune-mediated clearance of senescent cells (Fig. 5Cb).

Senescent cells also communicate with their neighbouring cells 
and exert potentially distant (endocrine) effects through the increased 
release of extracellular vesicles containing soluble factors, coding and 
non-coding nucleic acids and lipid mediators199. Not only do senes-
cent cell-derived extracellular vesicles differ in their cargoes com-
pared with vesicles from non-senescent cells, but they also contain 
unique SASP factors that are not found in the soluble secretomes 
of senescent cells199,200. Extracellular vesicles may have an impor-
tant role in intrinsic protection against DNA viruses by clearing 
fragmented, harmful nuclear and cytosolic DNA; indeed, inhibiting 
vesicle secretion leads to an increase in CCF formation, exacerbates 
the DDR and cell cycle arrest and promotes pro-inflammatory SASP 
expression201. Extracellular vesicles derived from cells undergoing 
oncogene-induced senescence can induce paracrine senescence by 
promoting the expression of IL-6, IL-8, TGFβ, interferons and p21CIP1 
when engulfed by neighbouring healthy cells200. The transport of inter-
feron signalling components or nucleic acids from senescent cells in 
extracellular vesicles can drive activation of the cGAS–STING pathway 
in other cells, which can in turn lead to secondary senescence201,202 
(Fig. 5Cb). By contrast, extracellular vesicles released from stem cells 
and apoptotic cells contain crucial components of the DNA repair 
machinery, such as PARP1, RAD51, XRCC1 and PCNA, which can prevent 
activation of the DDR and suppress senescence induction in neigh-
bouring cells203. Furthermore, miRNAs found in embryonic and adult 
stem-cell-derived extracellular vesicles function to suppress senes-
cence (for example, miR-181a-5p, miR-92a-3p, miR-21-5p, miR-186-5p204 
and miR-302b205), illustrating that paracrine signalling can promote or 
dampen senescence.

Ageing-associated immune dysfunction (or immunosenes-
cence) contributes to the ineffective clearance of senescent cells from 
tissues206. Recent evidence also suggests more active immunosuppres-
sion by senescent cells. For example, tissue-persistent senescent cells 
upregulate surface ligands (such as PDL1, HLA-E and GD3; refs. 207–209) 
that directly interact with inhibitory receptors on natural killer cells 
and cytotoxic T cells. Adding to the complexity, senescent cells can 
form gap junctions and cytosolic bridges that transfer protein cargo 
directly into neighbouring immune and epithelial cells in a juxtacrine 
manner59,157 (Fig. 5Cc). Membrane mechanosensors such as NOTCH1 can 
also induce juxtacrine senescence in neighbouring cells198. Although 
these interactions can alter immune surveillance, it is unclear whether 
they can also facilitate or sustain secondary senescence in immune cells.

Taken together, these findings highlight a multifaceted regulatory 
network in which feedforward genotoxic stress, cytosolic nucleic acid 
sensing, metabolic and mitochondrial dysfunction, sublethal apoptotic 

signalling, epigenetic alterations and dysregulation of the ECM and 
of intercellular communication converge to drive SASP expression in 
senescent cells, often independently of cell cycle arrest.

Heterogeneity and dynamics of senescent cells
Key features of senescent cells pose challenges to their identification, 
purification and deep phenotyping (Fig. 6). These include the fact 
that senescence is a cell fate that lies on a spectrum of cell states from 
quiescent to apoptotic, all using overlapping cell cycle regulators and 
stress response pathways to achieve the end goal. They also include 
the fact that senescence is not a static state. The factors that induce 
senescence, the cell lineage, the cell environment and the duration 
of cell cycle arrest all contribute to the heterogeneity and dynamics of 
senescent cell features and functional effects. Finally, senescent cells 
are rare, which pose technical challenges for identifying them in tissues.

A continuum of cell cycle arrest
Most studies use markers such as TP53, p16INK4a and p21CIP1 expression 
to detect senescent cells. However, these genes have complex and 
dynamic expression signatures in early and late senescence (Fig. 6A). 
p53 is upregulated following acute genotoxic insult but persistent cell 
cycle withdrawal results in gradual loss of p53 activity189,210. Although 
p53 is often measured to indicate downstream regulation of p21CIP1, 
there is also p53-independent p21CIP1 expression211. Furthermore, 
p21CIP1-positive cells share many features with reversibly arrested cells 
(Fig. 6Aa). Loss of p21CIP1–CDK complex expression enables re-entry 
into the cell cycle, and sustained expression of p21CIP1 alone is not suf-
ficient to maintain senescence75,212,213. This suggests that a high level of 
expression of p21CIP1 can initiate either quiescence or senescence214,215. 
In addition, fast cycling cells, particularly cancer cells, can transiently 
have high p21CIP1 expression, associated with apoptosis resistance and 
temporary cell cycle withdrawal216. Conversely, high p21CIP1 expres-
sion concomitant with p16INK4a–CDK complex accumulation, cell 
morphology changes, lysosomal dysfunction and redox stress leads 
to the establishment of irreversible cell cycle arrest and late/deep 
senescence2,212,217. This means that even co-expression of senescence 
markers is often not sufficient to prove ‘true senescence’. For exam-
ple, macrophages undergoing polarization express p16INK4a and have 
increased SA-β-Gal activity218 (Fig. 6Ab). Effector T cells and natural 
killer cells often co-express TNF and interferon and have increased 
γH2AX209. Insulin-producing pancreatic β-cells have increased p16INK4a 
and IGFBP signalling219. Postmitotic cells such as aged neurons not 
only express the SASP but also have increased levels of p53–p21CIP1 and 
p16INK4a with age and disease47. However, neuronal SA-β-Gal activity 
cannot reliably distinguish senescence220.

The stage of the cell cycle during which a cell experiences geno-
toxic stress influences the consequence of that stress. Cells that are 
stressed in G2/M phase acquire a phenotype characterized by high 
p21CIP1, high IL-6 and low cyclin-D expression. Cells that are stressed 
after exiting the cell cycle acquire a phenotype characterized by high 
p16INK4a, low p21CIP1, low IL-6 and high cyclin-D expression in G0/G1 
phase22,221. Differences are also observed between senescent cells 
emerging from deeply quiescent cells that undergo genotoxic stress 
versus rapidly proliferating cells that are vulnerable to replication 
stress or mitotic slippage24.

Attempts have been made to define subclusters of senescent cells: 
for example, ‘early’ senescence (p21CIP1–p53 signalling and a SASP of 
interleukins and TGFβ) versus ‘deep’ or ‘late’ senescence (established 
p16INK4a expression, L1 activation, an interferon-high SASP and 
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SAHF)95,210,212. Late senescence is associated with distinguishable95 
and gradual15,222 changes in several markers correlated with the 
duration of cell cycle arrest. In ageing tissues, long-term survival of 
senescent cells may also be a product of persistent secretion of an 
immune-modulating SASP or dysfunction of the immune compartment 
itself15. Nevertheless, the use of such temporal cut-offs to categorize 
senescent cells, particularly in vivo, is still mostly arbitrary. Further-
more, in regenerating tissues, even senescent-like cells (with chro-
matin dysregulation and high levels of p16INK4a and SA-β-Gal activity) 
may re-enter the cell cycle223,224. Others distinguish senescence based 
on cell-autonomous (primary) versus non-autonomous (secondary or 
paracrine) senescence induction, which is elicited by the SASP and/or 
extracellular vesicles from primary senescent cells. Primary senes-
cent cells are characterized by activation of the DDR (p21CIP1 and p53 
signalling) and the SASP, whereas secondary senescent cells usually 
express high levels of p16INK4a (refs. 225–227) (Fig. 6Ac), although these 
distinctions are highly context-specific.

Many tissues maintain regenerative capacity through long-lived, 
slow cycling, adult stem cells. Withdrawal of these stem cells from 
the cell cycle promotes genome stability and protects against repli-
cative senescence. As slow cycling and deeply quiescent cells share 
many features with senescent cells, measuring a single senescence 
biomarker does not distinguish between reversibly quiescent cells 
and permanently arrested senescent cells in a tissue222. Recent studies 
highlight that quiescence and senescence may not even be mutually 
exclusive cell states. Longitudinal measurements of cell cycle dynam-
ics and multiple biomarkers in single cells suggest that the duration 
of cell cycle withdrawal may determine the reversibility of arrest and 
many canonical senescence markers222,226–229. Without such detec-
tion over time in tissues, and with a lack of consensus in thresholds 
of expression to distinguish senescent cells, definitive identification 
and measurement of senescence remains elusive. Interestingly, other 
senescent cell features, such as cell and nuclear size222, lysosomal 
function226 and autophagy230, are also not static. Thus, cross-sectional 
measures of senescence features can be misleading in terms of defining 
individual cell fate trajectories (Fig. 6A).

Dynamics of SASP and cell fate regulation
The heterogeneity and fluidity of the SASP14 make it challenging to dis-
tinguish this from physiological inflammatory processes, particularly 
in senescent immune cell populations. For example, dynamic activation 
of NOTCH1 signalling during senescence facilitates a spatiotemporal 
switch between distinct SASP signatures, with a transient suppres-
sion of NOTCH1 signalling occurring during senescence initiation198. 

This leads to the de-repression of C/EBPβ-mediated inflammation in 
senescent cells but is followed by a TGFβ1-mediated anti-inflammatory 
and pro-fibrotic secretome198. Changes in DDR processes also impact 
SASP dynamics. Mitochondria are thought to be the main mediators 
linking the DDR to the SASP. Indeed, the SASP dependent on high 
levels of p53 and mitochondrial dysfunction is different from low-p53-
associated SASP, which is characterized by NF-κB-dependent increases 
in IL-1 and TNF144,145,180. Gradual loss of stabilized p53 in late/deep senes-
cence also promotes inflammatory SASP secretion178. These changes 
result in dynamic and functional alterations in SASP profiles (Fig. 6B).

Senescent cells are paradoxically both resistant to apoptosis and 
primed for apoptotic clearance231–233. Furthermore, pre-apoptotic cells 
often express similar markers to senescent cells (such as inflamma-
tory cytokines) and can be identical to senescent cells depending 
on fluctuations in DDR signalling203,234. Early senolytic approaches 
selectively targeted senescent cells for clearance based on apoptosis 
resistance. However, recent evidence suggests that G0/G1-arrested 
senescent cells, which typically express high levels of p16INK4a and low 
levels of p21CIP1, are less susceptible to BCL2 inhibitor-mediated clear-
ance than G2/M-arrested cells, which express high p21CIP1 levels3,22,221. 
Cells that were more prone to clearance in this study were also high in 
pro-inflammatory SASP such as IL-6 (ref. 22). Nevertheless, cellular sen-
sitivity to different senolytics in different cell types does not seem to cor-
respond to relative levels of p16INK4a, p21CIP1, lamin B1, SASP or SA-β-Gal.  
Rather, different senescent cell types have different dependencies 
on mitochondrial dynamics, quality control235 and cell death regula-
tors (such as BCL-xL, MCL1 or GPX4)236, implying that different senes-
cent cell populations have diverse vulnerabilities to alternate types 
of cell death such as apoptosis or ferroptosis. In addition, grading cells 
based on cell cycle withdrawal can help to pinpoint target cells in aged 
tissues for appropriate clearance versus reprogramming approaches237.

SASP regulatory networks such as NF-κB–C/EBPβ, p38–MAPK,  
TGFβ–SMAD and cGAS–STING signalling are shared with non- 
senescence-mediated processes such as inflammation, stress responses 
and cell death14,238. Other key cell cycle-regulating processes, such 
as MYC degradation239, DREAM complex assembly67, the hypoxic 
response240, inflammasome activation241 and protein synthesis225,228, 
are all shared with non-senescent cell fates.

In summary, most canonical senescence markers are not exclusive 
to senescent cells but rather can be attributed to many putative cell 
fates and cell cycle stages (Fig. 6C). Therefore, novel techniques and 
high-dimensional data generation are necessary to revise conventional 
approaches for detecting and modulating senescent cells in a complex 
continuum of cell fates — to distinguish ‘true’ senescent cells from cells 

Fig. 6 | Challenges in identification, measurement and mechanistic 
understanding of senescence markers. A, Static measures of biomarkers do 
not distinguish between cell fates, as shown by the hypothetical illustrations. 
Aa, Increased senescence-associated β-galactosidase (SA-β-Gal) activity and/or 
p21CIP1 expression can be transient, in which case even double-positive cells may 
become irreversibly arrested and re-enter the cell cycle. Ab, Increased SA-β-Gal 
activity and/or p16INK4a expression can be contextual in specialized cell types 
and biological contexts, for example, in differentiating macrophages, as well 
as non-senescent postmitotic cells. Ac, p16INK4a and/or p53 expression may be 
indicative of a cell that is destined for apoptosis, cell cycle re-entry or senescence. 
These markers also cannot distinguish cells that become senescent owing to cell-
autonomous stress (primary senescence) from those that undergo senescence 
in response to paracrine signalling (secondary senescence) and their biological 

consequences. These limitations complicate accurate identification, tracking 
and therapeutic targeting of senescent cells. B, The expression of senescence 
markers and the senescence-associated secretory phenotype (SASP) change 
over time, associated with the increasing irreversibility of the senescent cell state 
and sequential activation of key senescence pathways. This creates uncertainty 
in defining the point along this trajectory at which a cell becomes senescent, 
as well as in predicting its functional outcome. C, Sankey diagram connecting 
cell cycle status, potential terminal cell fates and cellular events associated with 
senescence, illustrating the remarkable overlap and lack of clear resolution in 
the features of canonically distinct cell states. ECM, extracellular matrix; GF, 
growth factor; IFN, interferon; mTOR, mechanistic target of rapamycin; NF-κB, 
nuclear factor-κB; SAHF, senescence-associated heterochromatin foci; TGFβ, 
transforming growth factor-β.
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that are reversibly arrested or undergoing functional physiological 
processes that mimic senescence signatures derived from studies 
in cell culture. Appreciating the underlying diversity of senescence 
and its functional classifications may help to better understand the 
regulation of cellular senescence and to develop more precise markers 
and therapeutics (Box 2).

Conclusions
Far from being a linear series of events, the coordinated actions of 
the DDR, chromosomal reorganization, transcriptomic, proteomic 
and metabolic remodelling and distinct intercellular communication 
mechanisms construct a complex interconnected network of feedfor-
ward and stable signalling mechanisms to sustain senescence. This is 
not a uniform state, having remarkable diversity in phenotype and 
function that warrants revising existing methods of classification and 
requires new signatures and mechanistic breakthroughs.

An important next step will be to move beyond static and over-
simplified definitions of dynamic and heterogeneous senescent cell 
populations, as well as to identify canonical markers based on mecha-
nism for the characterization and precise functional perturbation of 
senescent cells. This will involve the generation of high-dimensional 
maps of senescent cell populations in model organisms and human 
tissues, integrating single-cell and spatial multi-omics data with func-
tional screens for a comprehensive, systems-level characterization 
of senescent cells. With rapid technological advances, it will also be 

important to ensure proper standardization, cross-platform validation 
and consensus on biologically meaningful, mechanistically grounded 
evidence to catalogue novel senescence genes and understand their 
precise roles in ageing and pathology. Finally, without mechanistic 
elucidation of the functional and regulatory diversity of senescent cells, 
broad spectrum approaches will not be able to selectively resolve the 
pathological effects of senescent cells while harnessing their physi-
ological roles in tissue homeostasis, tumour suppression and other 
contexts yet to be fully understood.
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