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Abstract Cell senescence, which is an irreversible state of
cell proliferative arrest, has emerged as a potentially important
contributor to tissue dysfunction and organismal ageing. Cell
senescence is triggered by a variety of senescence stressors,
which affect gene expression and multiple signalling path-
ways that give rise to various senescence phenotypes.
Epigenetic mechanisms, as critical regulators of chromosomal
architecture and gene expression, have added an extra dimen-
sion to the molecular mechanisms of cell senescence. Cell
senescence is accompanied by changes in DNA methylation,
histone-associated epigenetic processes, chromatin remodel-
ling and ncRNA expression. Those senescence-associated
epigenetic alterations interact with the senescence regulatory
programme networks and lead to various cell senescence phe-
notypes. This review provides a comprehensive overview of
epigenetic changes and their effects on cell senescence. The
differences in epigenetic alterations among different types of
senescence are also discussed. Furthermore, we summarise
the interactions among different epigenetic mechanisms dur-
ing cell senescence and analyse the possibility of using epige-
netic signatures as biomarkers and therapeutic targets for the
treatment of senescence-associated diseases.
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Introduction

Cell senescence has been widely reported to occur during or-
ganismal ageing and ageing-related diseases [1, 2]. Cell senes-
cence has been recognised as a hallmark of ageing and an
important contributor to ageing-related diseases [3]. Senescent
cells have been shown to accumulate over time and lead to
tissue dysfunction [4]. Cell senescence can be triggered by a
variety of senescence stressors, such as replicative stress, oxi-
dative stress and DNA instability, which affect gene expression
and multiple signalling pathways that give rise to various se-
nescence phenotypes. However, the mechanisms underlying
the response of senescent cells to senescence stress have not
been well characterised. Epigenetic mechanisms that gradually
alter chromatin structure and gene expression in response to the
environmental stress and DNA damage signals gradually with-
out a corresponding alteration in the genome may add an extra
dimension to the molecular mechanisms of cell senescence [5].
Senescence-associated epigenetic alterations have been widely
reported in cell senescence. Epigenetic mechanisms play a sig-
nificant role in the initiation and progression of cell senescence.
Hence, appreciating how epigenetic mechanisms contribute to
cell senescence is fundamental to our understanding of cell
senescence. However, the involvement of epigenetic mecha-
nisms in cell senescence has not been systematically reviewed
yet. Here, we summarise the epigenetic changes in senescent
cells, highlight the epigenetic mechanisms of cell senescence
and discuss potential epigenetic therapies for cell senescence.

Epigenetic regulation of senescent cells

Cell senescence is an evolving process generally established
and maintained by the p53-p21 pathway and/or the p16INK4a

pathway, which may lead to an irreversible cell cycle arrest.
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Mounting evidences suggest that cellular senescence is a dy-
namic process driven by epigenetic changes. These epigenetic
changes include changes in DNA methylation, histone-
associated epigenetic processes, ATP-dependent chromatin re-
modelling complexes and the expression of non-coding RNAs
(ncRNAs) (Fig. 1). Replicative senescence, stress-induced
premature senescence (SIPS) and embryonic senescence,
which are induced by different induction factors (Table 1),
harbour considerable variations in gene expression profiles
and phenotypes, as well as epigenetic patterns. The epigenetic
mechanisms of these different types of cell senescence are
widely investigated.

DNA methylation

DNAmethylation is a critical epigenetic mechanism that is func-
tionally involved in many biological processes [9]. DNA meth-
ylation of promoter CpG dinucleotide is a marker of transcrip-
tional silencing [9]. Replicative senescence is characterised by

global DNA hypomethylation and focal hypermethylation
(Table 2). The senescence-associated DNA hypomethylation
is attributed to DNA methyltransferase 1 (DNMT1)
mislocalization, decreased activity or expression [13, 14]. The
senescence-associated focal hypermethylation may be induced
by senescence-associated heterochromatin foci (SAHF), which
may recruit DNMTs to focal sites through heterochromatin pro-
tein 1 (HP1) [15, 16]. Senescence-associated DNA methylation
alterations are good predictors of cell passage numbers and cu-
mulative population doublings [17]. Moreover, changes in mito-
chondrial DNA (mtDNA) methylation have also been shown in
replicative senescent cells. An analysis of the cytosine in the
mtDNAnon-coding region revealed that 76% is hypomethylated
and 24% is hypermethylated in senescent cells [18]. The hypo-
methylation of mtDNAmay be associated with the downregula-
tion of mitochondrial specific DNMT (mtDNMT1), which is
mediated by p53 [19]. The hypomethylation of mtDNA non-
coding region may give rise to upregulated mitochondria-
derived ncRNAs and thus effects on the expression of mitochon-
drial genes and the function of mitochondria.

Fig. 1 Epigenetic mechanisms of
cell senescence. Cell senescence
is accompanied by alterations in
DNA methylation, histone-
associated epigenetic processes,
chromatin remodelling and
ncRNA expression. Different
epigenetic modifications interact
with each other and comprise a
complicated network. The
combination of these epigenetic
modifications affects senescence
regulatory programmes by
regulating the chromatin structure
and the transcription, translation
and post-translational
modifications of a variety of
genes. The interaction between
epigenetic mechanisms and other
senescence regulatory
programmes leads to various
senescence phenotypes, such as
cell cycle arrest and SASP.
Abbreviation: SASP: senescence-
associated secretory phenotype
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Regarding SIPS, no significant global DNA methylation
changes are observed in doxorubicin-induced senescence, ion-
ising irradiation-induced senescence, Ras-induced senescence
(RIS) and non-permissive temperature-induced senescence
[20–22]. There are two main reasons why the DNA methyla-
tion profile maintains stability in some types of SIPS. First,
there are not enough rounds of cell division to accumulate
DNA methylation errors for premature senescent cells, which
are rapidly induced to a senescent state. Second, some DNA
methylation modifiers, which are markedly decreased in repli-
cative senescent cells, are only slightly reduced in premature
senescent cells [21]. However, when there are enough rounds of
cell division, senescence-associated DNA methylation can also
occur in SIPS. Global DNA hypomethylation, DNMT1 down-
regulation and hypermethylation of the apoptosis pathways
have been detected in high-dose radiation-induced cell senes-
cence [23]. The diversity of senescence-associated DNA meth-
ylation changes in different types of cell senescence eventually
leads to distinct gene expression patterns and phenotypes.

Senescence-associated DNA methylation alterations are en-
gaged in the regulation of telomere dysfunction and DNA dam-
age and eventually lead to cell senescence. Hypermethylation of
the telomerase reverse transcriptase (TERT) promoter during
senescence reportedly induces diminished TERT expression
and decreased telomerase activity [24]. However, there is no
linear relationship between hypermethylation and TERTexpres-
sion. Hypermethylation of the TERT promoter simultaneously

prevents the binding of both transcriptional activators and tran-
scriptional repressors. DNA hypomethylation induced by the
DNA demethylating agent 5-aza-2′-deoxycytidine (DAC) has
also been shown to be able to trigger senescence by reducing
TERT expression via decreased binding of c-myc to the TERT
promoter [25]. Moreover, DNA hypomethylation has been re-
ported to upregulate the expression of p16INK4a and p21Cip1 and
may affect the wrapping of DNA ends and expose the
hypomethylated DNA to DNA damage stress [26, 27].

Taken together, senescence-associated DNA methylation
alterations accumulated during cell senescence interact with
telomere dysfunction and DNA damage and thus lead to cell
cycle arrest. However, the epigenetic pattern in embryonic
senescence remains unknown. Therefore, further investiga-
tions are required to explore the epigenetic pattern in embry-
onic senescence and determine the differences among the epi-
genetic mechanisms underlying replicative senescence, SIPS
and embryonic senescence.

Histone-associated epigenetic processes

Histone-associated epigenetic processes include histone mod-
ifications, histone variation and histone depletion. Those pro-
cesses regulate nearly all DNA-templated processes, such as
replication, transcription and repair. Replicative senescence
cells harbour various histone-associated epigenetic changes

Table 1 Traits of cell senescence classified by their induction factors

Types Induction factors Regulatory programmes Senescence establish pathway Effects

Replicative senescence Replication stress Telomere dysfunction, DNA
damage, and epigenetic
stress

The p53-p21 pathway and/or
the p16INK4a pathway [6]

Tissue dysfunction

SIPS Oncogene activation,
ROS, radiation, and
chemotherapeutics

Oxidative stress, DNA damage,
and epigenetic stress

The p53-p21 pathway and/or
the p16INK4a pathway [7]

Tissue dysfunction

Embryonic senescence Physiological signals Physiological signals and
epigenetic regulation

The TGFβ/SMAD-p21Cip1

pathway and the
FOXO/PI3K-p21Cip1

pathway [8]

Embryonic patterning
and organogenesis

SIPS stress-induced premature senescence, ROS reactive oxygen species

Table 2 The alteration of DNA modulators in replicative senescence and their effects on senescence phenotypes

Epigenetic modulator Epigenetic function Alteration Phenotype Mechanism

DNMT1 Maintaining DNA methylation
during cell division

↓ Cell cycle arrest Upregulating p16INK4a and p21Cip1

via promoter hypomethylation [10]

DNMT3 Catalysing DNA methylation de
novo

↑ Telomere shortening Downregulating TERT expression and
telomerase activity via hypermethylation [11]

TET Converting methyl-cytosine to
hydroxyl-methyl-cytosine and
promoting demethylation

↓ Proliferation suppression Blocking the cells at G1 phase via the
recruitment of PRC2 [12]

DNMT DNA methyltransferase, TET ten-eleven translocation, PRC2 polycomb repressive complex 2, TERT telomerase reverse transcriptase
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(Table 3). Histone depletion is triggered in response to telo-
mere shortening [42]. Telomere shortening leads to decreased
telomere binding sites of repressor activator protein 1 (Rap1),
which relocates to histone genes and represses their expres-
sion [43]. Histone depletion gives rise to an open chromatin
configuration, which increases the RNA polymerase II elon-
gation rates and leads to pre-mRNA splicing defects in senes-
cence [44]. Histone variations, such as phosphorylated H2AX
(γ H2AX), H3.3 and macroH2A.1.1, are also detected in rep-
licative cell senescence [41, 45]. In addition, replicative cell
senescence is characterised by global decreases in H4K16Ac,
H3K4me3, H3K9me3 and H3K27me3 and global increases in
H3K9Ac and H4K20me3 [46–48]. These histone modifica-
tion changes are relevant even after substantial passaging in
culture. Histone modification changes have also been detected
in SIPS. However, the histone marker alteration pattern in
different types of SIPS appears to vary according to their in-
duction factors. For example, neither H3K27me3 nor
H3K9me3 undergoes large-scale changes during oncogene-

induced senescence [49]. The heterogeneity of histone modi-
fications between cells induced by different senescence mech-
anisms may give rise to diverse gene expression pattern and
senescence phenotype in those cells.

The role of senescence-associated histone alterations in the
senescence regulatory programmes has been extensively inves-
tigated. On the one hand, histone modifications and histone
variations are increasingly recognised as significant regulators
of telomere shortening. Histoneγ-H2AXhas been reported as a
sensitive marker of telomere shortening, which colocalizes with
double-strand breaks (DSB) repair factors [40]. Telomeres are
enriched for the H3K9me3, H4K20me3, H3K79me2 and
H3K9Ac markers [11, 50]. These histone modifications of the
telomere region and TERT play significant roles in the tran-
scription and activity of telomeres [33, 50, 51]. On the other
hand, the establishment and maintenance of senescence growth
arrest are tightly regulated by senescence-associated histone
alterations. The role of the histone methyltransferases complex,
polycomb repressive complex (PRC), in repressing the

Table 3 The alteration of histone-associated epigenetic processes in replicative senescence and their effects on senescence phenotypes

Epigenetic modulator Alteration Phenotype Mechanism

Histone deacetylases, class I

HDAC 1/2 ↑ Cell cycle arrest Promoting p16INK4a upregulation and pRB dephosphorylation by
deacetylating H3K9Ac [28]

HDAC2 ↑ Telomere shortening Coordinating with the SWI/ SNF complex to inhibit expression
of TERT [29]

Histone deacetylases, class II

HDAC4 ↓ Cell cycle arrest Increasing endogenous SIRT1 expression by enhancing its
sumoylation modification levels [30]

Histone deacetylases, class III

Sirt1 ↓ Cell cycle arrest; SASP Upregulating p21Cip1 by inhibiting the expression of MCP-1;
hyperacetylating of the promoters of IL-8 and IL-6 [31, 32]

Sirt6 ↓ Telomere dysfunction Inducing telomere dysfunction-induced foci via upregulated
H3K9Ac level [33]

Histone methyltransferases

G9a ↓ Proliferation suppression Inducing DNA damage response and inhibiting cell proliferation [34]

PRC2-EZH ↓ Cell cycle arrest Increasing the expression of p14ARF, p15INK4b, and p16INK4a

by repressing their H3K27me3 marker [35]

MLL1 ↑ SASP Depositing H3K4me3 at TSSs of SASP genes [36]

Histone demethyltransferases

JMJD3 ↑ Cell cycle arrest; SASP Increasing the expression of p14ARF, p15INK4b, p16INK4a, and
SASP genes by repressing their H3K27me3 marker [37]

KDM6-UTX ↑ Proliferation suppression Altering gene expression programs during cell fate changes by
removing the H3K27me3 mark [38]

Histone variations

H3.3cs1 ↑ Cell cycle arrest Silencing RB/E2F target genes [39]

γ-H2AX ↑ Telomere shortening Colocalizing with DSB repair factors [40]

macroH2A.1.1 ↑ SASP Transcriptionally activating SASP genes [41]

HDAC histone deacetylase, Sirt1 sirtuin 1, PRC2 polycomb repressive complex 2, EZH enhancer of zeste homologue 2, MLL1 myeloid/lymphoid or
mixed-lineage leukaemia 1, JMJD3 Jumonji domain 3, KDM6 lysine demethylase 6, UTX tetratricopeptide repeat, X chromosome, TERT telomerase
reverse transcriptase,MCP-1 monocyte chemoattractant protein-1, SASP senescence-associated secretory phenotype, TSS transcriptional start sites, RB
retinoblastoma
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INK4/ARF locus has been thoroughly investigated. PRCs bind
directly to the INK4/ARF locus and induce H3K27
trimethylation, which leads to repression of its transcription
[52]. In addition, cell senescence can be prevented via inhibi-
tion of histone acetyltransferases (HATs) and can be induced by
inhibiting histone deacetylases (HDACs) [31, 53, 54]. The
NAD+-dependent Sirtuins (SIRTs), especially SIRT1, are fa-
mous for their effects in ageing and senescence. Different
Sirtuins have shared deacylation activity but harbour multiple
differences in subcellular localization, regulation and substrate
selectivity [55]. Accordingly, their roles in senescence and their
epigenetic mechanisms vary among different Sirtuins. Nuclear
Sirtuins (SIRT1, SIRT6 and SIRT7)may catalysemodifications
of histone or non-histone proteins, such as transcription factors,
and impact on senescence by regulating gene transcription and
genome instability. SIRT6 depletion has been shown to give
rise to the formation of telomere dysfunction-induced foci dur-
ing cell senescence [33]. Reduction of SIRT1 leads to cell se-
nescence by upregulating p53 acetylation and p21Cip1 expres-
sion [31, 56]. In contrast, extranuclear Sirtuins (SIRT2, SIRT3,
SIRT4, SIRT5) may target enzymes involved in metabolism
and antioxidative process and indirectly defend against senes-
cence. For instance, SIRT3 has been reported to inhibit senes-
cence phenotypes by deacetylating forkhead box protein O1
(FOXO1) and elevating the expression of its target genes, cat-
alase and manganese superoxide dismutase (MnSOD) [57].

Those senescence-associated histone alterations interact with
the senescence regulatory programmes giving rise to various
senescence phenotypes, especially the senescence-associated se-
cretory phenotype (SASP). The histone variant macroH2A.1.1
may upregulate the activity of the poly-ADP-ribose polymerase
(PARP) 1 enzyme and induces SASP through the PARP-1/
NF-κB signalling cascade [58]. In turn, secreted SASP factors
upregulate the expression of macroH2A1 and form a positive
feedback loop that further supports SASP gene expression [41].
Histone modifiers have also been reported to play an essential
role in SASP. For example, methyltransferase MLL1 deposits
H3K4me3 at transcriptional start sites (TSSs) of SASP genes
and increases their expression by interacting with γH2A.X in
oncogene-induced senescence [36].

Some histone modifications in senescence and ageing may
be different and even contradictory. Ageing organisms show
increased H4K16Ac, H4K20me3 or H3K4me3, along with
decreased H3K9me and H3K27me3, which are quite different
from cell senescence [59]. There are two main reasons for the
difference of histone modification between cell senescence
and ageing. First, ageing, which is characterised with the
age-dependent accumulation of physiological and functional
damage to cells, tissues and organs, is much complicated than
senescence. Multiple potential sources for ageing-associated
damage, such as gene mutagenesis, reactive oxygen species
(ROS) and environmental insults, may have an impact on the
epigenetic profile of ageing and make it different from cell

senescence [60]. Second, although ageing organisms may cre-
ate an environment that facilitates the initiation and progres-
sion of cell senescence, ageing organisms do not always show
high cell senescence level [31]. Some epigenetic changes of
the aged people may even play a protective function against
senescence and contribute to their long life [61].

Altogether, histone-associated epigenetic processes directly
respond to various induction factors, which lead to changes in
chromatin structure and the gene expression profile that ulti-
mately result in cell senescence. However, very few studies
have focused on how these different senescence-associated
histone alterations are induced by different factors. Therefore,
further investigations are needed to explore the underlying
mechanisms of the various senescence-associated histone
alterations.

Chromatin remodelling complexes

Chromatin remodelling complexes use the power generated by
ATP hydrolysis to alter DNA-histone contacts and thus impact
chromatin status [62]. In eukaryotes, the four classes of chro-
matin remodelling complex families are as follows: switching
defective/sucrose non-fermenting (SWI/SNF), nucleosome re-
modelling and deacetylation (NuRD)/chromodomain, helicase,
DNA binding (Mi-2/CHD), inositol requiring 80 (INO80) and
imitation switch (ISWI) [63]. These different subfamilies catal-
yse a diverse range of structural transformations, such as sliding
histone octamers across DNA, removing histone octamers from
DNA and changing the composition of the nucleosomes [64],
and play an important role in the senescence process (Table 4).

The most researched and best understood ATP-dependent
chromatin remodelling complex in cell senescence is the SWI/
SNF complex. The SWI/SNF subunits BRM and BRG1 are
involved in the regulation of cell cycle progression by modu-
lating the transcription of cell cycle regulators, including RB,
p53 and E2F [70, 71]. And the interaction between BRG1 and
pRB may facilitate the formation of SAHF [72]. The SWI/
SNF subunits BRD7 and BAF180 are required for both p53-
dependent and independent regulation of p21Cip1 [73, 74].
Moreover, the SWI/SNF subunit ARID1B can induce DNA
damage and reactive oxygen species (ROS), which eventually
leads to increased transcription of p16INK4a, p21Cip1 and p53
and results in cell senescence [65, 75].

The NuRD/Mi-2/CHD complex, as a prominent regulator
of the establishment of heterochromatin, is critical for cell
viability and proliferation. NuRD can be recruited to telo-
meres, which results in remodelling of telomeric chromatin
and promotes homology-directed DNA repair at telomeres
and thus prevents the onset of senescence [66]. Knockdown
of CDK2AP1, a member of the NuRD complex, induces re-
markable DNA damage and increases p53 and p21Cip1
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expression levels, which leads to cell senescence via G1-S
phase transition arrest [67].

The INO80 complex plays important roles in telomere rep-
lication, dysfunctional telomere repair and the maintenance of
genome stability. Ino80 deletion inhibits homology-directed
DNA repair at telomeres by blocking the generation of
single-strand DNA [68]. The INO80 complex helps ensure
the normal progression of the cell cycle process, and it can
be recruited to the p21Cip1 promoter and negatively regulates
its expression. Ino80 deletion induces G2/M-G1 phase transi-
tion arrest by increasing p21Cip1 expression [76].

Taken together, the changes in chromatin remodelling en-
zymes may give rise to the DNA damage, genome stability,
oxidative stress and telomere dysfunction that play an impor-
tant role in cell senescence. However, the specific alteration
pattern of these chromatin remodelling enzymes during cell
senescence in vivo remains unknown. Further studies are
needed to elucidate the substantial changes in chromatin re-
modelling enzymes in cell senescence and explore mecha-
nisms underlying these changes.

ncRNAs

ncRNAs are non-protein-coding RNA transcripts, and the
DNA sequence transcribing ncRNAs accounts for greater than
80% of the whole genome [77]. These transcripts have been
regarded as transcription noise and junk RNA for many years
but are now recognised to be essential regulators of gene ex-
pression and abundant cellular activities [78]. Numerous
ncRNAs are differentially expressed during cell senescence
(Table 5). Genome-wide RNA screening has identified a num-
ber of downregulated and upregulated ncRNAs in senescent
cells compared with normal cells [84, 85]. Senescence has
been reported to be an endogenous trigger for the expression
changes in these ncRNAs and serves as their underlying sig-
nalling pathway [86]. Specifically, p53 promotes the expres-
sion of a wide range of senescence-associated ncRNAs by
binding to their enhancer regions [87].

Senescence-associated ncRNAs play an important role in
cell senescence by impacting on senescence regulatory
programmes. Some ncRNAs are important for telomere integ-
rity and genome stability. In particular, the ncRNA telomerase
RNA component (TERC) is an integral part of the telomerase
ribonucleoprotein (RNP) complex. TERCmay function as the
template for telomeric repeats and can facilitate the assembly
of the telomerase complex [82]. In contrast, telomeric repeat-
containing RNA (TERRA) can compete against TERT to bind
telomeres and thus suppresses telomere elongation [83]. The
senescence-associated ncRNAs that affect the senescence reg-
ulatory programmes eventually lead to various senescence
phenotypes. First, many ncRNAs are involved in the regula-
tion of cell proliferation and cell cycle arrest. Some ncRNAs
play a role in inhibiting the transcript of the INK4/ARF locus.
For example, the expression of the antisense lncRNA ANRIL
is downregulated during cell senescence, which leads to in-
creased P14ARF, P15INK4b, P16INK4a and Bcl-2 (a regulator of
proliferation) [79]. Alternatively, some ncRNAs may promote
the expression of the INK4/ARF locus. For instance, a very
long intergenic ncRNA (VAD) and MIR31HG are strongly
induced during senescence, which leads to increased
P14ARF, P15INK4b and P16INK4a [88, 89]. Second, some
ncRNAs can modulate the expression of SASP genes. For
instance, miR-146a/b inhibits the production of IL-1 recep-
tor-associated kinase 1 (IRAK1). Suppression of miR-146a/b
induces SASP via the upregulation of IRAK1 activity and the
consequent activation of the NF-κB signalling cascade [81].
Moreover, cytoplasmic ncRNAs can regulate the translation
of senescence- or proliferation-associated proteins or directly
interact with them to modulate their activity. For example,
circ-Foxo3 can interact with the anti-senescence protein ID-
1, anti-stress proteins FAK and HIF1α and the transcription
factor E2F1 in the cytoplasm. These interactions suppress the
activity of these proteins and lead to increased cellular senes-
cence [80].

In summary, cell senescence triggers changes in the expres-
sion of numerous ncRNAs. These senescence-associated
ncRNAs affect cell senescence in turn and form a complicated
network. These ncRNAs are required for the maintenance of

Table 4 The effects of chromatin
remodelling complexes on
senescence and their alteration in
replicative senescence

Epigenetic modulator Effects Alteration

The SWI/SNF complex Upregulating the transcription of p16INK4a,
p21Cip1, and p53 [65]

Unknown

The NuRD/Mi-2/CHD complex Promoting homology-directed DNA repair
at telomeres; inhibiting DNA damage and
the expression of p53 and p21Cip1 [66, 67]

Unknown

The INO80 complex Promoting homology-directed DNA repair at
telomeres and inhibiting G2/M-G1 transition
arrest by downregulating p21Cip1 [41, 68]

Unknown

ISWI Facilitating the recruitment of ATM and mediator
of DNA damage checkpoint 1 (MDC1) [69]

Unknown
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senescence features and regulate almost all senescence pheno-
types. Further studies are expected to explore the role of these
senescence-associated ncRNAs in ageing-related diseases and
the potential to use them as senescence biomarkers.

Interactions among different epigenetic mechanisms

The senescence epigenome is attributed to integrative
cooperativity and multiple interlocking feedback mechanisms
among various epigenetic modifiers, ATP-dependent chroma-
tin remodelling complexes and ncRNAs. The combination of
different epigenetic modifications establishes and maintains
the specific senescence epigenetic landscapes.

In normal cells, the maintenance of DNAmethylation and the
establishment of H3K9 methylation are interdependent [90].
However, DNA methylation profiles reveal consistent
senescence-associated hypomethylation in regions associated
with H3K9me3 [91]. This finding suggests that senescence-
associated hypomethylation is a passive process rather than an
active process. This notion is supported by the mislocalization,
decreased activity or expression of DNMT1 in senescent cells
[13, 14]. Decreased DNMT1 results in the unsuccessful mainte-
nance of DNA methylation patterns during cell division, which
ultimately results in DNA hypomethylation. Senescence-
associated hypermethylation typically associated with euchro-
matic histone markers, including H3K27me3, H3K4me3 and
H3K4me1 [91], which may be induced by senescence stress.
In contrast, de novo DNA methylation usually occurs around
heterochromatic histone markers in normal cells [90]. Further
studies are needed to clarify the mechanisms underlying the en-
tirely different interactions between DNA methylation and his-
tone modification in normal cells and senescent cells.

In addition to the interaction with DNA methylation, his-
tone modifications are crucial for the activity of chromatin
remodelling complexes. The ATPase activity of chromatin

remodelling complexes is under the control of histone deter-
minants [92]. Acetylated core histones can interact with the
bromodomain of the central ATPase of SWI/SNF CRCs,
which affects their activities [93]. In turn, chromatin remodel-
ling complexes modify the balance between euchromatin and
heterochromatin and act as important regulators of DNA
methylation and histone modifications. For example, SWI/
SNF CRCs facilitate the eviction of PRC2, which result in
enhanced expression of the polycomb-targeted INK4/ARF lo-
cus [94]. The CTCF-CHD8 complex affects DNA methyla-
tion at CTCF binding sites [92]. Moreover, chromatin remod-
elling complexes may recruit a DNAmodifier while inhibiting
a histone modifier and vice versa. For example, BRG1 im-
pedes the binding of DNMT1, P53, RB and retinoblastoma-
like protein 2 RB2/P130 and recruits HDAC at the NANOG
promoter [95].

ncRNAs are involved in the differential recruitment of epi-
genetic modifiers to specific loci and play an important role in
the regulation of chromatin architecture. Both DNA methyl-
transferases and DNA demethyltransferases are under the reg-
ulation of ncRNAs during cell senescence. For example,MiR-
29 can regulate DNMT3A, DNMT3B and the ten-eleven
translocation (TET) family, which leads to senescence-
associated DNA methylation alterations [96]. For histone
modifications, ncRNAs have an impact on various histone
modifiers by regulating their expression levels or affecting
their interactions with their target genes. For instance,
ANRIL has been shown to mediate PRC recruitment and re-
pression of p16INK4a [97]. The activities of some histone var-
iants may also be influenced by ncRNAs. For instance, the
antisense very long intergenic ncRNA (vlincRNA) VAD in-
hibits the incorporation of the repressive histone variant
H2A.Z at the promoters of INK4A genes, which gives rise
to their increased expression [88]. Moreover, ncRNAs have
an impact on chromatin remodelling complexes during cell
senescence. For example, ncRNA MIR31HG is required for

Table 5 The alteration of
ncRNAs in replicative senescence
and their effects on senescence
phenotypes

Epigenetic
modulator

Alteration Phenotype Mechanism

ANRIL ↓ Cell cycle arrest Increasing the expression of P14ARF, P15INK4b,
P16INK4a, and Bcl-2 [79]

circ-Foxo3 ↑ Cell cycle arrest Suppressing the activity of ID-1, FAK and HIF1a,
and E2F1 in the cytoplasm [80]

miR-146a/b ↓ SASP Upregulating IRAK1 activity and the consequent
activated NF-κB signalling cascade [81]

TERC ↓ Telomere shortening Inhibiting the assembly of the telomerase
complex [82]

TERRA ↑ Telomere shortening Competing against TERT to bind telomeres [83]

TERT telomerase reverse transcriptase, TERRA telomeric repeats-containing RNA, MCP-1 monocyte
chemoattractant protein-1, SASP senescence-associated secretory phenotype, IRAK1 IL-1 receptor-associated
kinase 1, ID-1 DNA binding protein inhibitor 1, FAK focal adhesion kinase, HIF1a hypoxia-inducible factor 1-
alpha
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PcG-mediated repression of the INK4A locus [89].
Altogether, these findings suggest that ncRNA may function
as the scaffold of DNA methylation, histone modifications
and chromatin remodelling and play a critical role in the se-
nescence epigenome.

Taken together, different epigenetic modifications interact
with each other, which result in specific senescence epigenetic
landscapes and special senescence gene expression profiles.
Senescence-associated histone modification alterations appear
to be the most direct epigenetic response to senescence stress.
Histone alterations induced by senescence stress facilitate
senescence-associated changes in DNA methylation, chroma-
tin remodelling complex activities and ncRNA expression
[98]. These subsequent epigenetic alterations interact with
each other and affect histone modifications in turn. Various
senescence-associated epigenetic alterations and cell senes-
cence interact with each other and comprise a complicated
network to regulate various senescence phenotypes [99]. In
many cases, there is only correlative evidence for the roles
of epigenetic changes in cell senescence. Therefore, more
functional evaluations of those senescence-associated epige-
netic alterations using epigenetic perturbation experiments are
looked forward. With the advent of gene-editing tools [100,
101], it is now possible to adjust histone modifications pre-
cisely and test their roles in cell senescence specifically. In
addition, some epigenetic changes occurring during the onset
of senescence have been shown to be neither responsible for
induction nor prevention of senescence [102]. Those epige-
netic changes are consequences of senescence other than
causes but may function as markers of cellular senescence
and even help in maintaining the senescent state [102].

Epigenetic therapy targeting cell senescence

As stated above, epigenetic mechanisms play an essential role
in the initiation and development of cell senescence.
Senescence-associated epigenetic alterations are attractive tar-
gets for the treatment of cell senescence. Epigenetic therapies
targeting cell senescence may inhibit the accumulation of se-
nescent cells and provide a new method to treat ageing-related
diseases. Several inhibitors of DNA methylation or histone
deacetylation are approved for the treatment of some haema-
tological malignancies by the US FDA and have been used in
the clinic for several years [103]. Interventions targeting his-
tone methylation and ncRNAs are also widely used in clinical
trials.

Recently, attempts have been made to use epigenetic drugs
for the treatment of cell senescence. For example, the treat-
ment of a DNMT inhibitor, RG108, has been shown to in-
crease the expression of anti-senescence genes, downregulate
the expression of p21Cip1 and p53 and lead to significantly
decreased SA-β-gal positive cells [14]. However, some

DNMT inhibitors, such as 5-aza-2 ′-deoxycytidine
(decitabine), have been shown to induce increased expression
of p16INK4a and p53 and lead to a high number of DNA
double-strand breaks [104]. Therefore, efforts to change spe-
cific DNA methylation patterns in the target senescent cells
and select suitable epigenetic drugs are required for using
DNMT inhibitors.

Targeting histone modification enzymes is more complex
than targeting DNMTs because of their multiple subclasses
and different cellular localizations. Nonetheless, drugs
targeting histone modification enzymes could still be extreme-
ly powerful tools. The most studied and recognised epigenetic
drug targeting cell senescence is resveratrol, an activator of
SIRT1. The effect of resveratrol on cell senescence and pro-
liferative dysfunction is mainly associated with the activation
of SIRT1 and the AMPK-FOXO3 cascade [105].

Regarding ncRNAs, antisense ncRNAs or ncRNA mimics
may facilitate the inhibition of senescence phenotypes [97].
Because ncRNAs may act as the scaffold of other epigenetic
modifications and affect various phenotypes, epigenetic ther-
apies targeting ncRNAs may simultaneously modulate multi-
ple senescence-associated pathways, and the same is true for
epigenetic drugs targeting DNA methylation or histone mod-
ifications. This characteristic of the action of epigenetic drugs
allows for the simultaneous correction of the expression of
abundant senescence-associated genes and the activity of mul-
tiple signalling pathways, which may lead to a better thera-
peutic effect [106]. However, due to the lack of specificity,
side effects arising from inappropriate changes in some epige-
netic modifications should also be considered. In addition,
drugs inhibiting the senescence programme may promote tu-
mour development. It is recommended to specifically admin-
ister epigenetic drugs to senescent cells by targeting cells with
senescence biomarkers, such as p16INK4a [107].

Conclusions

Cell senescence is accompanied by changes in DNA methyl-
ation, histone-associated epigenetic processes, chromatin re-
modelling and ncRNA expression. Different epigenetic mod-
ifications interact with each other and regulate chromatin
structure and gene expression and facilitate telomere dysfunc-
tion, DNA damage and oxidative stress, which result in cell
senescence. The establishment of epigenetic mechanisms and
cell senescence promote mutually and comprise a complicated
network to regulate various senescence phenotypes.
Epigenetic therapies targeting cell senescence may facilitate
the inhibition of senescence phenotypes and lead to the reac-
tivation of normal cellular activity. Those epigenetic therapies
may modulate multiple senescence-associated pathways si-
multaneously and lead to a better therapeutic effect.

1264 J Mol Med (2017) 95:1257–1268



Acknowledgements This work was supported by grants from the
Chinese Academy of Medical Sciences Innovation Fund for Medical
Sciences (CIFMS, 2016-I2M-1-011, 2016-I2M-1-015, 2016-I2M-1-016),
National Key Research and Development Plan (2016YFC0903900),
National Natural Science Foundation of China (91339201, 81422002,
91639304, 31571193), the National Science and Technology Support
Project (2013YQ0309230502, 2014BAI02B01, 2015BAI08B01) and
the National Youth Top-notch Talent Support Program.

References

1. Van Deursen JM (2014) The role of senescent cells in ageing.
Nature 509:439–446

2. Sharpless NE, Sherr CJ (2015) Forging a signature of in vivo
senescence. Nat Rev Cancer 15:397–408

3. Childs BG, Durik M, Baker DJ, van Deursen JM (2015) Cellular
senescence in aging and age-related disease: from mechanisms to
therapy. Nat Med 21:1424–1435

4. Baar MP, Brandt RM, Putavet DA, Klein JD, Derks KW,
Bourgeois BR, Stryeck S, Rijksen Y, van Willigenburg H,
Feijtel DA et al (2017) Targeted apoptosis of senescent cells re-
stores tissue homeostasis in response to chemotoxicity and aging.
Cell 169:132–147.e16

5. Lowe D, Horvath S, Raj K (2016) Epigenetic clock analyses of
cellular senescence and ageing. Oncotarget 7:8524–8531

6. Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM (2004)
Telomere shortening triggers senescence of human cells through
a pathway involving ATM, p53, and p21(CIP1), but not
p16(INK4a). Mol Cell 14:501–513

7. Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron L, Lu T,
Yankner BA, Campisi J, Elledge SJ (2015) The DNA damage
response induces inflammation and senescence by inhibiting au-
tophagy of GATA4. Science 349:aaa5612

8. Muñoz-Espín D, Cañamero M, Maraver A, Gómez-López G,
Contreras J, Murillo-Cuesta S, Rodríguez-Baeza A, Varela-Nieto
I, Ruberte J, Collado M et al (2013) Programmed cell senescence
during mammalian embryonic development. Cell 155:1104–1118

9. Liu XS, Wu H, Ji X, Stelzer Y, Wu X, Czauderna S, Shu J, Dadon
D, Young RA, Jaenisch R (2016) Editing DNAmethylation in the
mammalian genome. Cell 167:233–247.e17

10. Tsai CC, Su PF, Huang YF, Yew TL, Hung SC (2012) Oct4 and
Nanog directly regulate Dnmt1 to maintain self-renewal and un-
differentiated state in mesenchymal stem cells. Mol Cell 47:169–
182

11. Schoeftner S, Blasco MA (2009) A Bhigher order^ of telomere
regulation: telomere heterochromatin and telomeric RNAs.
EMBO J 28:2323–2336

12. Qian H, Xu X (2014) Reduction in DNA methyltransferases and
alteration of DNA methylation pattern associate with mouse skin
ageing. Exp Dermatol 23:357–359

13. Cruickshanks HA, McBryan T, Nelson DM, Vanderkraats ND,
Shah PP, van Tuyn J, Singh Rai T, Brock C, Donahue G,
Dunican DS et al (2013) Senescent cells harbour features of the
cancer epigenome. Nat Cell Biol 15:1495–1506

14. Oh YS, Jeong SG, Cho GW (2015) Anti-senescence effects of
DNA methyltransferase inhibitor RG108 in human bone marrow
mesenchymal stromal cells. Biotechnol Appl Biochem 62:583–
590

15. Narita M, Nũnez S, Heard E, Narita M, Lin AW, Hearn SA,
Spector DL, Hannon GJ, Lowe SW (2003) Rb-mediated hetero-
chromatin formation and silencing of E2F target genes during
cellular senescence. Cell 113:703–716

16. Smallwood A, Estève PO, Pradhan S, Carey M (2007) Functional
cooperation between HP1 and DNMT1 mediates gene silencing.
Genes Dev 21:1169–1178

17. Koch CM, Joussen S, Schellenberg A, Lin Q, Zenke M, Wagner
W (2012) Monitoring of cellular senescence by DNA-methylation
at specific CpG sites. Aging Cell 11:366–369

18. Bianchessi V, Vinci MC, Nigro P, Rizzi V, Farina F, Capogrossi
MC, Pompilio G, Gualdi V, Lauri A (2016) Methylation profiling
by bisulfite sequencing analysis of the mtDNA non-coding region
in replicative and senescent endothelial cells. Mitochondrion 27:
40–47

19. Shock LS, Thakkar PV, Peterson EJ, Moran RG, Taylor SM
(2011) DNA methyltransferase 1, cytosine methylation, and cyto-
sine hydroxymethylation in mammalian mitochondria. Proc Natl
Acad Sci U S A 108:3630–3635

20. Koch CM, Reck K, Shao K, Lin Q, Joussen S, Ziegler P, Walenda
G, Drescher W, Opalka B, May T et al (2013) Pluripotent stem
cells escape from senescence-associated DNAmethylation chang-
es. Genome Res 23:248–259

21. Sakaki M, Ebihara Y, Okamura K, Nakabayashi K, Igarashi A,
Matsumoto K, Hata K, Kobayashi Y, Maehara K (2017) Potential
roles of DNA methylation in the initiation and establishment of
replicative senescence revealed by array-based methylome and
transcriptome analyses. PLoS One 12:e0171431. https://doi.org/
10.1371/journal.pone.0171431

22. Bielak-Zmijewska A, Wnuk M, Przybylska D, Grabowska W,
Lewinska A, Alster O, Korwek Z, Cmoch A, Myszka A, Pikula
S et al (2014) A comparison of replicative senescence and
doxorubicin-induced premature senescence of vascular smooth
muscle cells isolated from human aorta. Biogerontology 15:
47–64

23. Antwih DA, Gabbara KM, LancasterWD, Ruden DM, Zielske SP
(2013) Radiation-induced epigenetic DNA methylation modifica-
tion of radiation-response pathways. Epigenetics 8:839–848

24. Zhang D, Sun X, Liu J, Xie X, Cui W, Zhu Y (2015)
Homocysteine accelerates senescence of endothelial cells via
DNA hypomethylation of human telomerase reverse transcrip-
tase. Arterioscler Thromb Vasc Biol 35:71–78

25. Grandjenette C, SchnekenburgerM,Karius T, Ghelfi J, Gaigneaux
A, Henry E, Dicato M, Diederich M (2014) 5-aza-2 ′-
deoxycytidine-mediated c-myc down-regulation triggers
telomere-dependent senescence by regulating human telomerase
reverse transcriptase in chronic myeloid leukemia. Neoplasia 16:
511–528

26. Park SH, Jung JK, Lim JS, Tiwari I, Jang KL (2011) Hepatitis B
virus X protein overcomes all-trans retinoic acid-induced cellular
senescence by downregulating levels of p16 and p21 via DNA
methylation. J Gen Virol 92:1309–1317

27. He Q, Kim H, Huang R, Lu W, Tang M, Shi F, Yang D, Zhang
X, Huang J, Liu D et al (2015) The Daxx/Atrx complex pro-
tects tandem repetitive elements during DNA hypomethyla-
tion by promoting H3K9 trimethylation. Cell Stem Cell 17:
273–286

28. Macha MA, Rachagani S, Pai P, Gupta S, Lydiatt WM, Smith
RB, Johansson SL, Lele SM, Kakar SS, Farghaly H et al (2015)
MUC4 regulates cellular senescence in head and neck squamous
cell carcinoma through p16/Rb pathway. Oncogene 34:1698–
1708

29. Wu S, Ge Y, Huang L, Liu H, Xue Y, Zhao Y (2014) BRG1, the
ATPase subunit of SWI/SNF chromatin remodeling complex, in-
teracts with HDAC2 to modulate telomerase expression in human
cancer cells. Cell Cycle 13:2869–2878

30. Han X, Niu J, Zhao Y, Kong Q, Tong T, Han L (2016) HDAC4
stabilizes SIRT1 via sumoylation SIRT1 to delay cellular senes-
cence. Clin Exp Pharmacol Physiol 43:41–46

J Mol Med (2017) 95:1257–1268 1265

https://doi.org/10.1371/journal.pone.0171431
https://doi.org/10.1371/journal.pone.0171431


31. Chen HZ, Wang F, Gao P, Pei JF, Liu Y, Xu TT, Tang X, Fu WY,
Lu J, Yan YF et al (2016) Age-associated Sirtuin 1 reduction in
vascular smooth muscle links vascular senescence and inflamma-
tion to abdominal aortic aneurysm. Circ Res 119:1076–1088

32. Hayakawa T, Iwai M, Aoki S, Takimoto K, Maruyama M,
Maruyama W, Motoyama N (2015) SIRT1 suppresses the
senescence-associated secretory phenotype through epigenetic
gene regulation. PLoS One 10:e0116480. https://doi.org/10.
1371/journal.pone.0116480

33. Cardus A, Uryga AK, Walters G, Erusalimsky JD (2013) SIRT6
protects human endothelial cells from DNA damage, telomere
dysfunction, and senescence. Cardiovasc Res 97:571–579

34. Zhang J, He P, Xi Y, Geng M, Chen Y, Ding J (2015) Down-
regulation of G9a triggers DNA damage response and inhibits
colorectal cancer cells proliferation. Oncotarget 6:2917–2927

35. Jie B, Weilong C, Ming C, Fei X, Xinghua L, Junhua C, Guobin
W, Kaixiong T, Xiaoming S (2015) Enhancer of zeste homolog 2
depletion induces cellular senescence via histone demethylation
along the INK4/ARF locus. Int J Biochem Cell Biol 65:104–112

36. Capell BC, Drake AM, Zhu J, Shah PP, Dou Z, Dorsey J, Simola
DF, Donahue G, Sammons M, Rai TS et al (2016) MLL1 is es-
sential for the senescence-associated secretory phenotype. Genes
Dev 30:321–336

37. Salminen A, Kaarniranta K, Hiltunen M, Kauppinen A (2014)
Histone demethylase Jumonji D3 (JMJD3/KDM6B) at the nexus
of epigenetic regulation of inflammation and the aging process. J
Mol Med 92:1035–1043

38. Faralli H, Wang C, Nakka K, Benyoucef A, Sebastian S, Zhuang
L, Chu A, Palii CG, Liu C, Camellato B et al (2016) UTX
demethylase activity is required for satellite cell-mediated muscle
regeneration. J Clin Invest 126:1555–1565

39. Duarte LF, Young AR,Wang Z,Wu HA, Panda T, Kou Y, Kapoor
A, Hasson D, Mills NR, Ma'ayan A et al (2014) Histone H3.3 and
its proteolytically processed form drive a cellular senescence pro-
gramme. Nat Commun 5:5210

40. Bernadotte A, Mikhelson VM, Spivak IM (2016) Markers of cel-
lular senescence. Telomere shortening as a marker of cellular se-
nescence. Aging 8:3–11

41. Chen H, Ruiz PD, McKimpson WM, Novikov L, Kitsis RN,
Gamble MJ (2015) MacroH2A1 and ATM play opposing roles
in paracrine senescence and the senescence-associated secretory
phenotype. Mol Cell 59:719–731

42. Prado F, Jimeno-González S, Reyes JC (2016) Histone availability
as a strategy to control gene expression. RNA Biol 14:281–286

43. Platt JM, Ryvkin P, Wanat JJ, Donahue G, Ricketts MD, Barrett
SP, Waters HJ, Song S, Chavez A, Abdallah KO et al (2013) Rap1
relocalization contributes to the chromatin-mediated gene expres-
sion profile and pace of cell senescence. Genes Dev 27:1406–
1420

44. Carrillo Oesterreich F, Herzel L, Straube K, Hujer K, Howard J,
Neugebauer KM (2016) Splicing of nascent RNA coincides with
intron exit from RNA polymerase II. Cell 165:372–381

45. Corpet A, Olbrich T, Gwerder M, Fink D, Stucki M (2014)
Dynamics of histone H3.3 deposition in proliferating and senes-
cent cells reveals a DAXX-dependent targeting to PML-NBs im-
portant for pericentromeric heterochromatin organization. Cell
Cycle 13:249–267

46. Takahashi A, Imai Y, Yamakoshi K, Kuninaka S, Ohtani N,
Yoshimoto S, Hori S, Tachibana M, Anderton E, Takeuchi T
et al (2012) DNA damage signaling triggers degradation of his-
tone methyltransferases through APC/C(Cdh1) in senescent cells.
Mol Cell 45:123–131

47. Nelson DM, Jaber-Hijazi F, Cole JJ, Robertson NA, Pawlikowski
JS, Norris KT, Criscione SW, Pchelintsev NA, Piscitello D, Stong
N et al (2016) Mapping H4K20me3 onto the chromatin landscape
of senescent cells indicates a function in control of cell senescence

and tumor suppression through preservation of genetic and epige-
netic stability. Genome Biol 17:158

48. Sanders YY, Liu H, Zhang X, Hecker L, Bernard K, Desai L, Liu
G, Thannickal VJ (2013) Histone modifications in senescence-
associated resistance to apoptosis by oxidative stress. Redox
Biol 1:8–16

49. Chandra T, Kirschner K, Thuret JY, Pope BD, Ryba T, Newman S,
Ahmed K, Samarajiwa SA, Salama R, Carroll T et al (2012)
Independence of repressive histone marks and chromatin compac-
tion during senescent heterochromatic layer formation. Mol Cell
47:203–214

50. Udugama M, Chang FTM, Chan FL, Tang MC, Pickett HA,
McGhie JDR, Mayne L, Collas P, Mann JR, Wong LH (2015)
Histone variant H3.3 provides the heterochromatic H3 lysine 9
tri-methylation mark at telomeres. Nucleic Acids Res 43:10227–
10237

51. Qing H, Aono J, Findeisen HM, Jones KL, Heywood EB,
Bruemmer D (2016) Differential regulation of telomerase reverse
transcriptase promoter activation and protein degradation by his-
tone deacetylase inhibition. J Cell Physiol 231:1276–1282

52. Martin N, Beach D, Gil J (2014) Ageing as developmental decay:
insights from p16(INK4a.) Trends Mol Med 20:667–674

53. Soriano-Cantón R, Perez-Villalba A, Morante-Redolat JM,
Marqués-Torrejón MÁ, Pallás M, Pérez-Sánchez F, Fariñas I
(2015) Regulation of the p19(Arf)/p53 pathway by histone acet-
ylation underlies neural stem cell behavior in senescence-prone
SAMP8 mice. Aging Cell 14:453–462

54. Zhai Y, Chen X, Yu D, Li T, Cui J, Wang G, Hu JF, Li W (2015)
Histone deacetylase inhibitor valproic acid promotes the induction of
pluripotency in mouse fibroblasts by suppressing reprogramming-
induced senescence stress. Exp Cell Res 337:61–67

55. Bheda P, Jing H, Wolberger C, Lin H (2016) The substrate spec-
ificity of sirtuins. Annu Rev Biochem 85:405–429

56. Luo J, Nikolaev AY, Imai S, Chen D, Su F, Shiloh A, Guarente L,
Gu W (2001) Negative control of p53 by Sir2alpha promotes cell
survival under stress. Cell 107:137–148

57. Zhang B, Cui S, Bai X, Zhuo L, Sun X, Hong Q, Fu B, Wang J,
Chen X, Cai G (2013) SIRT3 overexpression antagonizes high
glucose accelerated cellular senescence in human diploid fibro-
blasts via the SIRT3-FOXO1 signaling pathway. Age (Dordr)
35:2237–2253

58. Ohanna M, Giuliano S, Bonet C, Imbert V, Hofman V, Zangari J,
Bille K, Robert C, Bressac-de Paillerets B, Hofman P et al (2011)
Senescent cells develop a PARP-1 and nuclear factor-{kappa}B-
associated secretome (PNAS). Genes Dev 25:1245–1261

59. Veitia RA, Govindaraju DR, Bottani S, Birchler JA (2017) Aging:
somatic mutations, epigenetic drift and gene dosage imbalance.
Trends Cell Biol 27:299–310

60. Carvalhal Marques F, Volovik Y, Cohen E (2015) The roles of
cellular and organismal aging in the development of late-onset
maladies. Annu Rev Pathol 10:1–23

61. EisensteinM (2012) Centenarians: great expectations. Nature 492:
S6–S8

62. Clapier CR, Cairns BR (2012) Regulation of ISWI involves in-
hibitory modules antagonized by nucleosomal epitopes. Nature
492:280–284

63. Masliah-Planchon J, Bièche I, Guinebretière JM, Bourdeaut F,
Delattre O (2015) SWI/SNF chromatin remodeling and human
malignancies. Annu Rev Pathol 10:145–171

64. Clapier CR, Iwasa J, Cairns BR, Peterson CL (2017) Mechanisms
of action and regulation of ATP-dependent chromatin-remodelling
complexes. Nat Rev Mol Cell Biol 18:407–422

65. Tordella L, Khan S, Hohmeyer A, Banito A, Klotz S, Raguz S,
Martin N, Dhamarlingam G, Carroll T, González Meljem JM et al
(2016) SWI/SNF regulates a transcriptional program that induces
senescence to prevent liver cancer. Genes Dev 30:2187–2198

1266 J Mol Med (2017) 95:1257–1268

https://doi.org/10.1371/journal.pone.0116480
https://doi.org/10.1371/journal.pone.0116480


66. Conomos D, Reddel RR, Pickett HA (2014) NuRD-ZNF827 re-
cruitment to telomeres creates a molecular scaffold for homolo-
gous recombination. Nat Struct Mol Biol 21:760–770

67. Alsayegh KN, Gadepalli VS, Iyer S, Rao RR (2015) Knockdown
of CDK2AP1 in primary human fibroblasts induces p53 depen-
dent senescence. PLoSOne 10:e0120782. https://doi.org/10.1371/
journal.pone.0120782

68. Min JN, Tian Y, Xiao Y, Wu L, Li L, Chang S (2013) The
mINO80 chromatin remodeling complex is required for efficient
telomere replication and maintenance of genome stability. Cell
Res 23:1396–1413

69. Xiao A, Li H, Shechter D, Ahn SH, Fabrizio LA, Erdjument-
Bromage H, Ishibe-Murakami S, Wang B, Tempst P, Hofmann
K et al (2009)WSTF regulates the H2A.XDNA damage response
via a novel tyrosine kinase activity. Nature 457:57–62

70. Wu Q, Madany P, Akech J, Dobson JR, Douthwright S, Browne
G, Colby JL, Winter GE, Bradner JE, Pratap J (2015) The SWI/
SNF ATPases are required for triple negative breast cancer cell
proliferation. J Cell Physiol 230:2683–2694

71. Tu Z, Zhuang X, Yao YG, Zhang R (2013) BRG1 is required for
formation of senescence-associated heterochromatin foci induced
by oncogenic RAS or BRCA1 loss. Mol Cell Biol 33:1819–1829

72. Brownlee PM, Meisenberg C, Downs JA (2015) The SWI/SNF
chromatin remodelling complex: its role in maintaining genome
stability and preventing tumourigenesis. DNA Repair (Amst) 32:
127–133

73. Burrows AE, Smogorzewska A, Elledge SJ (2010) Polybromo-
associated BRG1-associated factor components BRD7 and
BAF180 are critical regulators of p53 required for induction of
replicative senescence. Proc Natl Acad Sci U S A 107:14280–
14285

74. Lee H, Dai F, Zhuang L, Xiao ZD, Kim J, Zhang Y, Ma L, You
MJ,Wang Z, Gan B (2016) BAF180 regulates cellular senescence
and hematopoietic stem cell homeostasis through p21. Oncotarget
7:19134–19146

75. Khursheed M, Kolla JN, Kotapalli V, Gupta N, Gowrishankar S,
Uppin SG, Sastry RA, Koganti S, Sundaram C, Pollack JR et al
(2013) ARID1B, a member of the human SWI/SNF chromatin
remodeling complex, exhibits tumour-suppressor activities in pan-
creatic cancer cell lines. Br J Cancer 108:2056–2062

76. Cao L, Ding J, Dong L, Zhao J, Su J, Wang L, Sui Y, Zhao T,
Wang F, Jin J et al (2015) Negative regulation of p21Waf1/Cip1 by
human INO80 chromatin remodeling complex is implicated in cell
cycle phase G2/M arrest and abnormal chromosome stability.
PLoS One 10:e0137411. https://doi.org/10.1371/journal.pone.
0137411

77. Anderson KM, Anderson DM,McAnally JR, Shelton JM, Bassel-
Duby R, Olson EN (2016) Transcription of the non-coding RNA
upperhand controls Hand2 expression and heart development.
Nature 539:433–436

78. Liu SJ, Horlbeck MA, Cho SW, Birk HS, Malatesta M, He D,
Attenello FJ, Villalta JE, Cho MY, Chen Y et al (2017)
CRISPRi-based genome-scale identification of functional long
noncoding RNA loci in human cells. Science 355:eaah7111

79. Qiu JJ, Wang Y, Liu YL, Zhang Y, Ding JX, Hua KQ (2016) The
long non-coding RNA ANRIL promotes proliferation and cell
cycle progression and inhibits apoptosis and senescence in epithe-
lial ovarian cancer. Oncotarget 7:32478–32492

80. DuWW, YangW, ChenY,Wu ZK, Foster FS, Yang Z, Li X, Yang
BB (2016) Foxo3 circular RNA promotes cardiac senescence by
modulating multiple factors associated with stress and senescence
responses. Eur Heart J 38:1402–1412

81. Lee S, Kopp F, Chang TC, Sataluri A, Chen B, Sivakumar S, Yu
H, Xie Y, Mendell JT (2016) Noncoding RNA NORAD regulates
genomic stability by sequestering PUMILIO proteins. Cell 164:
69–80

82. Giorgio M, Stendardo M, Migliaccio E, Pelicci PG (2016)
P66SHC deletion improves fertility and progeric phenotype of
late-generation TERC-deficient mice but not their short lifespan.
Aging Cell 15:446–454

83. Wang Z, Lieberman PM (2016) The crosstalk of telomere dys-
function and inflammation through cell-free TERRA containing
exosomes. RNA Biol 13:690–695

84. Wu CL, Wang Y, Jin B, Chen H, Xie BS, Mao ZB (2015)
Senescence-associated long non-coding RNA (SALNR) delays
oncogene-induced senescence through NF90 regulation. J Biol
Chem 290:30175–30192

85. Borgdorff V, Lleonart ME, Bishop CL, Fessart D, Bergin AH,
Overhoff MG, Beach DH (2010) Multiple microRNAs rescue
from Ras-induced senescence by inhibiting p21(Waf1/Cip1).
Oncogene 29:2262–2271

86. Benhamed M, Herbig U, Ye T, Dejean A, Bischof O (2012)
Senescence is an endogenous trigger for microRNA-directed tran-
scriptional gene silencing in human cells. Nat Cell Biol 14:266–
275

87. Gong Z, Yang Q, Zeng Z, ZhangW, Li X, Zu X, Deng H, Chen P,
Liao Q, Xiang B et al (2016) An integrative transcriptomic anal-
ysis reveals p53 regulatedmiRNA,mRNA, and lncRNAnetworks
in nasopharyngeal carcinoma. Tumour Biol 37:3683–3695

88. Lazorthes S, Vallot C, Briois S, Aguirrebengoa M, Thuret JY, St
Laurent G, Rougeulle C, Kapranov P, Mann C, Trouche D et al
(2015) A vlincRNA participates in senescence maintenance by
relieving H2AZ-mediated repression at the INK4 locus. Nat
Commun 6:5971

89. Montes M, Nielsen MM, Maglieri G, Jacobsen A, Højfeldt J,
Agrawal-Singh S, Hansen K, Helin K, van de Werken HJ,
Pedersen JS et al (2015) The lncRNA MIR31HG regulates
p16(INK4A) expression to modulate senescence. Nat Commun
6:6967

90. Du J, Johnson LM, Jacobsen SE, Patel DJ (2015) DNA methyla-
tion pathways and their crosstalk with histone methylation. Nat
Rev Mol Cell Biol 16:519–532

91. Hänzelmann S, Beier F, Gusmao EG, Koch CM, Hummel S,
Charapitsa I, Joussen S, Benes V, Brümmendorf TH, Reid G
et al (2015) Replicative senescence is associated with nuclear
reorganization and with DNAmethylation at specific transcription
factor binding sites. Clin Epigenetics 7:19

92. Clapier CR, Cairns BR (2009) The biology of chromatin remod-
eling complexes. Annu Rev Biochem 78:273–304

93. Chatterjee N, North JA, Dechassa ML, Manohar M, Prasad R,
Luger K, Ottesen JJ, Poirier MG, Bartholomew B (2015)
Histone acetylation near the nucleosome dyad axis enhances nu-
cleosome disassembly by RSC and SWI/SNF. Mol Cell Biol 35:
4083–4092

94. Sarnowska E, Gratkowska DM, Sacharowski SP, Cwiek P, Tohge
T, Fernie AR, Siedlecki JA, Koncz C, Sarnowski TJ (2016) The
role of SWI/SNF chromatin remodeling complexes in hormone
crosstalk. Trends Plant Sci 21:594–608

95. Squillaro T, Severino V, Alessio N, Farina A, Di Bernardo G,
Cipollaro M, Peluso G, Chambery A, Galderisi U (2015) De-
regulated expression of the BRG1 chromatin remodeling factor
in bone marrow mesenchymal stromal cells induces senescence
associated with the silencing of NANOG and changes in the levels
of chromatin proteins. Cell Cycle 14:1315–1326

96. Hu W, Dooley J, Chung SS, Chandramohan D, Cimmino L,
Mukherjee S, Mason CE, de Strooper B, Liston A, Park CY
(2015) miR-29a maintains mouse hematopoietic stem cell self-
renewal by regulating Dnmt3a. Blood 125:2206–2216

97. Ye Z, Fang J, Dai S, Wang Y, Fu Z, Feng W, Wei Q, Huang P
(2016) MicroRNA-34a induces a senescence-like change via the
down-regulation of SIRT1 and up-regulation of p53 protein in

J Mol Med (2017) 95:1257–1268 1267

https://doi.org/10.1371/journal.pone.0120782
https://doi.org/10.1371/journal.pone.0120782
https://doi.org/10.1371/journal.pone.0137411
https://doi.org/10.1371/journal.pone.0137411


human esophageal squamous cancer cells with a wild-type p53
gene background. Cancer Lett 370:216–221

98. Przybilla J, Buske P, Binder H, Galle J (2013) Histone modifica-
tions control DNAmethylation profiles during ageing and tumour
expansion. Frontiers in life science 7:31–43

99. Zhang R, Chen HZ, Liu DP (2015) The four layers of aging. Cell
systems 1:180–186

100. Black JB, Adler AF, Wang HG, D'Ippolito AM, Hutchinson HA,
Reddy TE, Pitt GS, Leong KW, Gersbach CA (2016) Targeted
epigenetic remodeling of endogenous loci by CRISPR/Cas9-
based transcriptional activators directly converts fibroblasts to
neuronal cells. Cell Stem Cell 19:406–414

101. Mendenhall EM, Williamson KE, Reyon D, Zou JY, Ram O,
Joung JK, Bernstein BE (2013) Locus-specific editing of histone
modifications at endogenous enhancers. Nat Biotechnol 31:1133–
1136

102. Anwar T, Khosla S, Ramakrishna G (2016) Increased expression
of SIRT2 is a novel marker of cellular senescence and is dependent
on wild type p53 status. Cell Cycle 15:1883–1897

103. Jones PA, Issa JP, Baylin S (2016) Targeting the cancer epigenome
for therapy. Nat Rev Genet 17:630–641

104. Venturelli S, Berger A, Weiland T, Essmann F, Waibel M,
Nuebling T, Häcker S, Schenk M, Schulze-Osthoff K, Salih HR
et al (2013) Differential induction of apoptosis and senescence by
the DNA methyltransferase inhibitors 5-azacytidine and 5-aza-2′-
deoxycytidine in solid tumor cells. Mol Cancer Ther 12:2226–
2236

105. Ido Y, Duranton A, Lan F, Weikel KA, Breton L, Ruderman NB
(2015) Resveratrol prevents oxidative stress-induced senescence
and proliferative dysfunction by activating the AMPK-FOXO3
cascade in cultured primary human keratinocytes. PLoS One 10:
e0115341. https://doi.org/10.1371/journal.pone.0115341

106. Azad N, Zahnow CA, Rudin CM, Baylin SB (2013) The future of
epigenetic therapy in solid tumours—lessons from the past. Nat
Rev Clin Oncol 10:256–266

107. Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, van
Deursen JM (2016) Senescent intimal foam cells are deleterious at
all stages of atherosclerosis. Science 354:472–477

1268 J Mol Med (2017) 95:1257–1268

https://doi.org/10.1371/journal.pone.0115341

	Epigenetic regulation in cell senescence
	Abstract
	Introduction
	Epigenetic regulation of senescent cells
	DNA methylation
	Histone-associated epigenetic processes
	Chromatin remodelling complexes
	ncRNAs
	Interactions among different epigenetic mechanisms
	Epigenetic therapy targeting cell senescence
	Conclusions
	References


