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Abstract Cellular senescence is a continuous and highly or-
ganized process that alters the intricate genomic network in
order to maintain cellular homeostasis. It occurs in all primary
cell cultures—including mesenchymal stem cells (MSCs),
which are concurrently tested for a wide variety of clinical
applications. Differentiation potential as well as paracrine se-
cretion of MSCs is severely affected by cellular senescence.
There is a growing perception that nuclear reorganization and
epigenetic modifications contribute to trigger and maintain
functional differences in long-term culture. In this review,
we discuss molecular and epigenetic aspects that evoke func-
tional changes in cellular aging—indicating that the underly-
ing process is not only an accumulation of cellular defects, but
rather epigenetically orchestrated.
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Introduction

Mesenchymal stem cells (MSCs) can be differentiated to-
wards osteocytes, adipocytes, and chondrocytes. They can
be easily isolated from various tissues and harbor both

regenerative and immunomodulatory potential. MSCs have
been tested in a multitude of clinical trials—the clinical rele-
vance is often not unequivocally demonstrated, but at least,
there were so far no severe side effects [1]. Ex vivo expansion
of MSCs is indispensable for obtaining sufficient amounts of
cells for cellular therapies or tissue engineering. Nevertheless,
MSCs have a limited lifespan in vitro and enter replicative
senescence after a predefined number of cell divisions.
Replicative senescence of MSCs is not only reflected in decay
of proliferation but also in continuous changes of cellular
morphology, size, and loss of differentiation potential [2].
Thus, senescence is of major significance for the therapeutic
potential of MSCs and needs to be considered in terms of
quality control.

Replicative senescence was formally described half a cen-
tury ago by Leonard Hayflick in human diploid fibroblasts as
a permanent cell cycle arrest after a limited number of cell
divisions in culture [3]. It is generally assumed that this type
of cellular aging is caused by telomere attrition, a natural
process occurring with each cell cycle [4]. Alternatively, cel-
lular senescence can be induced by DNA damage through
external stress like reactive oxygen species or the activation
of oncogenes [5, 6]. Cellular senescence is often considered to
be a hallmark of aging, suggesting that the two processes
might be related [7].

At the molecular level, cellular senescence seems to be
particularly mediated by two tumor suppressor pathways:
p53/p21CIP1 and p16INK4A/Rb [8]. Both pathways are ac-
tivated upon the entry into senescence. The p53 protein pro-
ceeds in activating transcriptional targets, such as p21, which
finally induce cell cycle arrest [9]. The p16 cyclin-dependent
kinase inhibitor represses the phosphorylation of the retino-
blastoma protein (Rb), thereby generating its active,
hypophosphorylated form. In its activated form Rb binds to
the E2F protein family members to inhibit their transcriptional
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targets [10]. These targets constitute the majority of effectors
required for cell-cycle progression. Senescent cells encompass
a phenotype characterized by specific features in gene expres-
sion, senescence-associated beta galactosidase activity, DNA
methylation, histone modifications, senescence-associated
heterochromatic foci, DNA damage foci, and a senescence-
associated secretory phenotype [11••]. Modulation of these
pathways remains to be elucidated. However, several epige-
netic mechanisms have been identified to play a major role in
regulation of senescence (Fig. 1). In this review, we want to
recapitulate the current state of research on epigenetic modi-
fications in human MSCs upon senescence.

Nuclear Reorganization: Chromatin Remodeling
and the Nuclear Lamina

The three-dimensional nuclear organization of the chromatin
is fundamental for epigenetic control of gene expression and
genome stability [12]. In proliferating cells, heterochromatin
domains of different chromosomes are attached to the nuclear
lamina—the complex protein scaffold that lies under the inner
nuclear membrane [13]. Anchoring of heterochromatin to the
nuclear lamina facilitates and keeps interaction of specific
chromatin domains. However, during senescence, the attach-
ment of specific heterochromatic regions to the lamina is lost,
and nuclear architecture is reshaped [14]. Repositioning of the
heterochromatin regions from the periphery to the nuclear
center generates novel genetic interaction domains, largely

known as senescence-associated heterochromatic foci
(SAHF), which are usually associated with repressive histone
marks, such as histone 3 lysine 9 trimethylation (H3K9me3)
[10]. A whole-genome chromosome conformation capture
(Hi-C) analysis in human senescent fibroblasts has unraveled
that certain topologically associated domains (TAD) are
relocated acquiring novel short-range interactions while los-
ing long-range interactions within chromosomes [15].
Another Hi-C study of senescent fibroblasts has shown that
the local genetic interactions within SAHF domains are weak-
ened [14]. These findings raise the question if a similar rear-
rangement of TADs, as well as loss of interactions within the
SAHF, occurs also in other cell types upon senescence.

Mesenchymal stem cells encompass the global three-
dimensional reorganization of the nuclear framework during
senescence. They suffer a broad spatial disorganization of the
nuclear lamina upon cellular aging [16]. Concretely, lamin A
and B, the main components of the nuclear lamina, are
deregulated during cellular aging. Lamin A is redistributed
forming accumulations that force the nuclear lamina to bend
[17].While lamin B and its associated receptor, which anchors
heterochromatin to the lamina, are downregulated during se-
nescence [18•]. In addition, lamina-associated domains
(LADs) become hypomethylated while regions outside
LADs are mainly hypermethylated [18•, 19]. Rebuilding of
the nuclear scaffold during senescence is mirrored in the
Werner syndrome—a premature aging disorder caused by de-
ficiency of Werner syndrome RecQ helicase-like (WRN) pro-
tein [20•]. MSCs lacking WRN show a global loss of

Fig. 1 The epigenetic hallmarks
of senescence in MSCs.
Schematic representation of the
different epigenetic mechanisms
governing senescence in
mesenchymal stem cells
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H3K9me3 and a deregulation of heterochromatin proteins,
such as suppressor of variegation 3–9 homolog 1 (SUV39H1)
and heterochromatin protein 1α (HP1α), or nuclear lamina-
associated polypeptide 2β (LAP2β), leading to a global nuclear
disorganization.

The fine regulation of the chromatin reorganization cascade
is reflected by the modulation of Brahma-related gene 1
(BRG1), the ATPase subunit of the chromatin remodeling
complex switch/sucrose non-fermentable (SWI/SNF). BRG1
deregulation induces senescence in MSCs through suppres-
sion of NANOG transcription—a keystone of the transcrip-
tional circuitry governing stemness [21, 22]. BRG1 downreg-
ulation increases the recruitment of Rb and DNAmethyltrans-
ferase 1 (DNMT1) at the NANOG promoter, thereby inducing
methylation and silencing NANOG at the transcriptional lev-
el. Moreover, BRG1 overexpression increases BRG1 occu-
pancy at the NANOG promoter, inducing chromatin compac-
tion and recruiting histone deacetylases (HDAs) [23]. Taken
together, senescence of MSCs has enormous impact on nucle-
ar organization—and disorganizing the proper nuclear struc-
ture may per se entail genomic instability.

Telomere Attrition—a Hallmark for Replicative
Senescence

Telomeres and telomere-associated proteins form a unique
structure that protects the chromosome ends from being rec-
ognized as DNA double-strand breaks [24, 25]. This is rele-
vant for escape of DNA damage response (DDR) and protec-
tion from aberrant fusion and recombination events, thereby
preserving genome integrity [26]. Maintenance of telomere
length is regulated by the telomerase ribonucleoprotein com-
plex consisting of telomerase reverse transcriptase (hTERT)
and a long non-coding RNA (lncRNA) which is named
telomeric repeat-containing RNA (TERRA) [11••].
Interestingly, this lncRNA is deregulated during senescence
in various cell types [27]. Long-term expansion of MSCs is
reflected by telomere attrition, since they have insufficient
telomerase activity to overcome the progressive telomere ero-
sion [28]. Supporting these findings, overexpression of
hTERT in senescent MSCs partially counteracts replicative
senescence [29, 30]. On the other hand, long-term cultures
of human stem cells, including MSCs, have shown several
types of chromosomal abnormalities that could compromise
genome integrity and their clinical applicability [31, 32].
MSCs reveal a high percentage of aneuploid cells upon repli-
cative senescence or oxidative stress. Notably, hTERToverex-
pression seems to also reduce the levels of aneuploidy and
partially prevents the entrance to senescence [33•].

Consequently, telomeres attrition has been considered an
emblem of cellular aging since the erosion of the protective
caps of the telomeres ignites replicative senescence.

DNA Methylation Changes During Cellular
Senescence

In somatic cells, DNA methylation (DNAm) occurs almost
exclusively in the context of cytosine-guanine dinucleo-
tides—so called CpG sites. The methylation pattern of CpG
sites is maintained and modified by DNA methyltransferases
(DNMTs). There is no direct correlation between DNA meth-
ylation and gene expression levels, albeit methylation of pro-
moter regions being mostly associated with gene silencing
[34]. Overall, the global DNAm patterns of MSCs are main-
tained during long-term culture. In particular, specific CpG
sites with stable methylation during in vitro culture can resem-
ble the cell type and tissue of origin [35, 36]. On the other
hand, several CpG sites show DNAm changes upon culture
expansion [37•, 38]. Some of these changes are highly repro-
ducible and show linear correlations to cumulative population
doublings, passage numbers, or even time of in vitro culture.
Therefore, senescence-associated DNAm changes of six spe-
cific CpG sites can be used to estimate the state of senescence
of MSCs [39, 40].

In general, DNAm changes of MSCs in replicative senes-
cence seem to be related to age-associated DNAm changes
[19, 38], indicating that both aging processes might be mod-
ulated by similar epigenetic mechanisms. However, age-
associated and senescence-associated DNA methylation
changes are not identical since specific senescence-
associated DNAm changes are not affected by donor age
[40] and specific age-associated DNAm changes are hardly
affected by in vitro culture [41–43]. Noteworthy, induced plu-
ripotent stem cells (iPSCs) do not undergo replicative senes-
cence, and reprogramming into iPSCs is associated with telo-
mere extension. Furthermore, virtually all senescence-
associated as well as age-associated DNAm changes seem to
be reversed in the process of reprogramming into iPSCs [37•].
Only after re-differentiation of iPSCs towards iPSC derived
MSCs, the cells gradually reacquire the senescence-associated
DNAm changes [44•].

Taken together, MSCs showDNAm as a mutual epigenetic
regulator during in vitro and in vivo aging. The fact that
senescence-associated DNAm modifications are acquired in
a highly reproducible manner and that they can be reversed by
reprogramming into iPSCs indicates that senescence of MSCs
is somehow tightly regulated.

Differentiation of MSCs towards osteogenic and
adipogenic lineages is impaired during in vitro expansion
[45, 46]. It is conceivable, that senescence-associated
DNAm patterns impact on the expression of relevant genes,
which are important for differentiation [38, 47]. Several tran-
scription factors involved in differentiation, stem cell devel-
opment, and tumorigenesis have significant enrichment of
binding motives in differentially methylated regions as well
as in promoters of differentially expressed genes during
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senescence [18•]. However, the promoter methylation of rel-
evant genes for osteogenesis, such as runt-related transcription
factor 2 (RUNX2) and alkaline phosphatase (ALP) [48] or
adipogenesis, such as fatty acid binding protein 4 (FABP4)
and lipoprotein lipase (LPL) [46], remains unchanged in the
course of cellular senescence. Therefore, DNAm is a relevant
epigenetic mechanism in the differentiation commitment, but
not essential. Indeed, altered DNAm patterns might influence
other epigenetic mechanisms, such as histone modifications or
non-coding RNAs, playing an indirect role on the impaired
MSC differentiation potential in senescence. The functional
relevance of senescence-associated DNAm changes is there-
fore not unequivocally demonstrated—but they can clearly be
utilized as reliable biomarker for replicative senescence.

Histone Posttranslational Modifications Govern
Functional Changes in Senescence

An additional layer of epigenetic regulation is mediated by
histone posttranslational modifications (PTMs), such as meth-
ylation and acetylation of histone tails. These modifications
are tightly controlled, and govern chromatin accessibility and
thereby gene expression [49]. Different combinations of
PTMs on histones determine both how and when the pack-
aged DNA can be accessed [50, 51].

Histone acetylation is catalyzed by histone acetyltransfer-
ases (HATs) and histone deacetylases (HDACs), which add or
remove acetyl groups, respectively. The activity of HDACs
and HATs is dynamic and tightly regulated since these tran-
sient marks regulate cell-specific gene expression. Treatment
with HDAC inhibitors indicates that HDAC activity is essen-
tial for maintenance of self-renewal, multipotency, and differ-
entiation potential of MSCs [52]. Expression changes of sev-
eral genes that are relevant for self-renewal (OCT4 and SOX2)
or for maintenance of telomeres (hTERT) seem to be associ-
ated with a decreased acetylation of histone 3 at lysine 9 or 14
(H3K9ac or H3K14ac) in the promoter regions [48]. H3K9ac
and H3K14ac are required for the recruitment of different
transcription factors [53] and the chromatin remodeling com-
plex SWI/SNF, to initiate the transcription [54]. HDACs are
generally downregulated upon senescence of MSCs, and this
entails decreased expression of the polycomb group genes
(PcGs) and an increased expression of Jumonji domain con-
taining three (JMJD3) proteins, both involved in cell cycle
control [55]. Thus, histone acetylation plays an important role
for balancing genes involved in stemness as well as cell cycle
progression.

In contrast to histone acetylation, histone methylation can
serve as a context-dependent repressive or permissive mark,
catalyzed by histone methyltransferases and histone
demethylases. Histone methylation generally regulates gene
expression indirectly by altering interactions with other

proteins. Long-term culture of MSCs leads to an enrichment
in repressive histone PTMs, such as histone 3 lysine 4 and
lysine 27 trimethylation (H3K4me3 and H3K27me3, respec-
tively) [56, 57]. Interestingly, replicative senescence-
associated hypermethylated loci of MSCs show significant
enrichment not only in repressive histone marks H3K4me3
and H3K27me3 but also in the active histone mark
H3K4me1 [18•, 57]. In contrast, during cellular senescence,
the active chromatin mark H3K4me1 is enriched in
hypomethylated sites [58•].

Thus, upon senescence of MSCs repressing histone, PTMs
correlate with repressing DNA methylation changes, hence
reinforcing and complementing each other. On the other hand,
the active chromatin mark H3K4me1 is associated with hypo-
or hypermethylated loci during in vivo (cellular) or in vitro
(replicative) senescence, accordingly.

Non-Coding RNAs Affect Senescence—from Short
to Long Transcripts

MicroRNAs (miRNAs) are short, non-protein-coding RNA
species (ncRNAs) that have a pivotal role in post-
transcriptional regulation of gene expression. miRNAs bind
to the 3′ untranslated region (UTR) of their target transcripts,
resulting in reduction of gene expression by mRNA degrada-
tion or translational blocking [59]. A single miRNA is able to
regulate hundreds of different mRNA targets in various cellu-
lar functions, including metabolism, proliferation, apoptosis,
senescence, and differentiation [60]. More than 45 miRNAs
have been associated to replicative senescence of human
MSCs [61–63]. The let-7 family of miRNAs and miRNAs-
binding protein Argonaute 2 (AGO2) are critical for senes-
cence induction by facilitating transcriptional gene silencing
of E2F-regulated proliferation promoting genes [61, 64]. On
the other hand, the miR-10a upregulation results in increased
differentiation to adipogenic, osteogenic, and chondrogenic
lineages and in reduced cellular aging of MSCs through the
repression of the cell cycle regulator Kruppel-like factor 4
(KLF4) [65]. Evidencing the crosstalk between different epi-
genetic mechanisms, the miR-199b-5p suppresses laminin
subunit Gamma 1 (LAMC1) expression, main component of
the nuclear organization [66•, 67]. The epigenetic regulation
of senescent MSCs becomes further tangled, since over 25
miRNAs seem to be influenced by DNAm upon senescence
[47]. Interestingly, the number of hypermethylated miRNAs
increases during long-term culture, including let-7e, mir-27b,
mir-411, or mir-195, triggering downregulation of DNA rep-
lication and cell cycle genes. On the other way around, some
miRNAs—such as miR-371 and miR-369-5p—are involved
in the modulation of the DNA methyl transferases DNMT3A
and DNMT3B [68]. Another miRNA involved in the differ-
entiation capacity of MSCs is miR-335, which is upregulated
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during replicative senescence and has been considered a bio-
marker candidate for the therapeutic potential of MSCs in
clinical applications [69]. Furthermore, miR-486-5p shows
senescence-associated changes in MSCs and induces replica-
tive senescence ofMSCs since it regulates expression of silent
information regulator 1 (SIRT1), a major regulator of longev-
ity and metabolic disorders. miR-486-5p expression is con-
trolled by high glucose, connecting age-associated metabolic
disorders, miRNA regulation, and senescence of human
MSCs [70]. Thus, miRNAs are involved in the induction
and preservation of the senescent state mainly by regulating
different components of the cell cycle or nuclear organization.

A crucial function in senescence-associated gene regula-
tion is also assigned to another class of ncRNAs: the long
non-coding RNAs (lncRNAs). LncRNAs are transcripts that
lack protein-coding capacity and range from ∼200 bases to
hundreds of kilobases. However, the role of the lncRNAs in
cellular aging is still poorly understood, and it has not yet been
addressed inMSCs. In primary human fibroblasts and prostate
cancer cell lines, the lncRNA ANRIL (antisense non-coding
RNA in the INK4 locus) associates with polycomb repressive
complexes (PRCs) PRC1 and PRC2 through chromodomain
proteins chromobox homolog 7 (CBX7) and suppressor of
zeste 12 protein homolog (SUZ12) to repress the senescence
induction of the INK4 locus [71,72]. The lncRNA p21-
associated ncRNA DNA damage activated (PANDA) associ-
ates as well to PRC1 and PRC2 for the regulation of senes-
cence [73•]. Also, HOX antisense intergenic RNA (HOTAIR)
targets many different loci for PRC2-dependent silencing
[74], and this lncRNA is regulated by other epigenetic factors
such as the trimeric complex containing AGO2, miR-let7, and
RNA-binding protein Hu antigen R (HuR). Finally, the
lncRNA TERRA, which recruits shelterin to telomeres in a
transcription-dependent manner to maintain the telomere
length [75], is declined during senescence [27].

These findings indicate that lncRNAs play an important
role in regulation of senescence—but it remains to be demon-
strated for MSCs.

Conclusions

Epigenetic mechanisms orchestrate cellular senescence of
MSCs. Chromatin organization, histone posttranslational
modifications, DNA methylation, and non-coding RNAs act
in concert to provide gene expression patterns essential for cell
proliferation and cellular function.

However, our current knowledge of the different epigenetic
mechanisms involved in senescence of MSCs remains incom-
plete. While changes in miRNA expression and DNA-
methylation are relatively well characterized in senescent
MSCs, there is hardly any knowledge about different histone
modifications and lncRNAs. Furthermore, the high

complexity of interactions between different epigenetic mech-
anisms still needs to be unraveled. Taken together, the epige-
netic modifications provide a fruitful avenue to decipher and
understand the senescence regulation in MSCs.
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