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Cellular senescence, a cell state characterized by growth arrest and insensitivity to growth stimulatory hormones, is accompanied
by a massive change in chromatin organization. Senescence can be induced by a range of physiological signals and pathological
stresses and was originally thought to be an irreversible state, implicated in normal development, wound healing, tumor
suppression and aging. Recently cellular senescence was shown to be reversible in some cases, with exit being triggered by the
modulation of the cell’s transcriptional program by the four Yamanaka factors, the suppression of p53 or H3K9me3, PDK1, and/or
depletion of AP-1. Coincident with senescence reversal are changes in chromatin organization, most notably the loss of
senescence-associated heterochromatin foci (SAHF) found in oncogene-induced senescence. In addition to fixed-cell imaging,
chromatin conformation capture and multi-omics have been used to examine chromatin reorganization at different spatial
resolutions during senescence. They identify determinants of SAHF formation and other key features that differentiate distinct
types of senescence. Not surprisingly, multiple factors, including the time of induction, the type of stress experienced, and the type
of cell involved, influence the global reorganization of chromatin in senescence. Here we discuss how changes in the three-
dimensional organization of the genome contribute to the regulation of transcription at different stages of senescence. In
particular, the distinct contributions of heterochromatin- and lamina-mediated interactions, changes in gene expression, and other

cellular control mechanisms are discussed. We propose that high-resolution temporal and spatial analyses of the chromatin
landscape during senescence will identify early markers of the different senescence states to help guide clinical diagnosis.
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INTRODUCTION
Cellular senescence is a cell fate characterized primarily by an
extremely stable proliferative arrest [1]. Its resistance to both
proliferative and cell death stimuli means that both apoptotic
stimuli and pro-survival pathways are blocked [2]. Senescence
thus appears to be an irreversible state of G1-phase cell cycle
arrest, with an atypical pattern of secretion (senescence-asso-
ciated secretory phenotype, or SASP) and internal molecular
damage, which itself imbalances cell homeostasis [1, 3]. Senescent
cells differ in terms of specific morphological and molecular
properties from other non-dividing cell populations (e.g., quies-
cent cells and/or terminally differentiated cells) [4]. Although
senescence has been known as one of the key hallmarks of human
aging, it also has beneficial and functional roles in specific
physiological and/or pathological processes [5]. Notably, it is a
powerful anti-tumor mechanism that can eliminate the prolifera-
tion of transformed, cancer-causing cells [6]. A better under-
standing of senescence entry and exit is thus of major therapeutic
relevance.

Different types of cellular senescence are classified both by the
initial senescence-inducing signals as well as the cell type
involved. Exhaustion of a cell’s proliferative capacity followed by

irreversible growth arrest induces a phenotype called replicative
senescence (RS) [7]. As a result of impaired telomerase activity,
telomeres shrink with each cell division cycle, until they trigger a
DNA damage checkpoint. Replicative senescence is hypothesized
to stop the growth of tumor cells and inhibit tumorigenesis by
activating p53 and pRB tumor suppressor proteins [8]. In contrast
to the weeks and months required for RS in vitro, oncogene-
induced senescence (OIS) is triggered within a relatively short
timeframe, that is, within several days, by the overexpression of
oncogenes [5, 8]. Like OIS, stress-induced premature senescence
(SIPS) is another, distinct type of senescence that can be induced
fairly rapidly by oxidative and genotoxic stress, affecting cells from
various tissues [9]. One type of SIPS that is clearly distinct from OIS,
is the premature senescence brought on by genotoxic medicines,
such as the anticancer chemotherapeutic agent bleomycin, which
triggers DNA and protein oxidation [10]. Both OIS and SIPS occur
regardless of telomere length, yet can correlate with telomere
dysfunction. The characteristic features of this state are cell cycle
arrest or exit, highly visible chromatin rearrangements, and
enhanced secretion or SASP [11] (Fig. 1).

It has been clear in recent years that senescent cells accrue
significant chromatin structural changes that coincide with
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Fig. 1 Overview of senescence inducers, and chromatin rearrangement. The senescence program can be activated by different ways (top of
the figure in blue) such as: replicative stress (which occurs due to deficiencies in the DNA replication machinery and telomere shortening),
oncogene activation, oxidative stress, DNA damage, and chemotherapeutic drugs. The main cellular and molecular effects are shown in red
and include an expansion of the lysosomal compartment, metabolic and mitochondrial alterations, accumulation of DNA damage. All these
stimuli lead to irreversible arrest of the cell cycle, senescence-associated secretory phenotype (SASP), and rearrangement of the chromatin

landscape.

changes in their transcriptional programs [12]. It is still being
investigated to what extent these changes in chromatin
organization are a cause or an effect of the senescence-linked
transcriptional programs. Here, we highlight recent insights as to
how cellular senescence affects chromatin structure and transcrip-
tional programs.

THE GLOBAL REORGANIZATION OF SENESCENT CHROMATIN

Accompanying the reduced proliferation of senescent cells is an
extensive remodeling of the 3D organization of the genome,
generating characteristically protruding blebs and irregularly
shaped nuclei [12, 13]. This can largely be attributed to changes
at the nuclear envelope, which plays a critical role in ensuring
appropriate chromatin distribution and preserving nuclear shape.
The nuclear envelope comprises a double membrane that is
contiguous with the endoplasmic reticulum, and an underlying
meshwork primarily composed of the nuclear lamins. These
filament-forming lamin proteins (Lamin A, C, B1, and B2) are the
dominant structural components of the nuclear lamina, which is
attached to the inner nuclear membrane through transmembrane
anchors and nuclear pores (Fig. 2A). The failure to properly reform
nuclear lamin filaments after cell division, and/or the loss of
meshwork integrity, leads to the detachment of peripheral
heterochromatin from the nuclear periphery and an extensive
restructuring of chromatin domains. The molecular trigger for
these changes may be the reduction of lamin B levels, which
results in regions of the lamina being highly enriched in A-type
lamins [14]. These appear to compromise the meshwork and
generate nuclear blebs [14], the outward distortions of the nuclear
envelope that are often observed in senescent cells. This nuclear
blebbing triggers an innate immune response through the cGAS-
STING pathway and promotes the SASP in both OIS and RS [15, 16]
(for review see [12]). The disturbance of lamin-associated
chromatin domains (LADs) was also found in cells from Down'’s
syndrome patients, where the 3D genome reorganization was
tightly correlated with hallmarks of senescence [17]. This is
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consistent with other results showing that LADs contribute
significantly to the functional organization of the nucleus [18-21].

During senescence in OIS cells, there is a loss of both facultative
heterochromatin and constitutive LADs from the nuclear periph-
ery leading in some cases to repeat expression, and resulting in an
enormous reshaping of genome organization [22, 23]. Lamin B1
down-regulation is necessary but not sufficient for the formation
of internal senescence-associated heterochromatin foci (SAHF)
[24-27] (Fig. 2A-ii). The expression of the rest of the lamins is
mostly unaffected, although there is often an accumulation of
lamin A and pre-lamin A precursors [27-29]. At the same time as
these lamina changes, there is an increase in nuclear pore density
within the nuclear envelope, which appears to drive SAHF
formation and SASP expression, possibly by excluding hetero-
chromatin from the nuclear periphery [30]. In OIS cells, SAHF
formation thus appears to result from a reorganization of pre-
existing heterochromatin regions rather than from a de novo
formation of new heterochromatin [31].

Fluorescence microscopy suggests that the dense internal SAHF
structures result from heterochromatin-driven interactions
between LADs, which bear either histone H3K27me3, H3K9me3
or both modifications, which are both hallmarks heterochromatin
[22]. In OIS, SAHF were described as distinct, DNA-dense foci,
enriched for heterochromatic markers such as H3K9me3, hetero-
chromatin protein 1 (HP1), histone macroH2A, and linker histone
H1 [24]. Now it is known that these chromatin foci have a multi-
layered architecture, with a core of the constitutive H3K9me3
mark, and an outer ring carrying H3K27me3, the Polycomb
modification [31, 32] that similar to replication timing resolved by
super-resolution imaging [33]. The core and ring are surrounded
by active chromatin, typically bearing H3K36me3 [32] (Fig. 2-iii).
The segregation of H3K27me3 and H3K36me3 has been observed
in many organisms, thus their separation is not senescence
specific. This internal aggregation of H3K9me3-marked chromatin
characterizes SAHF in OIS cells triggered by various inducers.
However, the depletion of high-mobility group box 2 (HMGB2), a
highly abundant chromatin-associated protein, is considered a
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Fig. 2 A comparison between nuclear changes upon either oncogene induced senescence or replicative senescence entry. A SAHF
formation in OIS. i) A growing cell in which LADs (red) are located in the periphery of the nuclear envelope. ii) During cellular senescence,
droplets of LADs move to the interior of the nuclear space SAHF formation. LADs consisting of constitutive heterochromatin (red) and are
attached to the nuclear lamina (gray). H3K27me3 regions (green) flank LADs. Euchromatic regions are shown in blue, and senescence-specific
LADs move towards the periphery (gold). iii) a sketch of the multi-layered architecture of a SAHF, with core and ring of heterochromatin
bearing H3K9me3 and H3K27me3, respectively, surrounded by active H3K36me3 chromatin [32]. B SICC formation in RS. The binding of
HMGB2 protein (gold) to chromatin at TAD boundaries (local insulation) and forms CTCF (green)-CTCF loops. The loss of HMGB2 proteins

promote senescence-induced CTCF spatial clustering (SICC) [34].

hallmark for RS senescence entry in human cell lines [34, 35].
HMGB2 depletion also induces a dramatic reorganization of
chromatin and the formation of senescence-induced CTCF
clusters, which have no superposition with HP1a foci. These
clusters are, therefore, distinct from SAHFs and are a hallmark of
replicative senescence [34] (Fig. 2B).

With the advent of chromatin conformation capture methods
(sequencing-based “C"-methods; henceforth called Hi-C) [36], our
knowledge of genome structure has been revolutionized, allowing
us to identify a hierarchy of structural units, the most prominent
being DNA loops, topologically associated domains (TADs), A and
B compartments (transcriptional active vs. inactive domains), and,
on a larger scale, chromosome territories [37]. The first chromatin
organization study of OIS cells using Hi-C analysis showed a loss of
lamin-specific heterochromatic interactions, and a gain in short-
range contacts within nuclear space, resembling the SAHF
formation seen by microscopy [22]. Hi-C analysis of late replicative
senescence (RS) similarly revealed an increase in short-range
contacts and a decrease in long-range contacts, along with the
switching of sub-groups of TADs compartments and conserved
TAD boundaries [38]. However, higher resolution Hi-C in an early
RS stage showed an increase in long-range interactions and only
partial compartment switching [34]. These studies can be
reconciled by suggesting a distinct evolution of the global
organization of heterochromatin as SAHF mature, and with a
higher proportion of regions switching from B to A compartments
than from A to B [22, 38-40]. Depending on the senescence stage
and stimulus used [39], heterochromatin showed distinct con-
formational changes, which almost surely implicates a role for
chromatin remodelers.

In conclusion, the nuclear changes that typify all forms of
cellular senescence are lamin cleavage, increased nuclear envel-
ope permeability, disruption of the transport between the nucleus
and cytoplasm, and changes in gene expression, along with
changes in chromatin packing and architecture. Using machine
learning to evaluate the interdependence of such phenotypes
may allow one to use chromatin features to define cellular
senescence states.
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TRANSCRIPTIONAL PROGRAMS OF SENESCENCE AFFECTED BY
CHANGES IN CHROMATIN ORGANIZATION

The dramatic changes in nuclear architecture and the remodeling
of chromatin states during cellular senescence coincide with
changes in transcriptional programs [41], as seen, for example, in
the down-regulation of cell cycle genes in RS and their shift to a
repressive compartment [42]. Other genes, such as those
encoding the SASP secreted factors, show upregulation [43, 44].
Finding senescence-related gene expression signatures has been
the focus of several global transcriptomic analyses [45-47]. Single-
cell analyses showed that a senescent cell population comprises a
range of cells with different mRNA expression profiles [46].
Consistently, transcriptome analysis of senescence induced by
different stimuli showed vastly heterogeneous gene expression
profiles and chromatin dynamics, which were also cell type
dependent [47]. Nonetheless, 55 core genes could be identified as
being associated with all senescent types and are defined as a
senescence signature [47]. In this global analysis of senescence-
associated gene expression, loci implicated in DNA replication,
mitosis, and cell cycle are repressed, as they are when cells stop
dividing due to RS or the excessive division [43, 48]. Besides the
down-regulation of cell cycle genes, senescent cells are pro-
grammed to upregulate several chemokines, pro-inflammatory
cytokines, and the matrix-remodeling enzymes that define the
SASP [49, 50]. SASP is characteristic of all types of senescence, but
how it is regulated depends on the cell type analysed, as well as
the amount and time of exposure to the factor inducing
senescence.

These dynamic characteristics of senescence gene expression
are of course linked to chromatin states [51]. Given that SASP
genes shift from a repressed to active state, the initial opening of
chromatin is likely to require the action of pioneer transcription
factors (TFs), a special class of factors that induce the opening of
nucleosome-occupied chromatin structures to allow other TFs and
cofactors to bind [52]. Recently, time-resolved genome-wide
profile analysis identified the pioneer factor Activator Protein 1
(AP-1) as the trigger that activates the TF network driving the
transcriptional program of OIS models [51]. AP-1 both "opens" the

SPRINGER NATURE



H.A. Shaban and S.M. Gasser

chromatin landscape of enhancers and is critical for the expression
of SASP genes. The opening process starts with TF scanning,
which entails the sliding of TFs along with DNA [53], and
modulation of chromatin structure, possibly through the recruit-
ment of histone modifiers or remodelers [54, 55]. This creates a
permissive state for gene regulation [56, 571. In addition, genome
structures may facilitate transcription by forming loops that bring
TF-bound enhancers close to promoters of target genes [58, 59].
While the relationship between 3D genome organization and TF
activity [60] is well-studied in general, how the pioneer TF either
shapes or is influenced by the 3D genome conformation during
the fate transitions of senescence, is still unknown.

Abundant chromatin-associated proteins such as HMGA and
HMGB families were also shown to play a role in the transcrip-
tional changes necessary for senescence establishment
[34, 35, 61]. In OIS, the overexpression of HMGA2 and collabora-
tion with the p16™K*® tumor suppressor promotes SAHF formation
and stabilizes senescence [61]. In RS, on the other hand, other
HMG proteins HMGB1 and HMGB2 are not associated with SAHF
formation, but were shown to be linked to the expression of SASP
genes [34, 35]. In particular, HMGB1 contributes to the coordi-
nated activation of SASP by driving higher-order chromatin
boundary changes upon RS entry [35]. Studying the mechanistic
interaction of transcriptional activators, high-mobility group box
proteins, and genome conformation during senescence will
increase our understanding of both the epigenetic dynamics
and the regulatory networks that govern senescence phenotypes.

MECHANISMS OF CHROMATIN REORGANIZATION IN
SENESCENCE

The striking changes in heterochromatin that occur during
senescence have made SAHF a key model for investigating the
link between chromatin reorganization and cell-fate transition. It
remains unclear, however, if the changes that lead to SAHF
formation imply two or more steps. A simple two-step mechanism
was initially proposed for SAHF formation: the first step entailing
heterochromatin segregation, and the second the spatial cluster-
ing of segregated regions [62] (Fig. 2A, B). This mechanism, built
on the idea that SAHF formation is a static endpoint, is simple, yet
it is now recognized that SAHF formation and maintenance are
actually dynamic processes [51, 63]. There may be changes in
structural and biophysical parameters that correlate with the
reorganization of heterochromatin into SAHF and their main-
tenance, which require intermediate step(s) and other mechan-
isms, such as phase separation, viscoelasticity, and droplet
nucleation [64, 65].

A 3D polymer model was introduced to capture chromatin
organization in OIS cells, with a special focus on heterochromatin-
lamina interaction [66]. This chromatin-lamina interaction was
explained as desorbed phases due to the weak contacts, while
heterochromatin-heterochromatin interaction led to (micro)phase
separation of euchromatic and heterochromatic compartments. A
quantitative two-parameter polymer model was proposed to
explain the 3D genome reorganization of SAHF formation in OIS
[39]. This modeling argued that the unleashing of heterochromatic
domains from the lamina was enough to shape heterochromatin
into SAHF, through micro-phase separation [39].

While these models have described the changes in the
chromatin organization at compartments and TADs levels, a
recent study examined how chromatin loops alter in OIS [67]. As a
result of loop formation, OIS exhibits altered enhancer-promoter
interactions, particularly at the Interleukin-1 (IL-1) cluster, which
govern crucial SASP and cell cycle-related genes. Consequently,
changes in enhancer-promoter contacts can be characteristic to
transcription-dependent cohesin repositioning, by forming cohe-
sin islands at the ends of active genes [68]. This results in new
cohesin peaks and new loops. Since these models rely on data
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from fixed and ensemble Hi-C, the models do not address the
heterogeneity introduced through chromatin dynamics and
organization, most notably the formation and separation of
H3K9me3 from H3K27me3 domains. To define the mechanisms
underlying this organization, a more complete knowledge of the
system derived from high resolution 4D microscopy (3D space
over time) of chromatin states will be necessary, extending as well
to changes that accompany the exit from the senescent state.

SENESCENCE EXIT

Senescence was originally thought to be an irreversible cell state,
yet now various studies have shown that it is reversible: cells can
exit senescence either by manipulating the key effectors of
senescence, such as p53, p16, H3K9me3, or by changing the
senescence-associated transcriptional program [69-71]. In repli-
cative senescence, low expression levels of p16 allowed human
senescent cells to resume growth upon the inactivation of p53
[72]. Likewise, the suppression of p53 in senescent mouse embryo
fibroblasts led to the loss of senescence-related gene expression, a
reversal of senescence and rapid re-entry into the cell cycle [73]. A
study conducted in vivo revealed that genetically switchable
models of senescence targeting p53 or H3K9me3, were able to
bypass senescence, allowing cells to enter the cell cycle while
displaying stem cell characteristics [74].

Acting upstream of these effector molecules, it was shown
that expression of the Yamanaka factors, Oct4, Sox2, KIf4, and c-
Myc, can reactivate cell proliferation and partially reverse the
senescence phenotypes [69]. In another study, it was shown that
the depletion of the pioneer factor AP-1 partially reverts the
senescence transcriptional program, decreasing the expression
of SASP genes [51]. Although this study highlighted the role of
epigenetic remodeling as driving senescence exit, the molecular
mechanism(s) explaining this process are unclear. Senescence
exit could also be triggered by depleting the long noncoding
RNA called PANDA, for P21-associated ncRNA DNA damage-
activated [70], which limits the expression of NF-YA-E2F-
coregulated proliferation-promoting genes. Very recently, senes-
cence exit into a quiescent state without proliferation was
shown to be prompted by the inhibition of a 3-
phosphoinositide-dependent protein kinase 1 (PDK1) [71], loss
of which suppresses both NFkB and mTOR signaling by
inhibiting a growth stimulatory loop of PDK1, AKT, IDBKB, and
PTEN [71]. This leads to considering the inhibition of PDK1 as a
promising target for the senescent exit.

Whereas molecular transcriptomics and fixed cell imaging have
implicated these regulatory players in the exit from senescence,
they have not been able to link genome reorganization to the
altered gene expression patterns. It remains to be seen how
chromatin reorganizes globally with respect to the transcriptome
during both entry into and exit from senescence.

FUTURE DIRECTIONS
Senescence is a dynamic process that includes an early cell cycle
arrest, a period of chromatin remodeling, the opening and
reorganization of heterochromatin, and finally a well-defined set
of transcriptional changes. Transcriptomic studies have confirmed
that senescence is not a single distinct state, thus it remains a
challenge to find robust markers for this range of senescent states.
The advent of advanced, next-generation profiling tools, such as
single-cell RNA sequencing, has accelerated our understanding of
the heterogeneity of senescence [75, 76]. The use of artificial
intelligence combined with nuclear-imaging techniques is needed
to characterize senescence phenotypes, and to enable patholo-
gists to definitively identify cells as senescent [77].

It is clear that chromatin reorganization is a major player in
senescence, yet it is unclear which mechanisms trigger the
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changes that are crucial either at senescence entry or exit. Global
changes in chromatin vary depending on the stressor used, the
time of induction and the cell type. These differences suggest that
SAHF may also form through somewhat different mechanisms,
depending on the stressor used. If so, it will be important to
identify both the essential commonality underlying SAHF forma-
tion, and the stress-specific aspects. To this end, time-resolved,
high resolution measurements of changes in 3D chromatin
dynamics must be correlated with changes in transcriptional
output during the induction of senescence by different stressors in
single living cells [78-81]. This would allow one to investigate both
global and local changes in chromatin mobility over specific
genomic regions (e.g., SAHF vs heterochromatin vs euchromatin).

Addressing these questions may allow us to distinguish among
the hypotheses put forth to explain heterochromatin reorganiza-
tion, namely, activity-driven microphase separation [27, 28], or the
involvement of switchable bridging proteins (with switching rates
that control SAHF size) [29]. Potential intermediate steps with
distinct structural properties may exist, which could shed light on
new mechanisms involved in heterochromatin formation, whether
during normal cell differentiation or in senescence. Both
characterizing early markers of nuclear rearrangement and SAHF
formation, and being able to interfere with them, will be relevant
to the treatment of cancer and age-related disorders.

It is clear that 3D genome organization reflects TF activity, most
obvious being the pairing of TF-bound enhancers to the
appropriate proximal promotor at a target gene [59, 82, 83].
Proximity to a chromatin compartment, as well as B-to-A
compartment switches, enable super-enhancer function and the
coordinated expression of sets of genes [84]. The link between
enhancer-promoter long-range interaction to transcriptional out-
put has been demonstrated in situ by the combination of
multiplexed super-resolution imaging and RNA FISH in living
single-cells [85]. This combination has revealed domain structures
that change with cell identity. With imaging-based transcrip-
tomics, it will be possible to image up to ~10,000 different RNA
species in a single cell [86, 87], and to identify cell cycle-
independent spatial heterogeneity of distinct cells, based on gene
expression patterns [87]. This may provide a means to quantify
both expression and spatial information of RNAs in individual cells
within tissue environments [86].

The study of senescence underscores the need to map how the
3D dynamics of chromatin structure is affected by changes in the
cellular transcriptome, and vice versa. Coupling the new single-
nuclei imaging tools with spatially resolved single-cell transcrip-
tomics methods will open new channels for linking the dynamic
aspects of chromatin structure to transcriptional changes [88]. In
addition, identifying the biophysical principles that govern these
dynamic changes in structure will give us a handle of the
upstream mechanisms that control chromatin dynamics and their
concurrent epigenetic changes during senescence entry and exit.
New analytical methods allow one to assess the dynamic and (bio)
physical properties of chromatin as it undergoes structural
changes and to couple this with transcriptional states [71-73].
This will reveal the causal relationship between inducors [89] and
the genome (re-)organization that accompany transcriptional
control. Understanding senescence on this level has the added
value of allowing one to develop markers relevant for disease
diagnostics and therapeutic intervention.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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