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Abstract

Cellular senescence is a stable form of cell cycle arrest with roles in many

pathophysiological processes including development, tissue repair, cancer and

aging. Senescence does not represent a single entity but rather a heterogeneous
ging P g y g

phenotype that depends on the trigger and cell type of origin. Such

heterogeneous features include alterations to chromatin structure and epigenetic

states. New technologies are beginning to unravel the distinct mechanisms

regulating chromatin structure during senescence. Here we describe the multiple

levels of chromatin organization associated with senescence: global and focal,

linear and higher order.

Introduction



More than fifty years ago Hayflick and Moorhead formally described cellular

senescence as the stable proliferative arrest observed in primary human

fibroblasts when cultured /n vitro for extended periods (Hayflick and Moorhead

1961; Hayflick 1965). Today we know that the phenomenon they observed

represents one type of senescence, replicative senescence, which is triggered

because dividing cells, in the absence of telomerase, progressively shorten their

telomeres. Critically short telomeres malfunction and trigger senescence through

the DNA damage response (DDR) (Shay and Wright 2000; Zglinicki et al. 2005).

Similar senescence phenotypes can be triggered by various pathophysiological

stimuli including stress from cytotoxic/ genotoxic drugs, modulation of chromatin

states (Ogryzko et al. 1996; Prieur et al. 2011) high levels of reactive-oxygen

species (ROS) (Chen et al. 1995; Lee et al. 1999; Macip et al. 2002) and hyper-

activation of oncogenes such as RAS, causing oncogene-induced senescence (OIS)

(Serrano et al. 1997; Gorgoulis and Halazonetis 2010). Although originally defined

in cell culture models, senescence has also been identified in vivo. For example,

senescence plays a functional role in tissue homeostasis and wound healing



(Wiemann et al. 2002; Krizhanovsky et al. 2008; Jun and Lau 2010), embryonic

development (Storer et al. 2013; Chuprin et al. 2013; Mufoz-Espin et al. 2013)

aging and age-related disorders including cancer, atherosclerosis and

osteoarthritis (Minamino et al. 2002; Price et al. 2002; Mufoz-Espin and Serrano

2014; Pérez-Mancera et al. 2014).

Since originally suggested in Hayflick's seminal description (Hayflick and

Moorhead 1961), evidence linking senescence and aging has been accumulating

(note here that we use the term ’‘senescence’ as the cell phenotype described

above, distinct from ‘aging’, a term we use in reference to organismal

aging)(Figure 1). Earlier studies showed an inverse correlation between

proliferative capacity of cells in culture and donor age, although this appears to

be controversial (Cristofalo et al. 2004). Senescent cells have been shown to

accumulate in some (but not all) tissues of aging mice and primates (Herbig et al.

2006; Jeyapalan et al. 2007, Wang et al. 2009). In particular, age-dependent

accumulation of senescent cells in tissue stem and progenitor cell compartments

suggests that senescence could contribute to aging by limiting the regenerative
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capacity of the tissue (reviewed in Sharpless and DePinho 2007). Consecutive

studies in BubR1 mice (Baker et al. 2008; Baker et al. 2011), a progeroid model

that has high levels of constitutive DNA damage due to a hypomorphic mutation

in Bublb, and more recently in naturally aged mice (Baker et al. 2016), suggest

that an accumulation of senescent cells has a detrimental effect on longevity

(Kapanidou et al. 2015). Here, genetic inactivation of senescence or the induction

of apoptosis in senescent cells (specifically pl6-expressing cells) significantly

attenuates the progression of age-related disorders (Baker et al. 2008; Baker et al.

2011, Baker et al. 2016). Thus understanding the diverse phenotype referred to as

'senescence’, and its functional roles /n vivo, would likely provide insights into the

various aspects of organismal aging.

Senescence involves various effector mechanisms including the DDR, alterations

to cellular metabolism and protein secretion as part of the senescence-associated

secretory phenotype. These senescence effectors are extensively reviewed

elsewhere (Salama et al. 2014; Mufoz-Espin and Serrano 2014; Pérez-Mancera et

al. 2014). In this Review, we focus on the dramatic higher order chromatin
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structural changes observed during senescence, including a rearrangement of

heterochromatin, and the effectors responsible. First we discuss general aspects of

heterochromatin assembly and what is known about heterochromatin in

senescent and aging-associated cells. We comment on the potential implications

of chromatin structure in senescent cells on gene regulation and age-related

disease initiation, particularly cancer. Finally, we describe higher order chromatin

structure in senescent cells and discuss how recent research suggests that distinct

regulatory mechanisms are at work during senescence.

Chromatin

Chromatin constitutes one of the most complex macromolecular entities in the

cell, harbouring genomic DNA as well as thousands of directly or indirectly

associating proteins and RNA molecules working in concert to mediate gene

transcription or repression. Fitting human DNA within the relatively tiny

boundaries of the nucleus requires several magnitudes of coiling and compaction.

Around 146 base pairs of DNA are coiled around a nucleosome; a fundamental
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protein complex composed of an octamer of paired histone proteins - H2A, H2B,

H3 and H4. Unstructured N- and C-terminal histone tails protrude from the

nucleosome complex susceptible to decoration with a variety of post-translational

modifications (PTMs, often called hAistone marks). These modifications can have

profound effects on chromatin structure and can therefore demarcate active and

repressed domains (Luger et al. 2012).

The packaging of chromatin is highly dynamic; it can be loosely packaged

euchromatin and thus allow access to the transcriptional machinery, or tightly

packaged heterochromatin thereby limiting access. Heterochromatin can be

further classified into two subtypes - constitutive heterochromatin is condensed in

all differentiated cell types throughout the cell cycle. Facultative heterochromatin,

the second subtype, is found at developmentally regulated loci and therefore

varies between cell types and in response to cellular signals.

Emil Heitz (1928) originally defined heterochromatin based on the dense pattern

of DNA staining detectable via microscopy of cells in interphase. Particularly,
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constitutive heterochromatin can be observed at the nuclear periphery and in the

telomeric and pericentromeric regions of chromosomes. Since then various

biochemical markers of heterochromatin and/or gene repression have been

characterized: for example DNA methylation (specifically 5-methylcytosine in CpG

dinucleotides), lysine hypoacetylation of histones H3 and H4, methylation of

histone H3 on lysine 9 (H3K9me3) (enriched in constitutive heterochromatin), and

H3K27me3 (enriched in facultative heterochromatin) (Grewal and Jia 2007, Moazet

et al. 2001; Trojer and Reinberg 2007). Consistently, condensed regions tend to be

more resistant to DNase I digestion (Sperling et al. 1985) indicating that

nucleosomes are tightly packed.

Heterochromatin assembly

The predominant model of heterochromatin formation involves a ‘spreading’ of

heterochromatin across the linear genome to proximal regions (Figure 2 A).

Position-effect variegation (PEV) was first characterized by Muller (Muller et al.

1935) in drosophila models where a euchromatic section of chromatin can be
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silenced if artificially juxtaposed adjacent to a segment of heterochromatin via

chromosome rearrangement. This process of silencing appears to begin early on

during embryogenesis (Karpen 1994; Lu et al. 1996; Ebert et al. 2006). Similarly,

during initiation of random X-chromosome inactivation in the embryonic cells of

female mammals the establishment of H3K27me3 and the recruitment of

polycomb group (PcG) binding proteins are early events which closely parallel

with Xist RNA accumulation. Such marks are thought to allow propagation of the

inactive state along the chromosome (Heard et al. 2001; Mermoud et al. 2002;

Silva et al. 2003; Plath et al. 2003). In addition, the spreading of repressive histone

marks has been shown at a genome-wide level. ChIP-seq analyses revealed that

sparse blocks of repressive H3K9me3 and H3K27me3 observed in human

embryonic stem cells (ESCs) significantly expand as cells differentiate (Mikkelsen

et al. 2007; Hawkins et al. 2010).

ESCs are unique in their plasticity, pluripotency and ability to self renew.

Consistently, chromatin in ESCs is globally de-condensed and enriched for

euchromatic modifications (Arney and Fisher 2004; rer and Misteli 2006) whilst
9



heterochromatin is dispersed and poorly defined (Ahmed et al. 2010). The

openness of chromatin is correlated with high DNAse I accessibility and hyper-

transcription of coding genes as well as repetitive elements — e.g. satellite repeat

elements (Meshorer et al. 2006; Efroni et al. 2008; Fisher and Fisher 2011). As cells

differentiate and a specific transcriptional program is selected there is an

accumulation of heterochromatin and silencing histone modifications (Meshorer

et al. 2006; Meshorer and Misteli 2006).

Of note, beside unicellular organisms, such as yeast (Grewal and Jia 2007), the

experimental models to describe heterochromatin spreading primarily involve

embryonic development, which often accompanies morphological alterations to

chromatin (e.g. Xi formation and ESC differentiation, discussed above). These

studies suggest some correlation between heterochromatin spreading and DNA

‘compactness’, at least during early developmental stages, but a causative role for

‘quantity’ of repressive histone marks in high-order heterochromatin formation is

not entirely clear (discussed below).
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Chromatin, Senescence and Aging

Alterations to epigenetic and chromatin states during senescence have long been

observed. Earlier studies showed that global DNA methylation is reduced in

replicatively senescent, but not in immortalized, fibroblasts from rodents and

humans (Wilson and Jones 1983; Gray et al. 1991). In addition, treatment of

human fibroblasts with chromatin modifying reagents that can counter

heterochromatin formation, such as inhibitors of histone deacetylases or DNA

methylation, reduces their proliferative lifespan (Gray et al. 1991; Ogryzko et al.

1996). These studies have provoked the “loss of heterochromatin® model of

senescence, which proposes that heterochromatic domains established during

early development are broken down resulting in derepression of silenced genes

and aberrant gene expression, which may contribute to the senescence and/or

aging phenotype (Villeponteau 1997). Interestingly, it has been shown that hypo-

methylation at some pericentric satellite regions (constitutive heterochromatin)
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during replicative senescence is correlated with de-repression of transcription at

these regions (Suzuki et al. 2002; Enukashvily et al. 2007; Cruickshanks et al. 2013).

More recent studies, however, suggest that the loss of heterochromatin model is

too simplistic (Schellenberg et al. 2011; Cruickshanks et al. 2013). Using whole

genome single-nucleotide bisulfite-sequencing, Cruickshanks and colleagues

illustrated that, in human fibroblasts approaching replicative senescence, there is

simultaneous global DNA hypo-methylation and focal hyper-methylation

(Cruickshanks et al. 2013). DNA hypo-methylation is enriched at gene-poor, late

replicating sequences, and in nuclear lamina-associated domains (LADs), which are

all typically associated with heterochromatic histone marks. On the other hand,

focal hyper-methylation is enriched at CpG islands, localized at gene promoters,

where methylation usually results in repression of the gene. It is conceivable that

the global loss of DNA methylation (and de-repression of some satellite

transcripts mentioned above) might contribute to subsequent genomic instability,

whereas gain of DNA methylation at CpG islands might affect cell phenotype by

altering the gene expression profile.. Although caution is required when directly
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inferring pathology of organismal aging from a replicative senescence phenotype

in vitro (Cristofalo et al. 2004), given that these methylation changes are

reminiscent of cancer the authors speculate that senescence-associated DNA

methylation alterations might promote cancer as an age-related disorder /n vivo

(Cruickshanks et al. 2013). Indeed, such genome-wide hypomethylation and focal

hypermethylation of CpG islands has also been noted in the context of aging

(Reviewed in Zampieri et al. 2015).

Levels of heterochromatic histone marks have also been reported to alter during

senescence, but the directionality of the change appears to be dependent on the

type of senescence. For example, it was reported that the total level of H3K9me3

in OIS cells, but not replicatively senescent cells, is increased when compared to

proliferative control cells in culture (Di Micco et al. 2011). Comparatively,

H3K9me3, the HP1 proteins and H3K27me3 were all found to be reduced in

cultured fibroblasts derived from patients with the premature aging disorder

Hutchinson-Gilford progeria syndrome (HGPS), caused by a point mutation (1824

C —>T) in the LMNA gene, as well as in fibroblasts from old individuals (Scaffidi
13



and Misteli 2006; Shumaker et al. 2006; Dechat et al. 2008). Of note, this

reduction of heterochromatic marks appears to be particularly relevant after

substantial passage in culture, thus it is not clear whether the reduction of these

repressive marks are primary changes associated with individual aging or a part of

a ‘'senescence’ phenotype caused by replicative and oxidative stress. Indeed,

HGPS cells have been shown to be more susceptible to premature senescence

than unaffected control cells in culture (Liu and Zhou 2008). Interestingly, a recent

study showed that the H3K9me3 level in HGPS cells is often higher at an early

passage compared to cells isolated from healthy individuals (Liu et al. 2013).

Similar results were obtained in embryonic fibroblasts from progeroid mice, which

lack the prelamin-A processing metalloprotease, Zmpste24 (Liu et al. 2013). The

authors suggest that the loss of H3K9me3 in HGPS cells observed in earlier

studies might be due to the secondary effect of extensive replicative stress in

culture (Liu et al. 2013). Whether or not such a rapid reduction of

heterochromatin at late passage is unique to cells isolated from HGPS patients or

older individuals is an interesting question, particularly considering that the global
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alteration of heterochromatic marks appears to be non-uniform within various

types of senescence. Nevertheless, the data in this study (Liu et al. 2013) do not

exclude the possibility that similar epigenetic alterations observed in late passage

HGPS in culture might occur in certain types of cells (e.g. tissue stem/ progenitor

cells) /n vivo, contributing to deterioration of the tissue microenvironment during

the (premature) aging process.

Thus the enrichment of heterochromatin modifications does indeed change

during senescence but directionality is difficult to dissect due to the vast

heterogeneity of the phenotype. In addition, as shown in the case of DNA

methylation, it will be critical to consider that individual epigenetic marks may be

‘redistributed’ at specific loci during senescence in addition to changing at a

global level. Moreover and as mentioned in previous sections of this review, the

link between the 'quantity’ of heterochromatic histone marks and higher-order

chromatin structure, remains unclear. A number of recent studies using new

technologies have begun to study alterations to higher-order chromatin structure

15



in senescent cells in unprecedented detail — these will be discussed in the

following sections.

Senescence-associated heterochromatic foci

Senescent cells exhibit dramatic alterations to higher-order chromatin structure.

Notably, in some senescent cells there is the formation of senescence associated

heterochromatic foci (SAHFs) (Narita et al. 2003; Zhang et al. 2005), DAPI-dense

foci inside the nucleus readily visible by fluorescence microscopy. It has been

suggested that these structures contribute to the irreversibility of the senescence

phenotype by packaging proliferative genes, such as those silenced by the

retinoblastoma (RB) tumor suppressor protein, into repressed heterochromatic

domains (Narita et al. 2003; Beausejour 2003; Chicas et al. 2010; Sadaie et al.

2013).

Diverse effectors of SAHF structure have been identified (Figure 2 B) (Adams 2007;

Salama et al. 2014). For example, knockdown of RB and its upstream activator pl6
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inhibit SAHF formation (Narita et al. 2003). Studies in the Adam’s laboratory

identified other key modulators of SAHF including histone chaperone proteins

Histone Repressor A (HIRA) and Anti-silencing Factor la (ASFla) (Zhang et al.

2005; Zhang et al. 2007). These are important for euchromatic deposition of the

histone variant H3.3 during senescence (Corpet et al. 2013), where histone H3.3

can be actively demethylated at lysine 4 or proteolytically cleaved (Chicas et al.

2012; Duarte et al. 2014). Promyelocytic leukemia (PML) nuclear bodies (NBs),

which become prominent in number and size during senescence (Pearson et al.

2000; Ferbeyre et al. 2000; Bischof et al. 2002), are thought to provide a

convergence point for multiple factors and complexes prior to SAHF formation

(e.g. Rb-E2F complexes, HP1, the HIRA/ASFla complex, histone H3.3 and the RB

phosphatase) PPla) (Zhang et al. 2005; Vernier et al. 2011; Corpet et al. 2013).

The relocalization of HIRA to PML bodies was reported to be driven by repression

of canonical Wnt signaling, facilitating SAHF formation (Ye et al. 2007). Another

recent study from the Zhang laboratory identified SPOP, an E3 ubiquitin ligase

adaptor, as a potential uprestream regulator of SAHF formation: upregulation of
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SPOP during senescence induces degradation of the SENP7 deSUMOylase,

resulting in HPla sumoylation. The authors suggest that increased HPla

sumoylation facilitates HPla deposition into SAHFs, whereas it only weakly

promotes its relocation to PML bodies (Zhu et al. 2015). High-mobility group A

(HMGA) proteins are chromatin architectural proteins that bind the minor-groove

of AT-rich DNA, especially in DNA linker-regions between nucleosomes (Reeves

2001). Upregulation of HMGA proteins and downregulation of their competitor

for linker DNA, Histone-H1, were implicated in SAHF formation (Narita et al. 2006;

Funayama et al. 2006). HMGA proteins in particular are essential structural

components of SAHFs.

SAHFs were named as such because they are enriched for many markers of

heterochromatin including HP1 proteins, the facultative heterochromatin histone

variant macroH2A, H3K9me3 and H3K27me3, whilst they exclude euchromatic

markers such as H3K4me3 and H3K36me3 (Narita et al. 2003; Zhang et al. 2005).

Interestingly, it has been shown that individual SAHFs are composed of single

chromosomes (Funayama et al. 2006; Zhang et al. 2007). Furthermore, previous
18



studies in our lab have shown that SAHFs are made up of multiple forms of

chromatin arranged into concentric layers. Each consists of a core enriched for

constitutive heterochromatin marked by H3K9me3 encircled by facultative

heterochromatin enriched for H3K27me3. Euchromatic histone marks lie outside

of the SAHF structure in DAPI-poor regions that probably represent

transcriptionally active space (Chandra et al. 2012).

Despite the dynamic structural alteration of chromatin (i.e. SAHF formation), it was

shown that the ‘chromosome-wide’ profiles of two representative repressive

marks, H3K9me3 and H3K27me3, as determined by ChIP-seq, change only

moderately (with some local enrichment of H3K27me3 in gene-centric analyses)

upon the induction of OIS in human fibroblasts even though the total level of

chromatin bound HP1, which docks at H3K9me3, is substantially increased

(Chandra et al. 2012; Salama et al. 2014). These data suggest that SAHF are not

generated by a substantial re-distribution, or ‘spreading’, of histone modifications

across the genome, but rather by a spatial rearrangement of pre-existing

19



heterochromatin involving a clustering of regions which share specific histone

modifications (Chandra et al. 2012; Chandra and Narita 2013).

How can such a drastic mobilization of heterochromatin be achieved to form

SAHFs? There is now a wealth of literature illustrating senescence-associated

alteration to the nuclear lamina, major components of which include A-type and

B-type Lamins, which forms a scaffold underneath the inner nuclear membrane.

Lamin Bl in particular is down-regulated during senescence (Shimi et al. 2011;

Freund et al. 2012; Dreesen et al. 2013; Shah et al. 2013; Sadaie et al. 2013)

through diverse mechanisms that involve transcriptional and/or post-translational

regulation, the latter including the macromolecule degradation machinery,

autophagy (Ivanov et al. 2013; Lenain et al. 2015; Dou et al. 2015). The nuclear

lamina has been implicated in the nuclear positioning of chromatin and

transcriptional regulation. Genome-wide mapping of Lamin Bl identified

(sub)megabase-sized, well-defined chromatin domains (LADs), which are enriched

for repressive marks (Guelen et al. 2008). Consistent with the primarily perinuclear

localization of H3K9me3 in normal human fibroblasts, ChIP-seq analyses suggest
20



that H3K9me3-enriched chromatin domains are typically associated with the

middle of LADs. Interestingly, Lamin Bl is reduced mostly from the central,

H3K9me3-enriched, portion of LADs during senescence (Sadaie et al. 2013). These

data suggest that the preferential loss of Lamin Bl from H3K9me3 enriched

regions facilitates the spatial reorganization of constitutive heterochromatin into

SAHFs, although enforced depletion of Lamin Bl is not sufficient for SAHF

formation (Sadaie et al. 2013). Interestingly, it has been shown that, upon

differentiation of rod cells in the eyes of nocturnal mammals, a co-absence of LBR

(Lamin B1 receptor), which can bind HP1 (Ye et al. 1996, Ye et al. 1997), and lamin

A/C facilitates the internalisation of constitutive heterochromatin (Solovei et al.

2009; Solovei et al. 2013). These data may suggest the existence of an

evolutionarily conserved mechanism for spatial regulation of heterochromatin.

Although the correlation between histone marks and chromatin layering in SAHFs

is strong, we have previously shown that depletion of H3K9me3 or H3K27me3, by

ectopic expression of the histone demethylase JMJD2D or by RNAi depletion of

the essential component in the histone methyltransferase complex SUZ12,
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respectively, does not affect SAHF formation, at least at a morphological level

(Chandra et al. 2012). Moreover, others have shown that marked depletion of

chromatin bound HP1 proteins by overexpression of a dominant-negative HP1(

does not cause a defect in SAHF formation (Zhang et al. 2007), suggesting that

the non-stoichiometric increase of these proteins when compared to their binding

site is not responsible for SAHF structure. Therefore, although correlated with the

layers of SAHF, these abundant markers of heterochromatin are not required for

SAHF formation.

Such observations were perhaps surprising. They are in stark contrast to the

predominant model of heterochromatin formation observed during embryonic

development, which involves the spreading of heterochromatic marks to proximal

regions. It appears that distinct regulatory mechanisms are employed in senescent

cells when compared to differentiating cells at early embryonic stages: refolding

of higher-order chromatin structure above the level of nucleosome modification

versus spreading of heterochromatin respectively (Figure 2 A), although these may

not necessarily be mutually exclusive.
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Senescence-associated distension of satellites

It was recently shown by Swanson and colleagues that normally compacted a-

Satellite and Sat-II DNA is distended early during the senescence program, an

observation they called Senescence-associated distension of satellites (SADS)

(Swanson et al. 2013). Whilst SAHFs occur only in some forms of senescence

(Narita et al. 2003; Kosar et al. 2011) and are rarely observed /n vivo (Lazzerini

Denchi et al. 2005), the authors observed the presence of SADS in many

senescent cell types including in OIS and replicative senescence as well as in

tissue sections of benign pancreatic intraepithelial neoplasia (PIN). SADS were also

present in HGPS cells, which do not exhibit SAHF (Swanson et al. 2013). Moreover,

they showed that the distribution of H3K9/27me3 across a-Satellite DNA does not

change during senescence — further illustrating higher-order chromatin structural

alterations above the level of nucleosome modification during senescence.
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Evidence for an alteration to nucleosome density during replicative senescence

was provided in a study carried out by the lab of John Sevidy (De Cecco et al.

2013). Researchers used a biochemical approach: formaldehyde assisted isolation

of regulatory elements (FAIRE-Seq), a method for mapping the distribution of

nucleosome-depleted chromatin in comparison to nucleosome dense chromatin

irrespective of histone modification (Giresi et al. 2007). They observed a general

‘smoothening’ of the genome architecture such that regions that are usually

heavily heterochromatinized with respect to nucleosome positioning, including

pericentromeric constitutive heterochromatin and repeat elements, became

relatively more open, whilst open regions, with the exception of some specific

genes, become relatively more closed (De Cecco et al. 2013). Particularly, and

consistent with the formation of SADS, it was shown that the transcription of

satellite DNA as well as transposable elements is increased (De Cecco et al. 2013).

This is reminiscent of DNA methylation alterations during replicative senescence

as described earlier: the global reduction of methylation, including pericentric

heterochromatic regions, and focal increase of DNA methylation at CpG islands,
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which are generally open (Cruickshanks et al. 2013). The DNA methylation profile

of OIS cells has not yet been determined and the relationship between DNA

methylation, heterochromatic histone marks, and nucleosome position/density in

this context remains to be elucidated.

With all these data in mind, it would also be tempting to hypothesize that during

senescence there is a '‘modular’ process of structural rearrangement - an

unwinding of chromatin and a de-condensation of canonical heterochromatin, its

spatial reorganization, and a refolding of chromatin to form the layered structure

of SAHF (Figure 3).

The genome wide chromatin interactome

Historically, the study of higher-order chromatin structure genome wide has been

difficult as many high-throughput sequencing methods such as chromatin

immunoprecipitation and FAIRE-Seq provide one-dimensional information about

the genome. More recently, methods based on high-throughput chromatin
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conformation capture (3C) have allowed for the study of three-dimensional

structure genome wide (Lieberman-Aiden et al. 2009; Belton et al. 2012). This

technology provided structural validation to chromosome territories by defining

sub-chromosomal compartments; type A (‘open’) and B (‘closed’) compartments

(Lieberman-Aiden et al. 2009), and more recently identified smaller mega-base

pair sized self-interacting chromatin blocks, topologically associated domains

(TADs) (Dixon et al. 2012; Nora et al. 2012). Many TADs can be considered as

discrete regulatory units, where a TAD may be largely heterochromatic or

euchromatic as indicated by biochemical markers (Le Dily et al. 2014).

Interestingly, TAD structure is conserved as ES cells differentiate into fibroblasts

demonstrating that heterochromatin spreading occurs within the framework of

TADs and that higher-order chromatin structure is maintained (Nora et al. 2012),

even though heterochromatin at a nucleosome level changes dramatically

(Mikkelsen et al. 2007; Hawkins et al. 2010). Moreover, depletion of

heterochromatic modifications does not affect TADs (Nora et al. 2012).
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The independent relationship between TADs and repressive histone marks is

reminiscent of the relationship between SAHF formation and histone marks, which

are closely correlated with the layered structure of SAHF but are not required for

their formation. Are TADs a structural unit of SAHF? Recently, Chandra and

colleagues (Chandra et al. 2015) employed Hi-C to understand alterations to

higher-order chromatin structure during OIS. Interestingly, they observed a

reduction of local connectivity in TADs that are associated with heterochromatic

features, including H3K9me3 enrichment, LADs, GC-poor (AT-rich) isochores, and

late replication timing. Thus, TADs, which are highly conserved structural units

during differentiation and across multiples species (Dixon et al. 2012; Nora et al.

2012), are substantially modulated during OIS. Consistent with the microscopic

features of SAHFs described above, they also showed that this loss of TAD

structure is accompanied by an increased number of long-range chromatin

interactions representing a spatial clustering of H3K9me3 domains (Chandra et al.

2015). Interestingly, cells isolated from patients with HGPS also exhibited a loss of

local connectivity in TADs (Chandra et al. 2015). Since it was reported that HGPS

27



cells are SAHF negative, it appears that the loss of TAD structure and SAHF

formation are separable events. Indeed, the long-range interactions, representing

A/B compartments, are drastically lost in late passage HGPS cells (McCord et al.

2013), and the spatial clustering of H3K9me3 domains observed in OIS cells

appears to be lacking in HGPS cells (Chandra et al. 2015), further reinforcing a

modular model where a combination of multiple processes are required for SAHF

formation (Figure 3). More recently, a Hi-C study of replicatively senescent

fibroblasts, which also infrequently form SAHFs, was reported: similar to, but less

intensively than, late passage HGPS cells, replicative senescence illustrated a

decrease in long-range interactions; however, in contrast to the OIS study

(Chandra et al. 2015), TADs are relatively conserved and short-range interactions

are rather increased during replicative senescence (Criscione, De Cecco et al

2016). The reason for the difference in Hi-C structure between OIS and replicative

senescence remains unclear, but these studies raise important questions, such as

whether the reduction of (a subset of) TADs and modulation of long-range
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interactions are required for SAHF formation, and how these structural alterations

affect gene expression.

Conclusions

Morphological and biochemical analyses have defined multiple levels of

chromatin structure, from nucleosomes (their modifications and density) to

macroscopic chromosome structures. Levels of structure between these two

extremes include chromatin looping, LADs, TADs, and higher order sub-

chromosomal compartments; type A (‘open’) and B (‘closed’) (Gibcus and Dekker

2013). Researchers have now started to characterize these levels of structure in

the context of senescence, and found some correlation between (the alterations

of) them during senescence. These data appear to predict a modular model as

discussed above; chromatin alterations during senescence involve multiple

processes that affect different levels of structure, although (in)dependency

between the levels is not entirely clear. This model may be consistent with the

heterogeneous nature of the chromatin phenotype in different types of
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senescence (e.g. SAHF-positive or negative senescence), which might be in part

due to different efficiency of individual modules.

A number of factors that affect SAHF formation have been identified, as discussed

above, and it will be necessary to understand which chromatin level or modular

process these factors regulate during the establishment of senescence. For

example, it was recently shown that condensin 1I is required for SAHF formation

and that ectopic expression of condensin II induces SAHF formation (Yokoyama et

al. 2015). Condensins, which are essential for mitotic chromosome assembly and

segregation, play diverse biological roles beyond mitosis, and condensin II in

particular has been implicated in the spatial organization of chromosomes during

interphase (Bauer et al. 2012). In addition, condensin II is enriched at the borders

of TADs, thus it would be interesting to test whether ectopically expressed

condensin II contributes to senescence-associated chromatin alteration by

remodeling TAD structure during senescence (Ito and Narita 2015). It will also be

important to functionally link transcriptional activity and 3D chromatin structure in

senescence.
30



These analyses will provide further insights into the various levels of chromatin

and how they affect the quality of senescence, and potentially aging and age-

related disorders.

Acknowledgments

We thank Andrew Young and Yoko Ito for critical reading and helpful discussion,

and members of the Narita laboratory for general discussion. The University of

Cambridge, Cancer Research UK and Hutchison Whampoa supported this work.

References

Adams PD (2007) Remodeling of chromatin structure in senescent cells and its

potential impact on tumor suppression and aging. Gene 397:84-93.

Ahmed K, Dehghani H, Rugg-Gunn P, et al (2010) Global chromatin architecture
reflects pluripotency and lineage commitment in the early mouse embryo.
PLoS ONE 5:e10531.

Arney KL, Fisher AG (2004) Epigenetic aspects of differentiation. J Cell Sci
117:4355-4363.

Baker DJ, Perez-Terzic C, Jin F, et al (2008) Opposing roles for plélnk4a and
pl9Arf in senescence and ageing caused by BubR1 insufficiency. Nat Cell Biol

31



10:825-836.

Baker DJ, Wijshake T, Tchkonia T, et al (2011) Clearance of pl6élnk4a-positive

senescent cells delays ageing-associated disorders. Nature 479:232-236.

Baker DJ, Childs B G, Durik M, et al (2016) Naturally occurring p16(ink4a)-positive
cells shorten healthy lifespan. Nature 530:184-189

Bauer CR, Hartl TA, Bosco G (2012) Condensin II Promotes the Formation of
Chromosome Territories by Inducing Axial Compaction of Polyploid Interphase
Chromosomes. PLoS Genet 8:€1002873.

Beausejour CM (2003) Reversal of human cellular senescence: roles of the p53
and pl6 pathways. EMBO J 22:4212-4222.

Belton J-M, McCord RP, Gibcus JH, et al (2012) Hi-C: A comprehensive technique

to capture the conformation of genomes. Methods 58:268-276.

Bischof O, Kirsh O, Pearson M, Itahana K, Pelicci, PG, & Dejean, A (2002).
Deconstructing PML-induced premature senescence. EMBO J, 21(13), 3358—
3369.

Chandra T, Ewels PA, Schoenfelder S, et al (2015) Global reorganization of the

nuclear landscape in senescent cells. Cell Rep 10:471-483.

Chandra T, Kirschner K, Thuret J-Y, et al (2012) Independence of Repressive
Histone Marks and Chromatin Compaction during Senescent Heterochromatic
Layer Formation. Mol Cell 47:203-214.

Chandra T, Narita M (2013) High-order chromatin structure and the epigenome in
SAHFs. Nucleus 4:23-28.

Chen Q, Fischer A, Reagan JD, et al (1995) Oxidative DNA damage and
senescence of human diploid fibroblast cells. Proc Nat Acad Sci U S A
92:4337-4341.

32



Chicas A, Kapoor A, Wang X, et al (2012) H3K4 demethylation by Jaridla and
Jarid1lb contributes to retinoblastoma-mediated gene silencing during cellular
senescence. Proc Natl Acad Sci U S A 109:8971-8976.

Chicas A, Wang X, Zhang C, et al (2010) Dissecting the unique role of the

retinoblastoma tumor suppressor during cellular senescence. Cancer Cell
17:376-387.

Chuprin A, Gal H, Biron-Shental T, et al (2013) Cell fusion induced by ERVWEL or

measles virus causes cellular senescence. Genes Dev 27:2356-2366.

Corpet A, Olbrich T, Gwerder M, et al (2014) Dynamics of histone H3.3 deposition
in proliferating and senescent cells reveals a DAXX-dependent targeting to

PML-NBs important for pericentromeric heterochromatin organization. Cell
Cycle 13:249-267

Criscione SW, De Cecco M, Siranosian B, et al (2016) Reorganization of
chromosome architecture in replicative cellular senescence. Sci Adv
2:€1500882

Cristofalo VJ, Lorenzini A, Allen RG, et al (2004) Replicative senescence: a critical
review. Mech Ageing Dev 125:827-848.

Cruickshanks HA, McBryan T, Nelson DM, et al (2013) Senescent cells harbour
features of the cancer epigenome. Nat Cell Biol 15:1495-1506.

De Cecco M, Criscione SW, Peckham EJ, et al (2013) Genomes of replicatively
senescent cells undergo global epigenetic changes leading to gene silencing

and activation of transposable elements. Aging Cell 12:247-256.

Dechat T, Pfleghaar K, Sengupta K, et al (2008) Nuclear lamins: major factors in
the structural organization and function of the nucleus and chromatin. Genes
Dev 22:832-853.

Di Micco R, Sulli G, Dobreva M, et al (2011) Interplay between oncogene-induced
DNA damage response and heterochromatin in senescence and cancer. Nat
33



Cell Biol 13:292-302.

Dixon JR, Selvaraj S, Yue F, et al (2012) Topological domains in mammalian

genomes identified by analysis of chromatin interactions. Nature 485:376-380.

Dou Z, Xu C, Donahue G, et al (2015) Autophagy mediates degradation of nuclear
lamina. Nature 527:105-1009.

Dreesen O, Chojnowski A, Ong PF, et al (2013) Lamin B1 fluctuations have
differential effects on cellular proliferation and senescence. J Cell Biol 200:605-
617.

Duarte LF, Young ARJ, Wang Z, et al (2014) Histone H3.3 and its proteolytically

processed form drive a cellular senescence programme. Nat Commun 5:5210.

Ebert A, Lein S, Schotta G, Reuter G (2006) Histone modification and the control
of heterochromatic gene silencing in Drosophila. Chromosome Res 14:377—-
392.

Efroni S, Duttagupta R, Cheng J, et al (2008) Global Transcription in Pluripotent
Embryonic Stem Cells. Cell Stem Cell 2:437-447.

Enukashvily NI, Donev R, Waisertreiger IS-R, Podgornaya OI (2007) Human
chromosome 1 satellite 3 DNA is decondensed, demethylated and transcribed
in senescent cells and in A431 epithelial carcinoma cells. Cytogenet Genome
Res 118:42-54.

Ferbeyre G, de Stanchina E, Querido E, Baptiste N, Prives C, Lowe SW (2000) PML
is induced by oncogenic ras and promotes premature senescence. Genes Dey,
14: 2015-2027.

Fisher CL, Fisher AG (2011) Chromatin states in pluripotent, differentiated, and
reprogrammed cells. Curr Opin Genet Dev. 21:140-146.

Freund A, Laberge RM, Demaria M, Campisi J (2012) Lamin B1 loss is a
senescence-associated biomarker. Mol Biol Cell 23:2066-2075.
34



Funayama R, Saito M, Tanobe H, Ishikawa F (2006) Loss of linker histone H1 in
cellular senescence. J Cell Biol 175:869-880.

Gibcus JH, Dekker J (2013) The hierarchy of the 3D genome. Mol Cell 49:773-782.

Giresi PG, Kim J, McDaniell RM, et al (2007) FAIRE (Formaldehyde-Assisted
Isolation of Regulatory Elements) isolates active regulatory elements from

human chromatin. Genome Research 17:877-885.

Gorgoulis VG, Halazonetis TD (2010) Oncogene-induced senescence: the bright
and dark side of the response. Curr Opin Cell Biol 22:816-827.

Gray MD, Jesch SA, Stein GH (1991) 5-Azacytidine-induced demethylation of DNA
to senescent level does not block proliferation of human fibroblasts. J Cell
Physiol 149:477-484.

Grewal SIS, Jia S (2007) Heterochromatin revisited. Nat Rev Genet 8:35-46.

Guelen L, Pagie L, Brasset E, et al (2008) Domain organization of human
chromosomes revealed by mapping of nuclear lamina interactions. Nature
453:948-951.

Hawkins RD, Hon GC, Lee LK, et al (2010) Distinct Epigenomic Landscapes of
Pluripotent and Lineage-Committed Human Cells. Cell Stem Cell 6:479-491.

Hayflick L (1965) THE LIMITED IN VITRO LIFETIME OF HUMAN DIPLOID CELL
STRAINS. Exp Cell Res 37:614-636.

Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell strains.
Exp Cell Res 25:585-621.

Heard E, Rougeulle C, Arnaud D, et al (2001) Methylation of histone H3 at Lys-9 is

an early mark on the X chromosome during X inactivation. Cell 107:727-738.

Herbig U, Ferreira M, Condel L, et al (2006) Cellular senescence in aging primates.
Science 311:1257-1257.

35



Ito Y, Narita M (2015) The expanding territories of condensin II. Cell Cycle
14:2723-2724.

Ivanov A, Pawlikowski J, Manoharan [, et al (2013) Lysosome-mediated processing

of chromatin in senescence. J Cell Biol 202:129-143.

Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U (2007) Accumulation of senescent
cells in mitotic tissue of aging primates. Mech Ageing Dev 128:36-44.

Jun J-I, Lau LF (2010) Cellular senescence controls fibrosis in wound healing.
Aging (Albany NY) 2:627-631.

Kapanidou M, Lee S, Bolanos-Garcia VM (2015) BubR1 kinase: protection against
aneuploidy and premature aging. Trends Mol Med 21:364-372

Karpen GH (1994) Position-effect variegation and the new biology of
heterochromatin. Curr Opin Genet Dev 4:281-291.

Kosar M, Bartkova J, Hubackova S, et al (2011) Senescence-associated
heterochromatin foci are dispensable for cellular senescence, occur in a cell
type- and insult-dependent manner and follow expression of pl16(ink4a). Cell
Cycle 10:457-468.

Krizhanovsky V, Yon M, Dickins RA, et al (2008) Senescence of activated stellate
cells limits liver fibrosis. Cell 134:657-667.

Lazzerini Denchi E, Attwooll C, Pasini D, Helin K (2005) Deregulated E2F activity
induces hyperplasia and senescence-like features in the mouse pituitary gland.
Mol Cell Biol 25:2660-2672.

Le Dily F, Bau D, Pohl A, et al (2014) Distinct structural transitions of chromatin
topological domains correlate with coordinated hormone-induced gene
regulation. Genes Dev 28:2151-2162.

Lee AC, Fenster BE, Ito H, et al (1999) Ras proteins induce senescence by altering

the intracellular levels of reactive oxygen species. J Biol Chem 274:7936-7940.

36



Lenain C, Gusyatiner O, Douma S, et al (2015) Autophagy-mediated degradation
of nuclear envelope proteins during oncogene-induced senescence.
Carcinogenesis 36:1263-1274.

Lieberman-Aiden E, van Berkum NL, Williams L, et al (2009) Comprehensive
mapping of long-range interactions reveals folding principles of the human
genome. Science 326:289-293.

Liu B, Wang Z, Zhang L, et al (2013) Depleting the methyltransferase Suv39hl
improves DNA repair and extends lifespan in a progeria mouse model. Nat
Comms 4:1868.

Liu B, Zhou Z (2008) Lamin A/C, laminopathies and premature ageing. Histol
Histopathol 23:747-763.

Lu BY, Bishop CP, Eissenberg JC (1996) Developmental timing and tissue
specificity of heterochromatin-mediated silencing. EMBO J 15:1323-1332.

Luger K, Dechassa ML, Tremethick DJ (2012) New insights into nucleosome and
chromatin structure: an ordered state or a disordered affair? Nat Rev Mol Cell
Biol 13:436-447.

Macip S, Igarashi M, Fang L, et al (2002) Inhibition of p21-mediated ROS

accumulation can rescue p21-induced senescence. EMBO J 21:2180-2188.

McCord RP, Nazario-Toole A, Zhang H, et al (2013) Correlated alterations in
genome organization, histone methylation, and DNA-lamin A/C interactions in

Hutchinson-Gilford progeria syndrome. Genome Res 23:260-269

Mermoud JE, Popova B, Peters AHFM, et al (2002) Histone H3 lysine 9 methylation
occurs rapidly at the onset of random X chromosome inactivation. Curr Biol
12:247-251.

Meshorer E, Misteli T (2006) Chromatin in pluripotent embryonic stem cells and
differentiation. Nat Rev Mol Cell Biol 7:540-546.

37



Meshorer E, Yellajoshula D, George E, et al (2006) Hyperdynamic Plasticity of
Chromatin Proteins in Pluripotent Embryonic Stem Cells. Dev Cell 10:105-116.

Mikkelsen TS, Ku M, Jaffe DB, et al (2007) Genome-wide maps of chromatin state
in pluripotent and lineage-committed cells. Nature 448:553-560.

Minamino T, Miyauchi H, Yoshida T, et al (2002) Endothelial cell senescence in
human atherosclerosis: role of telomere in endothelial dysfunction. Circulation
105:1541-1544.

Moazed D (2001) Common themes in mechanisms of gene silencing. Mol Cell
8:489-498

Muller HJ, Prokofyeva A, Raffel D (1935) Minute Intergenic Rearrangement as a
Cause of Apparent “Gene Mutation.” Nature 135:253-255.

Mufoz-Espin D, Cafamero M, Maraver A, et al (2013) Programmed cell

senescence during mammalian embryonic development. Cell 155:1104-1118.

Mufoz-Espin D, Serrano M (2014) Cellular senescence: from physiology to
pathology. Nat Rev Mol Cell Biol 15:482-496.

Narita M, Narita M, Krizhanovsky V, et al (2006) A novel role for high-mobility
group a proteins in cellular senescence and heterochromatin formation. Cell
126:503-514.

Narita M, Nufiez S, Heard E, et al (2003) Rb-mediated heterochromatin formation

and silencing of E2F target genes during cellular senescence. Cell 113:703-716.

Nora EP, Lajoie BR, Schulz EG, et al (2012) Spatial partitioning of the regulatory
landscape of the X-inactivation centre. Nature 485:381-385.

Ogryzko VV, Hirai TH, Russanova VR, et al (1996) Human fibroblast commitment
to a senescence-like state in response to histone deacetylase inhibitors is cell
cycle dependent. Mol Cell Biol 16:5210-5218.

38



Pearson M, Carbone R, Sebastiani C, Cioce M, Fagioli M, Saito S, Higashimoto Y,
Appella E, Minucci S, Pandolfi PP, Pelicci PG. (2000) PML regulates p53
acetylation and premature senescence induced by oncogenic Ras. Nature, 406:
207-210.

Pérez-Mancera PA, Young ARJ, Narita M (2014) Inside and out: the activities of

senescence in cancer. Nat Rev Cancer 14:547-558.

Plath K, Fang J, Mlynarczyk-Evans SK, et al (2003) Role of histone H3 lysine 27
methylation in X inactivation. Science 300:131-135.

Price JS, Waters JG, Darrah C, et al (2002) The role of chondrocyte senescence in
osteoarthritis. Aging Cell 1:57-65.

Prieur A, Besnard E, Babled A, Lemaitre J-M (2011) p53 and pl6(INK4A)
independent induction of senescence by chromatin-dependent alteration of S-

phase progression. Nat Comms 2:473.

Reeves R (2001) Molecular biology of HMGA proteins: hubs of nuclear function.
Gene 277:63-81.

Sadaie M, Salama R, Carroll T, et al (2013) Redistribution of the Lamin B1 genomic
binding profile affects rearrangement of heterochromatic domains and SAHF

formation during senescence. Genes Dev 27:1800-1808.

Salama R, Sadaie M, Hoare M, Narita M (2014) Cellular senescence and its effector

programs. Genes Dev 28:99-114.

Scaffidi P, Misteli T (2006) Lamin A-dependent nuclear defects in human aging.
Science 312:1059-1063.

Schellenberg A, Lin Q, Schiiler H, et al (2011) Replicative senescence of
mesenchymal stem cells causes DNA-methylation changes which correlate
with repressive histone marks. Aging (Albany NY) 3:873-888.

Serrano M, Lin AW, McCurrach ME, et al (1997) Oncogenic ras provokes
39



premature cell senescence associated with accumulation of p53 and p16
INK4a. Cell 88:593-602.

Shah PP, Donahue G, Otte GL, et al (2013) Lamin B1 depletion in senescent cells
triggers large-scale changes in gene expression and the chromatin landscape.
Genes Dev 27:1787-1799.

Sharpless NE, DePinho RA (2007) How stem cells age and why this makes us grow
old. Nat Rev Mol Cell Biol 8:703-713.

Shay JW, Wright WE (2000) Hayflick, his limit, and cellular ageing. Nature Reviews
Mol Cell Biol 1:72-76.

Shimi T, Butin-Israeli V, Adam SA, et al (2011) The role of nuclear lamin Bl in cell

proliferation and senescence. Genes Dev 25:2579-2593.

Shumaker DK, Dechat T, Kohlmaier A, et al (2006) Mutant nuclear lamin A leads to
progressive alterations of epigenetic control in premature aging. Proc Natl
Acad Sci U S A 103:8703-8708.

Silva J, Mak W, Zvetkova I, et al (2003) Establishment of histone h3 methylation
on the inactive X chromosome requires transient recruitment of Eed-Enx1

polycomb group complexes. Dev Cell 4:481-495.

Solovei I, Kreysing M, Lanctét C, et al (2009) Nuclear architecture of rod

photoreceptor cells adapts to vision in mammalian evolution. Cell 137:356-368

Solovei I, Wang AS, Tanisch K, et al (2013) LBR and lamin A/C sequentially tether
peripheral heterochromatin and inversely regulate differentiation. Cell
152:584-598

Sperling K, Kerem BS, Goitein R, et al (1985) DNase I sensitivity in facultative and

constitutive heterochromatin. Chromosoma 93:38-42.
Sproul D, Meehan RR (2013) Genomic insights into cancer-associated aberrant

40



CpG island hypermethylation. Brief Func Genomics 12:174-190.

Storer M, Mas A, Robert-Moreno A, et al (2013) Senescence is a developmental
mechanism that contributes to embryonic growth and patterning. Cell
155:1119-1130.

Suzuki T, Fujii M, Ayusawa D (2002) Demethylation of classical satellite 2 and 3
DNA with chromosomal instability in senescent human fibroblasts. Exp
Gerontol 37:1005-1014.

Swanson EC, Manning B, Zhang H, Lawrence JB (2013) Higher-order unfolding of

satellite heterochromatin is a consistent and early event in cell senescence. J

Cell Biol 203:929-942.

Trojer P, Reinberg D (2007) Facultative Heterochromatin: Is There a Distinctive
Molecular Signature? Mol Cell 28:1-13.

Vernier M, Bourdeau V, Gaumont-Leclerc MF, et al (2011) Regulation of E2Fs and

senescence by PML nuclear bodies. Genes Dev 25:41-50.

Villeponteau B (1997) The heterochromatin loss model of aging. Exp Gerontol
32:383-394.

Von Zglinicki T, Saretzki G, Ladhoff J, et al (2005) Human cell senescence as a
DNA damage response. Mech Ageing Dev 126:111-117.

Wang C, Jurk D, Maddick M, et al (2009) DNA damage response and cellular

senescence in tissues of aging mice. Aging Cell 8:311-323.

Wiemann SU, Satyanarayana A, Tsahuridu M, et al (2002) Hepatocyte telomere
shortening and senescence are general markers of human liver cirrhosis.
FASEB J 16:935-942.

Wilson VL, Jones PA (1983) DNA methylation decreases in aging but not in
immortal cells. Science 220:1055-1057.

41



Ye Q, Worman HJ (1996) Interaction between an integral protein of the nuclear
envelope inner membrane and human chromodomain proteins homologous
to Drosophila HP1. J Biol Chem 271:14643-14656

Ye Q, Callebaut I, Pezhman A (1997) Domain-specific interactions of human HP1-
type chromodomain proteins and inner nuclear membrane protein LBR. J Biol
Chem 272:14983-14989

Ye X, Zerlanko B, Kennedy A, et al (2007) Downregulation of Wnt signaling is a
trigger for formation of facultative heterochromatin and onset of cell

senescence in primary human cells. Mol Cell 27:183-196

Yokoyama Y, Zhu H, Zhang R, Noma K-I (2015) A novel role for the condensin II

complex in cellular senescence. Cell Cycle 14:2160-2170.

Zampieri M, Ciccarone F, Calabrese R, et al (2015) Reconfiguration of DNA
methylation in aging. Mech Ageing Dev 151:60-70.

Zhang R, Chen W, Adams PD (2007) Molecular Dissection of Formation of
Senescence-Associated Heterochromatin Foci. Mol Cell Biol 27:2343-2358.

Zhang R, Poustovoitov MV, Ye X, et al (2005) Formation of MacroH2A-Containing
Senescence-Associated Heterochromatin Foci and Senescence Driven by
ASFla and HIRA. Dev Cell 8:19-30.

Zhu H, Ren S, Bitler BG, et al (2015) SPOP E3 ubiquitin ligase adaptor promotes
cellular senescence by degrading the SENP7 deSUMOylase. Cell Rep. 13:1183-
1193

Figure Legends

Figure 1. Cellular senescence and organismal aging. Although these processes
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involve different levels of complexity, evidence linking senescence and aging has

been accumulating. Correlation between aging and senescence (Aging ->

Senescence), and some functional relevance of senescence for the aging process

(Senescence -> Aging) are shown. (?) represents that the statement appears to be

controversial (see text).

Figure 2. Heterochromatin assembly through spreading and spatial reorganization.

A. The primary model of heterochromatin establishment involves ‘spreading’

across the linear genome. This has largely been demonstrated in models of early

development (left). In contrast, recent data suggests that during senescence there

is a refolding of existing heterochromatin rather than an expansion (right). C.

Characterization of single SAHF. Chromatin is reorganized into a layered structure

composing of a core enriched for the histone mark H3K9me3 (red nucleosomes)

and an outer ring of H3K27me3 (green nucleosomes). Various effectors and

structural components of SAHF have been identified, including HIRA/ ASFla,

JARID1la/b, Cathepsin-L1, HP1 proteins, HMGA proteins, and others.

Transcriptionally active genes and SADS may loop out from the SAHF core
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Figure 3: A speculative model of high-order chromatin structure alterations during

senescence. Recent data suggests a ‘modular’ rearrangement of chromatin during

senescence — an unwinding of chromatin and a de-condensation of canonical

heterochromatin, its spatial reorganization and a refolding of chromatin. (a) It is

unknown how general the features of unwinding are (i.e. loss of LADs, TADs etc.)

and the extent of these may vary between types of senescence. Here we illustrate

two possible states following refolding (SAHF —ve and +ve), although a spectrum

of states is likely. Although we have depicted chromatin as linear in the SAHF —ve

state, various higher-order structures may exist.
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