Chapter 16
Gene Expression, Epigenetics and Ageing
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Abstract As the popular adage goes, all diseases run into old age and almost all
physiological changes are associated with alterations in gene expression, irrespec-
tive of whether they are causal or consequential. Therefore, the quest for mecha-
nisms that delay ageing and decrease age-associated diseases has propelled
researchers to unravel regulatory factors that lead to changes in chromatin structure
and function, which ultimately results in deregulated gene expression. It is therefore
essential to bring together literature, which until recently has investigated gene
expression and chromatin independently. With advances in biomedical research and
the emergence of epigenetic regulators as potential therapeutic targets, enhancing
our understanding of mechanisms that ‘derail’ transcription and identification of
causal genes/pathways during ageing will have a significant impact. In this context,
this chapter aims to not only summarize the key features of age-associated changes
in epigenetics and transcription, but also identifies gaps in the field and proposes
aspects that need to be investigated in the future.
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Introduction

Genetic and epigenetic information that is inherited across evolution and across life
history in any given individual is essential to determine the expressability of genes,
which then contribute to diverse physiological outputs. Therefore, it is not surpris-
ing that numerous studies have aimed at profiling transcripts to provide target path-
ways or genes that could be causal to a particular phenotype. Parallel efforts to
unravel chromatin structure and functions have indeed catapulted our efforts at
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understanding how signalling to chromatin, including environmental influences,
shape gene expression patterns.

Ageing is a continuum of physiological processes, which over the lifespan of an
organism, contributes to fitness that is essential for the survival of individuals. In
fact ageing, which also ensures removal of unfit individuals, contributes to the over-
all fitness of the species (Croft et al. 2015; Flatt and Schmidt 2009; Parsons 2007,
Zhang and Hood 2016). Ageing also increases the risk of diseases such as diabetes,
obesity, cancer and neurodegeneration (Campisi 2013; Frasca et al. 2017; Niccoli
and Partridge 2012; Wyss-Coray 2016).

Given this, the quest to identify molecular mechanisms and pathways that drive
healthy ageing has motivated researchers to investigate causal genes. Efforts to pro-
file alterations in gene expression and the underlying chromatin based mechanisms
have therefore provided vast amount of information. In this article, we have
attempted to not only review the current status of the field, but also raise open ques-
tions or gaps in the field that need to be addressed in the future. Specifically, we
have tried to link functional outputs vis-a-vis gene expression with altered chroma-
tin status during ageing, some of which are otherwise disparate.

Transcriptome and Ageing

The physiological state of cells or tissues is directly affected by gene expression and
is therefore likely to impact ageing as well. It is also well established that changes
in gene expression are contributed by chromatin structure (Sproul et al. 2005;
Venkatesh and Workman 2015). Although, chromatin is known to be dynamic, alter-
ations in gene expression are more variable. Similar to studies on chromatin (dis-
cussed below), most of the transcriptome profiling has been done on liver and brain
in addition to senescent primary cells in culture. In this section, we have highlighted
the alterations in transcriptome including the non-coding RNAs, which have been
profiled in various studies.

Global Alterations in Gene Expression

Extensive analyses of transcriptional changes have been done on various model
organisms and across ages. While, most of these studies have highlighted global
alterations, whether these are causal or consequential to ageing is still unclear.
Alterations in gene expression have been addressed at multiple levels: (a) turning on
and off of specific genes or pathways that could contribute to ageing, (b) global
deregulation vis-a-vis variance and an increase or decrease in noise and (c) expres-
sion of non-coding or repetitive elements in the genome. Although most of the
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studies have addressed the first aspect, very little is known about the other two.
Given that the non-coding component of the genome increased during evolution, it
remains to be seen if expressability of such regions correlate with or contribute to
organismal longevity.

While all of these studies have clearly demonstrated that young and old cells or
tissues display distinct transcriptional profiles, very few studies have addressed the
time window during ageing when these changes begin to manifest. Attempts at iden-
tifying age-wise changes in gene expression have been done in fruit flies, rodents
and humans (Thomas et al. 2002). It is interesting to see that in humans, differential
transcription is more pronounced and varied in middle-aged individuals, at least in
the brain cortex. Individuals below 42 years and above 71 years of age were seen to
be more homogenous and also showed complete switch in the expression vis-a-vis
up- and down-regulated genes (Lu et al. 2004). In rat liver, gene-expression changes
seem to be progressive, starting from 6-8 weeks of age and possibly suggest a
higher mid-life variance (Kwekel et al. 2010). In contrast, although the pattern of
heterogeneity in gene expression starts early in Drosophila, by the age of 13 days
post eclosion, it changes little thereafter (Kim et al. 2005). Studies by both Lui and
Finkielstain and their colleagues draw interesting correlations between the tran-
scriptional programs during early post-natal development and ageing. It is shown
that the transcriptional modules, which govern deceleration in growth in post-natal
stages, are remarkably similar to those seen in aged tissues (Finkielstain et al. 2009;
Lui et al. 2010). To our best knowledge there are no studies, which have systemati-
cally investigated short-lived and long-lived individuals in any given species or
compared long-lived versus short-lived evolutionarily diverse organisms to even
hypothesize if the overall lifespan impinges on rate of change of gene expression or
vice versa.

There are very few studies that have highlighted sexual dimorphism in terms of
both temporal and amplitudinal changes. Results from Kwekel et al. (2010) clearly
demonstrate that male and female rats show maximal differences in their gene
expression patterns between the ages of 15-52 weeks, which interestingly also
marks the period of highest reproductive fitness. Intriguingly, a subset of DEGs (dif-
ferentially expressed genes) showed age-dependent inversion by being highly
expressed in young females but not males and were induced more in old males when
compared to old females. Similar trends have been observed in ageing murine
hearts, hinting at a conserved mechanism of sexual dimorphism across organs
(Vijay et al. 2015). Studies in humans showed higher global gene expression in aged
male brains than their female counterparts (Berchtold et al. 2008). These clearly
suggest that age-dependent transcriptional controls are different in males and
females. However, some studies do indicate that in extremely aged individuals the
differences between the sexes disappear and the transcriptional pattern looks more
feminized (Kwekel et al. 2010), a concept that is otherwise gaining ground.
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Non-coding RNAs Associated with Ageing

Based on the literature accumulated over the past two to three decades it is now
evident that non-coding RNAs, which include long non-coding (IncRNAs), retrovi-
ral transcripts and short non-coding RNAs such as microRNAs, circular RNAs,
snoRNAs, tRNAs and rRNAs are now known to control the expression of genes
transcribed from the coding part of the genome (Bonasio and Shiekhattar 2014;
Kaikkonen et al. 2011; Patil et al. 2014; Rinn and Chang 2012). Importantly,
ncRNAs themselves have turned out to be regulated both in terms of their expres-
sion and turnover across biological contexts and evolutionarily diverse organisms
(Kautter et al. 2012; Spurlock et al. 2016). It is therefore not surprising to find that
ncRNAs have also been associated with ageing.

Small Non-coding RNAs in Ageing

Studies in leukocytes showed that progressive differential expression of small non-
coding RNAs (miRs and snoRNAs) during ageing seems to be well correlated with
differentially expressed coding genes. Interestingly, these changes in ncRNAs are
more pronounced around mid-life (Munoz-Culla et al. 2017).

Regulation of gene expression by microRNAs is well known (He and Hannon
2004; Valinezhad Orang et al. 2014) and there are several candidate-based studies,
which have highlighted their roles in ageing (Harries 2014; Smith-Vikos and Slack
2012). Given the extremely diverse physiological contexts, and the genes and path-
ways that have been analyzed, it is difficult to comment on the overall directionality
of miR changes that affect ageing from these reports. Nevertheless, it is clear that
miR levels show drastic changes during ageing and their targets control some of
these miRs, in a feed-back manner (Smith-Vikos and Slack 2012; Tsai et al. 2011).
However, a few studies on non-coding RNAs, detailed above, have attempted to
uncover global changes in miR expression and as mentioned changes in miRs and
mRNAs do show correspondence.

One of the reasons for dysregulation of microRNA profiles in ageing individuals
has been attributed to abnormal levels of circularRNAs (circRNA) (Panda et al.
2017b). Known for their miR-sponging function (Hansen et al. 2013; Memczak
et al. 2013), increased levels of circRNA have been reported across species. For
example, in mice and flies abundance of circRNAs increased in neurons, specifi-
cally in the cortex and hippocampus of mice (Gruner et al. 2016; Westholm et al.
2014). Although, these studies seem to suggest that this could be a tissue specific
phenomenon, it remains to be seen if this is indeed true and whether it is present in
humans as well. Reduction in the levels of a particular circRNA, circPVTI in
senescing human fibroblasts has been shown to affect the proliferative capacity of
the cells. This has been attributed to upregulation of its target microRNA let-7,
which antagonizes proliferative genes such as IGF2BP1, KRAS and HMGA2
(Panda et al. 2017a). It is important to note that these transcripts have indeed
been shown to be down-regulated during ageing, by several independent reports
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(Hansen et al. 2004; Nishino et al. 2008). circRNAs have also been recently impli-
cated in fecundity or fertility. It was observed that oocytes retrieved from the granu-
losa cells of women above 38 years of age, who registered for in vitro fertilization,
showed higher expression of circRNAs, which was inversely co-related with num-
ber of healthy zygotes obtained (Cheng et al. 2017).

Long Non-coding RNAs and Ageing

It is rather intriguing to note that there have been fewer studies that have analyzed
IncRNAs during ageing. A whole transcriptome analysis in the liver by White et al.
(2015) has revealed that several pseudogenes along with IncRNAs are differentially
expressed between young and old tissues. It is interesting to note that their results
indicate more ncRNAs were up-regulated during ageing than those, which had
reduced expression. Moreover, highlighting a possible locus specific control of
IncRNA transcription Meg3, Rian and Mirg, which are adjacent and are imprinted,
were shown to be up-regulated. Similarly, this study also reported two novel
IncRNAs, which flank the cdkna2 gene to be up-regulated. In this context, we would
like to highlight that cdkna2 itself has been independently shown to be deregulated
during ageing (Lui et al. 2010). Efforts to unravel differentially expressed genes in
the cerebral cortex at 6, 12 and 28 months in mice seems to suggest that ncRNA
expression, at least in this tissue, could be more pronounced during early ageing
(Wood et al. 2013).

This raises the need to carry out a comprehensive analyses of changes in coding
transcripts, which are contributed by both transcriptional (chromatin dependent)
and post-transcriptional mechanisms (mediated by ncRNAs). Another aspect that
needs to be addressed in the future is the involvement of ncRNAs in affecting chro-
matin structure and function, which will potentially influence transcription during
ageing.

rDNA Expression, Energetics and Ageing

Involvement of rDNA and rRNA in ageing was first seen in yeast, which led to the
identification of Sir2, whose orthologues and paralogues across species are known
to be major determinants of organismal longevity (Banerjee et al. 2012; Gottlieb
and Esposito 1989; Sinclair and Guarente 1997; Smith and Boeke 1997). Since
there are excellent reviews on the role of Sirtuins and the mechanisms of ageing in
yeast, we encourage the reader to refer to them (see Guarente 2007; Wierman and
Smith 2014). Nevertheless, emerging studies including those from yeast clearly
point out that ribosomal transcription has a major impact on ageing, which in part
has been ascribed to the energetic cost of maintaining and transcribing rRNA genes
(Larson et al. 2012; Sinclair and Guarente 1997; Warner 1999). Maintenance of
nucleolar chromatin and structure that directly impacts rDNA expression has been
speculated to be a key piece in the puzzle that link energetic cost of transcription
to ageing.
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Age Associated Transcriptional Deregulation of Pathway Genes

The main motivation to profile gene expression changes during ageing, as in any
other physiological context, has been to identify pathways that are differentially
regulated. Specifically, the goal is to discover either upstream transcriptional regula-
tors or their target genes, which maybe causal to ageing and hence, manipulating
them would potentially mitigate age-related pathophysiology. Here again, several
global and candidate based analyses, across models, have provided a vast amount of
information and we have attempted to summarize this to give a systems-level per-
spective (Fig. 16.1).

While efforts to catalogue age associated DEGs in lower metazoans have enabled
us to fine map alterations as a continuum, they have lacked resolution vis-a-vis tis-
sue specificity, with a few exceptions (Girardot et al. 2006; Golden and Melov 2004;
Zhan et al. 2007). Despite this limitation, such whole organismal studies have
unraveled genes or pathways, which are deregulated at a global level indicating their
importance in contributing towards ageing (Girardot et al. 2006; Golden and Melov
2004; Zhan et al. 2007).

Intuitively, major classes of genes that were dysregulated, at least in some tis-
sues, exemplified cell type specific alteration in physiology. For example, a com-
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Fig.16.1 Transcriptional networks and ageing. Hierarchical/functional clustering of differentially
expressed genes (DEGs) have clearly indicated that pathways, which contribute to overall fitness
to be majorly deregulated. Decreased expression of ‘protective’ genes and hyper-induction of
genes that cause exaggerated activation of stress response pathways is consistently observed in
aged individuals. In addition, silencing or induction of key regulatory factors could lead to a re-
structuring of the gene network and hence the physiological output from the pathway
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mon signature of altered liver physiology during ageing is seen by the up-regulation
of stress response genes. Studies across species have shown a general trend towards
increase in expression of genes involved in xenobiotic metabolism, oxidative stress
and DNA damage. Genes such as for cytochrome P450, glutathione S transferase,
superoxide dismutase efc have been regular candidates that are over-represented
(Kwekel et al. 2010; Thomas et al. 2002). Genes coding for proteins important for
synaptic plasticity, vesicle release and recycling including synapsin II, RAB3A etc
have been seen to be down-regulated in ageing brain (Girardot et al. 2006; Lu et al.
2004). Another common feature associated with ageing is diminishing visual capac-
ity (Owsley 2016). Fruit fly studies have shown several genes that are associated
with the photo-response are progressively down-regulated in ageing Drosophila.
The list includes guanylate cyclase, neurotransmitter secretion related protein,
CAMKIIa as well as genes involved in DNA damage like mrel 1, rad50 and Ku80
(Hall et al. 2017; Kim et al. 2005). This hints towards not just a progressive decline
in photo-responsiveness but also additional accumulation of DNA damage that ulti-
mately may lead to poor vision in old age. Similarly, up-regulation of ECM genes
like type 5 collagen and alpha-2 macroglobulin in the kidney (Rodwell et al. 2004)
could contribute to fibrosis associated with old age.

Cell cycle genes are one of the most prominent that seem to be differentially
expressed in aged tissues, as seen from both mice and human studies. This may not
be surprising since in vitro systems have indeed pointed towards reduced prolifera-
tive potential as a major contributing factor for cellular senescence (Carlson and
Conboy 2007; Kim et al. 2008; Maedler et al. 2006). Interestingly, this was observed
in tissues such as liver, lung, pancreas, muscles and kidney and was conspicuously
absent in brain (Enge et al. 2017; Lui et al. 2010; Welle et al. 2003; White et al.
2015). We surmise that this may be due to relatively fewer regenerative cells in the
brain, which are also known to drastically decrease during ageing (Raz et al. 2004).
It is interesting that genes required for progression, as well as those which inhibit
cell cycle, were dysregulated within same tissues. For example, CDKN2A, which
inhibits G1/S progression has been shown to be up-regulated across tissues in
mammalian systems, wherein cell cycle progression genes like cdc5b, cdk6 and
cyclin bl are up-regulated. On the other hand the E2F family of transcription factors
are also down-regulated (Baker et al. 2008; Lui et al. 2010; White et al. 2015). This
discord could possibly be explained by one of the following: (a) a deregulation or
lack directionality, (b) some of these genes may have cell cycle independent func-
tions and (c) distinct cellular populations, with increased mitotic potential and
enhanced senescent feature in these tissues could result in such heterogeneous
outputs.

Across numerous studies, ontological analyses or functional clustering of genes
that display maximal changes revealed enrichment in metabolic and mitochondrial
genes. This is not surprising since inability to maintain metabolic fitness or altered
dietary inputs have been well established as major drivers of ageing and age-related
diseases (Banerjee et al. 2012; Barzilai et al. 2012; Lopez-Otin et al. 2013). Despite
the tissue- and organism-specific signatures, genes involved in lipid, amino acid and
carbohydrate metabolism have been seen to have abnormal expression in older
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individuals. Some of these genes include glycolytic genes such as PFK, GAPDHI;
TCA cycle components like PDH, malate dehydrogenase, fumarate hydratase efc;
also those involved in mitochondrial electron transport chain and ATP synthesis,
and those important for amino acid metabolism as well as for cholesterol biosynthe-
sis such as HMGCR are also downregulated (Boisvert et al. 2018; Golden and
Melov 2004; Kim et al. 2005; Welle et al. 2003; Zhan et al. 2007).

In a similar vein, nuclear encoded mitochondrial genes that modulate organelle
biogenesis also emerge as a major subclass that is altered in an age-dependent
manner (Hebert et al. 2010; Joseph et al. 2012; Ungvari et al. 2008). Even here,
transcription of genes that are necessary for mitochondrial energetics and ROS
homeostasis are affected predominantly (Thomas et al. 2002). Although mitochon-
dria have now emerged as key signalling organelles, one exciting aspect that still
needs careful analyses is the importance of retrograde signalling that originate in
the mitochondria and impinge on nuclear transcription during ageing (Couvillion
et al. 2016; Latorre-Pellicer et al. 2016; Richter-Dennerlein et al. 2016). One area
of research, which has otherwise made significant progress but has not been
thoroughly explored is that of global and tissue specific changes in mitochondrial
transcription during ageing. Mitochondrial dysfunctions and the concept of nuclear-
mitochondrial synchrony, which have been shown to be affected in ageing and in
various diseases, needs to be investigated in light of mitochondrial cues controlling
chromatin modifications and transcription (Jazwinski et al. 2017).

Similar to metabolic factors, genes that govern immune and inflammatory path-
ways are enriched in both up- and down-regulated categories from multiple studies,
again across models. This is not surprising since many diseases and ageing have
been traced to these pathways. Increased expression of genes such as for immuno-
globulins and complement system components illustrate this feature (de Magalhaes
et al. 2009; Rodwell et al. 2004). Elevated expression of antimicrobial peptides in
fruit flies, which are a sign of activated immune system, is also commonly observed,
especially in the gut, in old cohorts (Zhan et al. 2007). Inflammatory genes such as
CTSS, FCGR2B, IGJ, C3, CIQA and C1QB have been shown to be up-regulated
during ageing (de Magalhaes et al. 2009).

Reiterating the gender dependent alterations, gene expression pathways were
shown to be deregulated differentially in males and females. While males show a
down-regulation in overall metabolic and energetic pathway associated genes,
immune pathways are more up-regulated in females (Berchtold et al. 2008).

As described above, classical approaches to group genes in well-defined path-
ways have clearly yielded high dividends in terms of enlisting them as being dereg-
ulated during ageing or in age-related diseases. However, it is now given that both
upstream inputs/signals and downstream effectors that belong to all these pathways
show a high degree of cross-talk. In this context, future studies should be focused
at analyzing such changes at a systems level, which could include investigating
chromatin contexts of loci that harbor these genes.
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Elevated Transcriptional Noise

One of the characteristic features of ageing is the loss of transcriptional control,
often manifested either in the form of aberrant gene expression or increase in het-
erogeneity within populations (at cellular and organismal levels). Studies across
species have shown that with increasing age, gene expression tends to become more
stochastic, as seen by the increased level of ‘noise’ in transcriptional profiles (Bahar
et al. 2006; Martinez-Jimenez et al. 2017). This decrease in signal to noise ratio has
been proposed as one of the leading causes of ageing and age-related diseases.
There are reports, which argue in favor or against this hypothesis and most of these
differences could be attributed to either tissue specific effects (Warren et al. 2007)
or those stemming from experimental approaches that lack high sensitivity.
However, emerging literature seems to indicate a significant correlation between
transcriptional noise and ageing (Enge et al. 2017; Martinez-Jimenez et al. 2017,
Southworth et al. 2009; Wang et al. 2011).

One of the key questions that remain to be comprehensively addressed is that of
defining periods during ageing when noise becomes dominant and whether this pre-
cedes physiological attributes of ageing. In this regard, a multi-specie study pub-
lished by Wang et al. (2011) highlighted the time windows during which the noisy
gene expression begins to manifest. While deregulated transcription seemed to
emerge around mid-life (~30 days) in Drosophila, in rodents this was observed by
10—15 months of age. Interestingly, similar to sex-specific onset in global transcrip-
tional change, described above, emergence of transcriptional noise also seemed to
be sexually dimorphic. Male mice were shown to be more predisposed to display
this behavior, which occurred as early as 6 months of age, across tissues. On the
other hand, noisy gene expression in females showed up only by 16 months of age.

It is interesting that pathways that show most dysregulation with age such as
mitochondrial function, ribosomal biogenesis, inflammation efc. are also the ones
that show maximum variation with age (Southworth et al. 2009). Southworth and
colleagues also found that genes, which showed decreased correlation were clus-
tered together on the same chromosome. This points towards a potential contribu-
tion by chromatin architecture or epigenetic mechanisms, which might result in
increased noise in gene expression.

Moreover, with age, many genes in the same functional group have been shown
to change expression in opposing direction, a phenomenon known as transcriptional
drift, which has been shown to occur across tissues. Interestingly, lifespan expand-
ing paradigms such as attenuation of insulin signalling and calorie restriction have
been shown to suppress transcriptional drift (Murphy et al. 2003; Rangaraju et al.
2015).

It is also worthwhile to note that many of these studies indicate asynchrony in
terms of different organ-systems or tissues, which show transcriptional noise, at
least at the ages that were tested. This raises an extremely important question spe-
cifically in the context of deregulated transcription as a causal mechanism for ageing,
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which is as follows: does the differential emergence of noise in different tissues
contribute to tissue specific ageing and whether at an organismal context, there
exists hierarchy for organ-system dependent transcription causing ageing?

Chromatin, Epigenetic Landscape and Ageing

It is not surprising to see that chromatin and ageing have created much interest
amongst researchers, which is reflected by a vast number of papers and reviews in
the field. Several review articles by others and ourselves have reflected the state of
the field. Given this, we have restrained from reiterating some of the details, which
have been already described in these reviews and we encourage the readers to con-
sult them (see Feser and Tyler 2011; Fraga and Esteller 2007; Lazarus et al. 2013;
O’Sullivan and Karlseder 2012; Pal and Tyler 2016). However, we have tried to
provide a perspective based on some of the recent studies and link these chromatin
changes with the functional or physiological attributes of chromatin.

Chromatin Compaction

The state of chromatin compaction is one of the best correlates of architectural
change that is associated with ageing. For example, global changes in chromatin
compaction have been studied across various tissues namely liver and brain in mice,
and in primary cells in culture (Bochkis et al. 2014; Dell’Orco and Whittle 1982;
Gaubatz et al. 1979; Ishimi et al. 1987; Thakur et al. 1999; Zongza and Mathias
1979). Classical nuclease digestion assays have revealed that there seems to be a
general trend towards more compact chromatin in aged tissues (Gaubatz et al. 1979;
Zongza and Mathias 1979). In vitro models of senescence specifically using human
fibroblasts also showed that there is an age-dependent reduction in nuclease sensi-
tivity (Dell’Orco and Whittle 1982; Ishimi et al. 1987). However, intriguingly the
decrease in accessibility has been noted for both inter-nucleosomal and nucleoso-
mal DNA depending upon the tissue or cells that were employed (Gaubatz et al.
1979; Ishimi et al. 1987; Thakur et al. 1999; Zongza and Mathias 1979). Although,
some of these changes were found to be more or less pronounced in specific tissues
or cell types, these early studies nevertheless indicated that ageing was indeed asso-
ciated with hetero-chromatinization. These also hinted that the age-dependent
changes could be brought about by alterations in nucleosomal occupancy and con-
tributions made by non-histone proteins (Zongza and Mathias 1979).

With the advent of next generation sequencing platforms, recent studies have
now unraveled loci that show differential nuclease sensitivities. It is interesting to
note that maximal differences in nucleosomal occupancy, both gain and loss, were
seen at distal regulatory elements (Bochkis et al. 2014). While it is probable that any
differences in these studies could reflect biological heterogeneity between cells or



16  Gene Expression, Epigenetics and Ageing 481

tissues, it is also likely to be a result of differential nuclease treatment itself. A
recent report by Mieczkowski and colleagues clearly demonstrated that sequencing
reads could be influenced by the extent of nuclease digestion (Mieczkowski et al.
2016).

Although, the field generally accepts the fact that chromatin may undergo com-
paction during ageing, loci or region specific changes have only recently begun to
be unraveled. Moreover, interpreting chromatin to be more compact based on
reduced nuclease accessibility is rather too simple. It is likely that some of these
nucleosome bound regions still display high dynamicity and are amenable to transi-
tion to an open chromatin conformation under different physiological conditions,
even in aged cells or tissues.

Chromatin Composition

It is obvious that any structural change in chromatin will be associated with histone
and DNA modifications. Identification of DNA methylation and histone modifica-
tions, which define chromatin as being open or closed (hetero- or euchromatin),
enabled the field to investigate if some of these were associated with global and/or
loci specific alterations during ageing. It is important to note that given the recent
advances in the field vis-a-vis novel modifications and along with differential depo-
sition of histone variants, our current understanding is likely to expand immensely
in the future. Further, given that some of these modifications are directly impacted
by alterations in metabolism, it will be interesting to investigate if dietary inputs can
encode chromatin states (Dai et al. 2014; Fan et al. 2015; Goudarzi et al. 2016; Li
et al. 2016; Lu and Thompson 2012; Sabari et al. 2015; Sabari et al. 2017). This is
relevant since modulations in diets have been well established to alter fitness and
also contribute to organismal longevity (Banerjee et al. 2012; Fontana and Partridge
2015; Newman et al. 2017; Peleg et al. 2016).

DNA methylation

DNA methylations are well documented to influence gene expression via various
mechanisms, depending on their abundance and whether they occur on inter-genic
or intra-genic regions. Most of the current studies on young and old cohorts have
largely investigated changes in CpG methylations (mCpG). Two prevalent views
have emerged from the studies on various model systems: (a) that a global increase
in promoter methylations could lead to gene expression changes in old age and
(b) that a loss of DNA methylations at repeat elements seems to agree with the
heterochromatin loss model of ageing (Kwabi-Addo et al. 2007; Pal and Tyler 2016;
Rath and Kanungo 1989; Takasugi 2011; Wilson et al. 1987). However, more recent
efforts indicate that both loci and age specific alterations in 5-methyl cytosine
(5-mC) marks are more complex, wherein global bi-directional methylation changes
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are variable within a population or an individual across tissues (Bjornsson et al.
2008; Christensen et al. 2009; Maegawa et al. 2010).

Studies in human peripheral blood cells have provided insights into age-depen-
dent alterations in DNA methylation. Bjornsson et al. (2008) have reported global
alterations and that the most prevalent differential methylations occurred near the
transcription start site (TSS) of a number of immune-modulatory genes in aged
human unfractionated peripheral blood cells. Efforts to identify age associated dif-
ferentially methylated regions (aDMRs) revealed both hyper-aDMRs and hypo-
aDMRs, most of which cluster around the TSS and is consistent with the previous
study (Christensen et al. 2009; Rakyan et al. 2010). Further, addressing such changes
in myeloid derived monocytes and lymphoid derived T-cells uncovered cell type
changes (Rakyan et al. 2010). Studies have also revealed no specific bias towards
enrichment in methylation at non-/CpG islands. Highlighting tissue/cell type
specific variations, while the global DNA methylation did not alter significantly
between young and old human epidermis, there were loci specific hyper and hypo
methylated DMRs (Raddatz et al. 2013).

A relatively comprehensive analysis of CpG methylations in multiple human
tissues revealed that genes associated with ageing show similar trends towards
hypermethylation (Christensen et al. 2009). Intriguingly, while a positive correlation
emerged between methylation and ageing for loci in the CpG islands (CGI), those
that are not associated with CpG islands showed significant loss of methylation with
age in solid tissues (Christensen et al. 2009). A comparative analysis of DNA meth-
ylation from young and old intestines, both in humans and in mice (Maegawa et al.
2010), showed that telomeres had maximum hypermethylation and it was least in
centromeric regions. The physiological implications of these, both in terms of
mechanisms and functional outcomes are still unclear. Intriguingly, while hyper-
methylation in human and mice intestines showed some concordance, there was no
conservation for hypomethylated regions. However, consistent with the aforemen-
tioned study, a candidate based approach revealed that CpGs at specific gene-loci
such as ESRI, CDKN2A, P2RX7, DMR1/2 of IGF2 etc, showed similar trends for
either hyper- or hypo-methylation, across tissues in aged mice (Maegawa et al.
2010). While the results indicated that genes involved in development and differen-
tiation were hyper-methylated, surprisingly, no such clustering was apparent for
hypo-methylated loci (Maegawa et al. 2010).

Replicative senescence in mesenchymal stem cells (MSCs) was also shown to be
associated with alterations in methylation at CGIs. Similar to ageing in tissues, even
in the absence of a global change, methylations at specific CpGs showed senescence
associated directional changes (Schellenberg et al. 2012). Comparative analysis
between MSCs from adipose tissue and bone marrow showed tissue specific
methylation changes and the regions that were differentially methylated during
senescence showed enrichment for metabolic genes (Schellenberg et al. 2012).

It is not surprising to find that chromatin regulators are themselves under the
control of epigenetic changes. In this context, age associated methylation changes
were observed in various telomere maintenance and epigenetic regulatory genes
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including TERT, ERCC1, DNMT3B etc. It was interesting to see the CpG methyla-
tion of the de novo DNA methyl transferase (DNMT3B) was itself significantly
reduced during ageing, across tissues (Christensen et al. 2009). These suggest that
epigenetic alterations at such loci could lead to a cascading effect resulting in global
changes.

Recently identified 5-hydroxy methyl cytosine marks on DNA brought about by
TET enzymes have enhanced our understanding about DNA modifications and their
functional and regulatory roles (Pfeifer et al. 2013; Tan and Shi 2012). Unlike in
other physiological contexts, the role of TET proteins and association of 5-hmC
marks along with the process of cellular/organismal ageing has not been compre-
hensively investigated. Global changes in ShmC marks have been assayed during
ageing in specific regions of mice brain (Chen et al. 2012; Chouliaras et al. 2012a;
Chouliaras et al. 2012b; Szulwach et al. 2011). A global increase in hippocampal
S5hmC content in aged mice was seen, independent of any changes in TET expres-
sion (Chen et al. 2012). On the contrary, genome wide analysis and comparison of
S5hmC marks in mice and human brain samples showed that these marks were rela-
tively stable across development and ageing (Szulwach et al. 2011). Nevertheless,
there were localized differentially hydroxy methylated regions (DhMRs) at the
CGls or TSS, indicating that loci specific ShmC could be further acquired or lost
with age (Szulwach et al. 2011).

Since oxidation of SmC results in ShmC, it will now be interesting to compare
the regions that show age associated anti-correlative changes in these marks.
Specifically at loci that show loss of methylation, a gain of ShmC could indicate
directional switch during ageing. Further, a meta-analysis of transcripts emerging
from such regions might provide information about the importance of DNA meth-
ylation and de-methylation (to ShmC) in regulating gene expression in aged
tissues.

Histones and Modifications

Early studies, which assayed for nuclease sensitivity and nucleosomal packaging, as
mentioned previously, displayed age-associated changes. These further led the field
to check if overall nucleosomal content was altered during ageing. For example, a
severe loss of nucleosomes owing to a reduction in core histone protein levels has
been shown to be associated with replicative ageing in budding yeast (Dang et al.
2009; Feser et al. 2010; Hu et al. 2014). Although, studies in higher organisms have
shown a prevalent decrease in the levels of histones H3 and H4 (but not of H1) dur-
ing ageing (Liu et al. 2013; O’Sullivan et al. 2010), there are no reports to indicate
altered nucleosomal deposition. Deregulated transcriptional, post-transcriptional
and translational mechanisms have been attributed to this loss in histone proteins
(Liu et al. 2013; O’Sullivan et al. 2010). Based on these observations, one could
speculate that at least in higher eukaryotes, reduced histones along with altered
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expression/activity of histone chaperones (O’ Sullivan et al. 2010) may not necessar-
ily lead to altered nucleosomal content, but may actually result in lower turnover
and contribute to closed chromatin structures.

Histone Variants

In addition to changes in total histone levels, there is ageing dependent differential
deposition of histone variants, which further strengthens the concept of altered
nucleosomal composition during senescence. Independent studies have demon-
strated a global decline in H3.1 and H3.2, the replication dependent H3 variants in
higher organisms (Maze et al. 2015; Pina and Suau 1987; Rogakou and Sekeri-
Pataryas 1999). Increase in H3.3 (a replication independent and constitutively
expressed variant) in senescent cells/tissues, which no longer are mitotic seemed
rather predictable (Duarte et al. 2014; Maze et al. 2015; Piazzesi et al. 2016; Pina
and Suau 1987; Rogakou and Sekeri-Pataryas 1999). In senescent human fibroblasts
and melanocytes, elevated H3.3 and its N-terminally cleaved forms (H3.3cs1/2)
were associated with repressive marks and lead to down-regulation of cell cycle
progression genes (Duarte et al. 2014). Piazzesi et al. (2016) showed that even at an
organismal level, ageing leads to heightened levels of H3.3 in worms.

Histone H2A and its variants have been well documented to impact transcription,
both positively and negatively. Specifically, H2A.Z at +1 and — 1 nucleosomes is
considered as a hallmark of actively transcribing loci. H2A.Z levels were enhanced
with ageing in human cells and mice brain (Rogakou and Sekeri-Pataryas 1999;
Stefanelli et al. 2018), which was mostly seen at TSS of genes involved in transcrip-
tion and chromatin regulation (like Crebbp, Dnmt3a efc) and ubiquitin mediated
proteosomal degradation (Stefanelli et al. 2018). The canonical H2A variants,
H2A.1 and H2A.2, showed opposing changes during ageing. Wherein the levels of
H2A.1 showed progressive reduction during the course of senescence in human
fibroblasts and rat cortical neurons, H2A.2 levels were elevated (Pina and Suau
1987; Rogakou and Sekeri-Pataryas 1999). However, functional specializations of
the canonical variants have not been characterized to-date. Variant macroH2A1
showed a consistent age associated increase in its isoforms (mH2A1.1 and
mH2A1.2) across higher mammals and during replicative senescence in cells (Chen
etal. 2015; Kreiling et al. 2011; Zhang et al. 2005). Enhanced macroH2A1 was seen
to be associated with facultative heterochromatin and lead to up-regulation of
Senescence Associated Secretory Phenotype (SASP) genes in fibroblasts (Chen
et al. 2015; Zhang et al. 2005).

Apart from core nucleosomal histones, variants of the linker histone H1 (H1.3,
HIA, HIB and H1°) also showed alterations in aged chromatin. Although, cellular
senescent models showed a loss of total HI levels in senescent cells (Funayama
et al. 2006), a global increase in H1 variants was seen in murine tissues during
ageing (Medvedev and Medvedeva 1990). Altogether, age dependent elevation of
histone variants that are primarily associated with heterochromatin formation or
maintenance could aid in increased chromatin compaction (Table 16.1).
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Table 16.1 Age-associated changes in histone variants
Variant Mod'el Tissue/Cell T Change Localised References
Organism type to
Lung Rogakou et al.
Human fibroblasts Decrease Overall (1999)
Brain Cortical Pina and Suau
H3.1 Rat Neurons Decrease Overall (1987)
Mouse and NeuN+
Chromatin and Decrease Overall Maze et al. (2015)
Human .
whole brain
Lung . Rogakou et al.
H light | Il
uman fibroblasts Slight Increase Overa (1999)
Brain Cortical Pina and Suau
H3.2 Rat Neurons Decrease Overall (1987)
Mouse and NeuN+
Chromatin and Decrease Overall Maze et al. (2015)
Human .
whole brain
Lung Rogakou et al.
Human fibroblasts Increase Overall (1999)
Human Fibroblasts, Increase in H3.3 and Euchromatic Duarte et al.
Melanocytes its cleaved forms regions (2015)
Mouse and NeuN+
Chromatin and Increase Overall Maze et al. (2015)
H3.3 Human X
whole brain
Rat Brain Cortical Increase overall Pina and Suau
Neurons (1987)
Whole B?dy' Piazzesi et al.
Worms Nerve Ring, Increase
(2016)
Foregut
Lung Rogakou et al.
Human fibroblasts Decrease Overall (1999)
HeAL Brain Cortical Pi ds
rain Cortica ina and Suau
Rat Neurons Decrease Overall (1987)
Lung Rogakou et al.
H | Il
uman fibroblasts ncrease Overa (1999)
H2A.2
Rat Brain Cortical Increase overall Pina and Suau
Neurons (1987)
Lung Rogakou et al.
H | O 1]
uman fibroblasts ncrease vera (1999)
Brain Cortical Pina and Suau
H2A.Z Rat Neurons No Change Overall (1987)
Mouse Hiooocampus Increase TSS, +1 and -1 Stefanelli et al.
pp P nucleosome (2018)
Lung Rogakou et al.
Human fibroblasts Decrease Overall (1999)
H2AX
Rat Brain Cortical Increase overall Pina and Suau
Neurons (1987)

(continued)
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Table 16.1 (continued)

Model Ti ] h Locali
Variant od'e kel Change Chanesltocalsed References
Organism type to
IMR90- Increase in mH2A1.1 Facultative
H Ch tal. (2015
uman Fibroblasts and mH2A1.2 Heterochromatin enetal. { )
W138- H h i
Human . 38 Increase in mH2A1.2 eteroc r_omatm Zhang et al. (2005)
Fibroblasts Foci
Human Fibroblasts Increased but variable | Heterochromatin Kreiling et al.
cell to cell intensity Foci (2011)
macroH2A1 . Increase in proportion .
Lung, Liver, . K Kreiling et al.
Mouse Muscle of ceI'Is WIt|’T higher Overall (2011)
intensity
Increase in proportion
Muscle, of cells with higher Kreiling et al.
Baboon Dermal . o Overall
. intensity in muscle, (2011)
Fibroblasts . E .
subtle increase in skin
IMR90, MRC-5, Funayama et al.
H1 Human BJ fibroblasts Decrease Overall (2006)
Rat and ) Medvedev et al.
H1A Mice Liver Increase Overall (1990)
Rat and . Medvedev et al.
H1B Mice Liver Increase Overall (1990)
Rat and Medvedev et al.
o . )
H1 Mice Liver, Kidney Increase Overall (1990)
Modifications

Ourselves and others have reviewed histone modifications and their association
with cellular and organismal ageing extensively in the past (Lazarus et al. 2013; Pal
and Tyler 2016). Hence, we have now tried to provide a more elaborate picture
based on recent studies in this section, specifically in relation to alterations in gene
expression. Histone modifications have also been implicated in the formation of
senescence-associated heterochromatin foci (SAHF), which have been observed in
senescing cells and are described in a later section.

Given the diversity of histone modifications, it is not surprising to see that some
of these have been studied in a candidate based manner and have alluded to their
roles in regulating expression of a subset of genes during ageing. Based on multiple
studies to unravel global alterations in histone modifications, the findings can be
grouped as below: (a) general euchromatic versus heterochromatic marks possibly
involved in mediating chromatin architecture, (b) specific activatory or inhibitory
marks mostly associated with immediate upstream regions, (c) distal regulatory
regions such as silencers or enhancers and (d) at repeat and retroviral elements
(Table 16.2).
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Table 16.2 Age-dependent alterations in histone modifications

487

S Model . Change Assay
Modification e Tissue/Cell type Change Localised to Platform References
Activatory Marks
Hematopoietic Spread of TSS +1and -1 .
Mouse stem cells H3K4me3 nucleosome Chip-seq Sun etal. (2014)
No change,
mouse muscle stem reduced Tss+1and -1 Chip-seq Liu et al. (2013)
cells . N nucleosome
intensity
H3K4me3
. Overall TSS and ChIP-chip
Drosophila Head reduction downstream and WB Wood et al. (2010)
Decreased but
Dermal X L Sullivan et al.
Human Fibroblasts -blphaS}C with Overall WB (2010)
increasing PDL
) Duarte et al.
Human Fibroblast Decrease Overall WB (2015)
Worms Whole Worms No change Overall WB
. . Rodrigues et al.
Mice Brain Increase Overall WB (2014)
Rat Liver Decrease Overall wB Kawakami et al.
H3K9ac (2009)
Dermal I Sullivan et al.
Human Fibroblasts Slight increase Overall WB (2010)
. Enhancer at the Sandovici et al.
H3Ac Rat Pancreatic islets Decrease Hnfaa Locus ChipP (2011)
Dermal Increased with Sullivan et al.
H4K5Ac Human Fibroblasts PDL Overall wB (2010)
IMR90 Duarte et al.
H3K18Ac Human Fibroblast Decrease Overall WB (2015)
Human ,IMRgO Decrease Overall WB Duarte et al.
Fibroblast (2016)
H3K1dac Kawakami et al
Rat Liver No change Overall WB (2009)
e | st | W7
H4K12Ac mice Hippocampus pFear body yand Peleg et al. (2010)
Conditioning downstream ChIP-seq
Dermal Increased with Sullivan et al.
Human Fibroblasts PDL Overall we (2010)
H4K16AC o
Yeast Bu ;:ﬁsyeast Increase Overall WB Dang et al. (2009)
. Kawakami et al.
o Rat Liver Increase Overall WB (2009)
H3S1
’ Human Dermal Decreases Overall wB Sullivan et al.
Fibroblasts (2010)
Dermal Decreased Sullivan et al.
Human Fibroblasts with PDL Overall we (2010)
H3K56Ac o o
S.cer Budding yeast Decrease Overall and at WB Dang et al. (2009)
cells Telomeres
Reduction ChiP-chi
H3K36me3 Drosophila Head region majorly in the | Mid gene body and WBp Wood et al. (2010)
gene body
N-Ac-H10 Liver '”Crezsz it
Rat and 2 Lindner et al.
: Overall
Mouse Major (1999)
H10 Asn-3/Asp-3 Kidney Increase with
age

(continued)
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Table 16.2 (continued)
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o Model . Change Assay
Modification O Tissue/Cell type Change Localised to Platform References
t y marks
muscle stem Inc’\rAeae:::zut Spread in to
Mouse gene body and Chip-seq Sun et al. (2014)
cells decrease at
o . upstream
specific loci
Spread but no Less Focussed
mouse QSC and ASC of overall change and spread Chip-seq Liu et al. (2013)
muscle K
in levels around TSS
TSS and
Embryonic Reduction promoter of Bracken et al.
Human Fibroblasts | acrossPDLs | INKab-pi6-ARF | MPPCR (2006)
cluster
Increased in
H3K27me3 specific cell
Dermal cycle stage- Sullivan et al.
Human Fibroblasts leading to Overall W (2010)
overall
increase
Near proximal .
Mouse b-cells Increases promoter ChIP-Seq Avra?;onllsit al.
region
IMR90 Duarte et al.
Human Fibroblast Increase Overall WB (2015)
Enhancer/Prom Sandovici et al
Rat Pancreatic islets Increases oter at Hnf4a Chip :
(2011)
locus
. . Slight Rodrigues et al.
Mice Brain Reduction Overall WB (2014)
No overall
. change, loss ChIP-chip
Head region Wrt to HP1 Overall and WB
Drosophila was more Wood et al. (2010)
Fat body .On WB G Spread by IF IF
is an increase
. Kawakami et al.
Rat Liver No change Overall WB 2009
H3K9me3 ( )
Overall
. . decrease with
Human M}”t'ple skin age but Overall IF Scaffidi (2006)
fibroblasts . "
increase with
PDL in cells
derived from
aged donors
L Enhancer/ Sandovici et al.
Rat Pancreatic islets Increases Promoter at Chip
(2011)
Hnf4a locus
b | Decreases sulli cal
erma ullivan et al.
H3K9mel, me2 . i
Human Fibroblasts Increases with Overall we (2010)
PDL
uH2A and uH2B Mice Brain Increase Overall WwB Morimoto et al.
(1993)
Dermal Sullivan et al.
HaK20me3 Human Fibroblasts Decreases Overall wB (2010)
Increase
H4K20me2 Rats Liver, Kidney No Change Overall Mass-spec Sarg et al. (2002)
H4K20mel Increase

(continued)
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Table 16.2 (continued)

] Model . Change Assay
Modification @t Tissue/Cell type Change Localised to platform References
Distal Regulatory Marks
L Enhancer at Sandovici et al.
Rat Pancreatic islets Decrease Hnfaa locus ChiP (2011)
H3K4mel Decreased but
Dermal biphasic in cell Sullivan et al.
Human Fibroblasts cycle with Overall we (2010)
increasing PDL
At Repeat Elements
UH2B Yeast Budding yeast Increase with At the WB Ho Rhie et al.
cells age telomeres (2013)
HAK16AC Yeast Budding yeast Increase with At telomeresA ChiP Dang et al. (2009)
cells age and rDNA loci
Dermal Increase with At the ChIP and Sullivan et al.
HAK16Ac Human Fibroblasts PDIs telomeres Dot Blot (2010)
No change in
Dermal levels but shift At the ChIP and Sullivan et al.
H4K20me2 Human Fibroblasts in cell cyce telomeres Dot Blot (2011)
phase
Dermal Increase with At the ChIP and Sullivan et al.
H3K79me2 Human Fibroblasts PDIs telomeres Dot Blot (2010)

The prominent euchromatin marks like K4me3, K9Ac, K14Ac, K36me3 on his-
tone H3 and acetylations on K5, K12 and K16 of histone H4 have been widely
assayed in the context of ageing (Duarte et al. 2014; Kawakami et al. 2009; Liu
et al. 2013; O’Sullivan et al. 2010; Sun et al. 2014; Wood et al. 2010). Several stud-
ies across tissues and cell types have reported an overall reduction in the transcrip-
tional activation mark H3K4me3, at the proximal promoter regions (Duarte et al.
2014; Liu et al. 2013; O’Sullivan et al. 2010; Sun et al. 2014; Wood et al. 2010). The
H3K4me3 peak at the TSS is now considered as a bona-fide mark of active tran-
scription. ChIP-Seq analysis in young and old hematopoietic stem cells indicated
that, while some regions had decreased H3K4me3, these were much fewer when
compared to the percentage of genes, which showed an age associated gain in this
mark (Sun et al. 2014). Interestingly, both reduced levels and spread of H3K4me3
(away from its typical +1 and — 1 nucleosomes) have been reported specifically in
old stem cells (Liu et al. 2013; Sun et al. 2014). In addition to the findings from Sun
and colleagues on promoter switching and expression of isoforms in old HSCs (Sun
et al. 2014), this spread of K4me3 raises the possibility that TSS in aged cells could
be altered or ill defined (Fig. 16.2). Efforts to investigate the H3K4-mel/me2/
me3 in cellular models of senescence added a layer of complexity with regards to
cell cycle phase dependent alterations at a global level (O’Sullivan et al. 2010). It
remains to be seen if such changes are found in other cell/tissue types and whether
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Fig. 16.2 Alternate start site specification. Loss of SmC at CpG islands (CGIs) and spilling of
H3K4me3, beyond the typical di-nucleosomal context, could lead to specification of novel or aber-
rant transcription start sites (TSS). Specification of such TSS have been proposed to generate
alternate transcripts, which could have differential localizations, stabilities and in some instances
code for different isoforms of proteins

these lead to increase in noise vis-a-vis both abundance and type of transcripts pro-
duced during ageing (Fig. 16.3).

Limited numbers of studies that have investigated the changes in histone H3
lysine-9 acetylation, an open chromatin signature, illustrate it to be more variable
across cell/tissue types during ageing (Kawakami et al. 2009; O’Sullivan et al.
2010; Rodrigues et al. 2014). In aged rat liver there was a global decrease in K9Ac,
whereas it showed an overall increase in nuclei from old mice brains (Kawakami
et al. 2009; Rodrigues et al. 2014). Although there seems to be a very slight accu-
mulation of K9Ac in senescent human fibroblasts, the changes were also cell cycle
dependent (O’Sullivan et al. 2010). In the absence of genome wide studies to define
loci-specific changes in H3K9Ac, at present, there is poor concordance between
organismal ageing and replicative senescence.

Across models, other activatory modifications on H3 showed a general trend
towards decrease during ageing. For example, reduced global H3 acetylation
(Sandovici et al. 2011), K18Ac, K14Ac (Duarte et al. 2014) K56Ac (Dang et al. 2009;
O’Sullivan et al. 2010) and K36me3 (Wood et al. 2010) were observed. On the
contrary, activatory marks on histone H4 such as K5Ac and K16Ac were shown to
increase with age (Dang et al. 2009; O’Sullivan et al. 2010). In addition to H4
marks, deamidation and N-terminal acetylation of HI also showed a substantial
increase with age in mice and rat tissues (Lindner et al. 1999). Even though this
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Fig. 16.3 Epigenetics as causal mechanism for age associated transcriptional deregulation:
Perturbations in histone modifications around the upstream cis-regulatory elements lead to tran-
scriptional noise and altered expression. An increase in the repressive mark H3K27me3 and a
decrease in the active mark H3K4me3 occur during ageing. Intuitively, these could result in both
up- and down-regulation of genes, which have been seen independently. In addition to these,
H3K4me3 that is typically present in —1/+1 nucleosomes also seems to spread around the
TSS. Similarly, H3K27me3 is also shown to spread in aged tissues/cells. It is therefore plausible
that altered regulatory histone modifications cause the age-associated elevation in transcriptional
noise

seems to indicate a non-directional perturbation, whether these changes happen at
same or different loci needs to be addressed. Irrespectively, this once again points
towards deregulated signatures that may contribute to aberrant or noisy
transcription.

With the general understanding that heterochromatin content increases during
ageing, there has been a special effort to unravel the importance of repressive his-
tone modifications in this regard. H3K27me3, a polycomb dependent repressive
chromatin mark, showed consistent increase during ageing, both in stem cells and
differentiated cells (Avrahami et al. 2015; Duarte et al. 2014; Liu et al. 2013;
O’Sullivan et al. 2010; Sandovici et al. 2011; Sun et al. 2014). More detailed analy-
sis at specific loci across the genome revealed that unlike in younger cells, methyla-
tion at this residue tend to be less focused around the promoter proximal sites and
spread in to upstream and downstream regions (with reference to TSS) in older cells
(Liu et al. 2013, Sun et al. 2014). Heterochromatic H3K9me3 and H4K20me3
marks showed an overall decrease in fibroblasts with higher population doubling
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levels (PDLs). Interestingly, this was associated with a concomitant increase in
mono- and/or di-methylations (O’Sullivan et al. 2010; Rodrigues et al. 2014; Sarg
et al. 2002; Scaffidi and Misteli 2006). On the contrary, aged tissues such as
Drosophila heads and rat liver showed no apparent change in total K9me3 levels
(Kawakami et al. 2009; Wood et al. 2010). But fat body and pancreatic islets from
aged Drosophila and rats, respectively, showed enhanced tri-methylation (Kawakami
et al. 2009; Wood et al. 2010). Assaying for H3K9me3 by immune-fluorescence in
Drosophila fat body showed an increased intensity and dispersed localization of this
mark in old flies (Wood et al. 2010).

Ubiquitination on H2A, a co-signature of polycomb associated K27me3 mark,
and on H2B also increased with age and this seemed to be consistent across cell/
tissue type (Morimoto et al. 1993; Rhie et al. 2013). Although, these observations
raise the possibility of combinatorial/interdependent histone marks to be similarly
regulated during ageing, this requires further comprehensive analysis. Taken
together, the preponderance of inhibitory chromatin marks are in concordance with
increased chromatin compaction and heterochromatinization in aged cells/tissues.
This notion is also supported by the observation that both H3K27me3 and H3K9me3
showed a general trend of dispersed localization on chromatin during the process of
ageing (O’Sullivan et al. 2010; Wood et al. 2010). Albeit that some of these studies
highlight a lack of correlation regarding either an increase or decrease in repressive
modifications, it is important to note that assaying for these by biochemical or cell
biological methods does not provide the required resolution. Hence, a thorough
high-throughput based analysis will provide information about regions that show a
gain or loss of heterochromatic marks.

There is enough evidence in the literature demonstrating interdependence of
DNA methylations and histone modifications, that eventually result in different
chromatin states (Balasubramanian et al. 2012; King et al. 2016; Morselli et al.
2015; Rose and Klose 2014). With this premise, studies that focused on aged chro-
matin have tried to draw correlations between bi-directional changes in the levels of
DNA methylation and states of chromatin (w.r.t. histone marks). Across cell types,
age dependent hypo-DMRs were strongly correlated with histone modifications
such as H3K4mel/3 and K27Ac that mark actively transcribing regions or active
enhancers (Avrahami et al. 2015; Raddatz et al. 2013; Schellenberg et al. 2012; Sun
et al. 2014). Not surprisingly, heterochromatin marks like H3K9me3 and K27me3
were highly associated with hyper-aDMRs (Raddatz et al. 2013; Rakyan et al. 2010;
Schellenberg et al. 2012; Sun et al. 2014). Interestingly, poised/bivalent regions that
harbor both H3K27me3 and H4K4me3 marks at the promoters showed elevated
CpG methylation during ageing (Raddatz et al. 2013; Rakyan et al. 2010). These
results indicate that the intricate crosstalk between modifications on DNA and his-
tones (Table 16.3) bring about chromatin remodeling, with an overall trend towards
heterochromatinization, during ageing (Fig. 16.4). Furthermore, it is still not clear
as to which of these modifications drive ageing associated chromatin compaction.

Physiologically, key cellular and molecular dysfunctions ranging from stem cell
fatigue to DNA damage and mitochondrial/metabolic outputs have been shown to
be major drivers of ageing (Balaban et al. 2005; Beerman et al. 2014; Bratic and
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Table 16.3 Association of DMRs with histone modifications

DNA . Model Tissue/Cell Associated .
methylation . . Loci References
Organism type Histone marks
status
H3K4mel, . . .
Mouse B-cells H3K27Ac Active Loci Avrahami et al. (2015)
Human MSCE—?;and H3K4me3 Active Loci Schellenberg et al. (2011)
Hypo-DMRs . . H3K27Ac,
Human Epidermis HaKAmel Enhancers Raddatz et al. (2013)
H3K4me3, Promoters and
Human HSCs H3K27me3 Poised Sun et al. (2014)
H3KIme3, Heterochromatic
Human CD4+ T Cells H3K27me3, and poised Rakyan et al. (2010)
H3K4me3 P
Hyper DMRs Human MSCE—SA(;I'Sand :33'('(29:“&33:’ Heterochromatic | Schellenberg et al. (2011)
H3K27me3,
Human Epidermis H3K4me3, Poised Promoters Raddatz et al. (2013)
H3K27Ac
Human HSCs H3K27me3 Heterochromatic Sun et al. (2014)
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Fig. 16.4 Chromatin composition and modifications drive global compaction during ageing.
Globally, chromatin gets compacted during ageing. This is associated with altered nucleosomal
composition and a gain in heterochromatic marks, as detailed in the figure and the article. Some of
these alterations are also evident in the form of senescence associated heterochromatin foci
(SAHF) that are mostly seen in in vitro models of ageing. It is still unclear if the loss of SmC at
some regions correlates with a gain in ShmC at the very same loci. Meta-analyses of recruitment
of chromatin modifiers, along with these marks and in an age-dependent manner, will be critical to
assess the progression in altered chromatin architecture
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Trifunovic 2010; Chambers et al. 2007; Chen et al. 2007; Di Micco et al. 2008;
Finkel 2015; Latella et al. 2017; Pollina and Brunet 2011). In this regard, very few
existing and emerging studies have tried to link the changes in chromatin to these,
possibly mediated by altered gene expression patterns and deregulated DNA dam-
age response (Burgess et al. 2012; Gorbunova and Seluanov 2016; O’Sullivan et al.
2010). Independently, age dependent reduction in genomic integrity and alterations
in histone modifications that affect DNA damage response are well documented
(Oberdoerffer et al. 2008; Pan et al. 2014; Schotta et al. 2008; Van Meter et al.
2014). However, very few studies have linked these together at phenomenological
and mechanistic levels during ageing. Recent reports illustrate that both DNA and
histone modifications are visibly dissimilar in young and old stem cells. Modifications
such as H3K4me3, K9me3 and K27me3, which are central determinants of gene
expression and genome integrity, show dramatic alterations during ageing that
together could influence proliferation and differentiation potentials (Liu et al. 2013;
Schellenberg et al. 2012; Sun et al. 2014). Here again, combining transcriptome
data with ChIP-seq analyses for histone modifications will be crucial to unravel the
importance of chromatin structure in driving age-associated transcriptional changes.

Senescence Associated Heterochromatin Foci (SAHF)

Formation of dense and compact DNA foci, now called Senescence Associated
Heterochromatin Foci (SAHFs) is considered to be one of the better-characterized
correlates of irreversible chromatin changes during senescence. Therefore, it is not
surprising that several review articles, including ours (Lazarus et al. 2013), have
elaborated on the identification and composition vis-a-vis histone variants, modifi-
cations and non-histone proteins (Adams 2007; Funayama and Ishikawa 2007
Narita 2007; O’Sullivan and Karlseder 2012; Pal and Tyler 2016; Rastogi et al.
2006; Sadaie et al. 2013) (Table 16.4). In this light, we have only reviewed more
recent studies and specifically highlight aspects that provide novel insights.

SAHFs have been mostly observed and described for in vitro models of senes-
cence and there are no studies about their presence in aged tissues as far as our lit-
erature survey goes (Funayama et al. 2006; Narita et al. 2006; Narita et al. 2003;
Zhang et al. 2007; Zhang et al. 2005). However, in a report by Kreiling et al. (2011)
it seemed as if mH2A, a component of SAHFs, was enhanced and strongly associ-
ated with heterochromatic foci in aged liver and muscle. Although, the authors of
the study do not comment if these could be typical SAHFs, this needs further
investigation in the future.

It is important to note that very few reports to-date, have tried to address
the functional relevance, if any, of formation of these foci. Further, there is no
clear understanding of the regions that contribute to the formation of these foci,
although heterochromatinization itself is a generic event during ageing. Given that
heterochromatin signatures like H3K9me2/3 and H3K27me3 are enriched in
SAHFs, a study by Chandra and colleagues methodically demonstrated the spatial
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organization and senescence-associated repositioning of these modifications
(Chandra et al. 2012). Interestingly, H3K27me3 that formed the ‘outermost shell’ of
the repressive core in these SAHFs (Chandra et al. 2015; Chandra et al. 2012) could
act as potential barriers to regions of transcriptional activity.

Attempts to unravel if specific regions of chromosomes or entire chromosomes
are packaged into SAHFs have been scarce. Early studies have shown that whole
chromosomes condense to form a single SAHF (Funayama et al. 2006; Zhang et al.
2007). But recent observations with inactivated X chromosome in senescent cells
showed that involvement of whole chromosomes might not be necessary for SAHF
remodeling (Chandra et al. 2012). However, whether this is true for all chromo-
somes and cells in a population and the heterogeneity associated, have not been
investigated thus far.

Unlike euchromatin, quite expectedly heterochromatin forms a dense structure,
which has led researchers to investigate Topologically Associated Domains (TADs)
in SAHFs. A very recent study demonstrated the architectural changes in the genome
during cellular senescence (Chandra et al. 2015). With no apparent change in global
chromosomal interactions, these results revealed striking changes in the strength of
intra-TAD interactions. While they saw a loss of interactions within TADs, senes-
cent cells seemed to gain cross boundary interactions across TADs. Domains, which
lost boundary strength with ageing, were enriched in H3K9me3 and Lamin
Associated domains (LADs). Whereas the TAD boundaries that attained strength
with age, showed enrichment in H3K36me3 marks. Very interestingly, the study
demonstrated that a LAD that drifted away from the nuclear periphery during senes-
cence was in close proximity to the CDKN2A locus, expression from which has
been well documented to be altered during ageing (Chandra et al. 2015). These
findings have defined yet another layer of complexity to the mechanisms that can
possibly lead to altered gene expression and thus the pathophysiology of ageing.

Concluding Remarks

Interactions between several transcription factors and plasticity of chromatin have
only recently begun to be appreciated. Such interactions are likely to be more com-
plex during ageing since physiological manifestations are a summation of both
short term and long term impact on mechanisms that determine gene expression.
This brings in the burden of ensuring accuracy and responsivity throughout the
lifespan of an individual.

While most of the current literature provides a general picture, it will be essential
to investigate such changes in gene expression and chromatin architecture in
response to altered environmental inputs. This will be key, because ageing is affected
by a plethora of factors. Moreover, such analyses will also likely provide informa-
tion vis-a-vis memory and plasticity of gene expression mechanisms. As pointed out
earlier, a systems level approach, including help from mathematical modeling, will
be critical in analyzing both existing and newly generated high-throughput data.
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