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During aging, the mechanisms that normally maintain health and stress resistance strikingly decline, resulting
in decrepitude, frailty, and ultimately death. Exactly when and how this decline occurs is unknown. Changes
in transcriptional networks and chromatin state lie at the heart of age-dependent decline. These epigenomic
changes are not only observed during aging but also profoundly affect cellular function and stress resistance,
thereby contributing to the progression of aging. We propose that the dysregulation of transcriptional and
chromatin networks is a crucial component of aging. Understanding age-dependent epigenomic changes
will yield key insights into how aging begins and progresses and should lead to the development of new ther-

apeutics that delay or even reverse aging and age-related diseases.

Introduction

Aging is characterized by progressive functional decline at the
molecular, cellular, tissue, and organismal levels. As an organ-
ism ages, it becomes frail, its susceptibility to disease increases,
and its probability of dying rises. In humans, age is the primary
risk factor for a panoply of diseases including neurodegenera-
tion, cardiovascular disease, diabetes, osteoporosis, and can-
cer. Over the past decades, a large body of research has shown
that the molecular and cellular decline of aging can be organized
into several evolutionarily conserved hallmarks or pillars of aging
(Kennedy et al., 2014; Lopez-Otin et al., 2013). For example, in
yeast and animals, mitochondrial dysfunction increases with
age and may contribute to the progression of aging (Sun et al.,
2016). The hallmarks of aging are interconnected (Kennedy
et al., 2014; Lopez-Otin et al., 2013; Zhang et al., 2015a), and
age-associated perturbations of one can affect others. While sig-
nificant progress has been made in our understanding of aging,
many outstanding questions remain: Which age-associated
changes are causative? How are the hallmarks of aging related
to each other, and are there “hubs” in this network? Which
age-dependent changes occur first? When does aging begin?
Can therapeutics slow aging or even rejuvenate some aging
hallmarks in an animal at any stage during lifespan, or is there
a “point of no return”?

The study of gene regulation is central to many of these ques-
tions. The regulation of gene expression is not only necessary for
nearly every aspect of a cell’s function, but it can be sufficient to
alter cellular fate. This is illustrated by the fact that in Saccharo-
myces cerevisiae, only three transcription factors control cell
identity, and their mis-expression results in cell-cycle arrest
and an inability to mate (Herskowitz, 1989). Furthermore, tran-
sient, ectopic expression of a small number of transcription fac-
tors in adult mammalian cells can convert terminally differenti-
ated cells into pluripotent stem cells or into other differentiated
states (Graf, 2011). In addition to transcription factors, chromatin
state, which consists of a variety of histone marks, DNA methyl-
ation, and nucleosome positioning, helps to control the spatio-
temporal expression of genes. Finally, non-coding RNAs have
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been found to play important roles in regulating chromatin states
and gene expression (Rinn and Chang, 2012). Because of their
crucial role in cellular function, we propose that age-associated
changes in transcriptional factors and chromatin states repre-
sent a critical aspect of the aging process and an important
hub that links many hallmarks of aging. In this review, we will
use the term “epigenomic changes” to encompass alterations
in transcription factor binding, histone marks, DNA methylation,
nucleosome positioning, and non-coding RNAs, and we will
focus on these aspects of gene regulation. However, in addition
to these aspects of gene regulation, it is important to note
that transcript stability, RNA splicing, and translation are impor-
tant gene regulatory layers that can also become dysregulated
with age.

While it is clear that many biological systems and hallmarks
play a crucial role in the progression of aging, we propose that
epigenomic changes are particularly important because of the
following: (1) Changes in gene regulation (often through expres-
sion of a single transcription factor) have been shown to be key
for cellular identity. Thus, age-associated changes in transcrip-
tion regulatory networks are likely to impact the function of a
cell or tissue and give rise to aging phenotypes and diseases.
(2) Gene regulation is a natural “hub” in the cell. Transcription
regulators and chromatin modifiers receive cytoplasmic and
extracellular signals and, in turn, alter the responses of the cell
in an orchestrated manner. For example, in response to proteo-
static stress, protein chaperone expression increases. (3) Chro-
matin marks are long lasting and show a progressive change
with age that persists through cellular divisions. Thus, they can
act as a memory that helps to propagate age-associated cellular
dysfunction. (4) Recent evidence suggests that epigenomic
changes can occur extremely early in the aging process and
be causative.

In this review, we will focus on the role of epigenomic mecha-
nisms in aging, the way they interact with other hallmarks of ag-
ing, when these changes occur during aging, and how they are
affected by interventions to delay or even reverse some aspects
of aging and aging-related diseases.
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Figure 1. Transcription Factors and
Chromatin Modifiers Act Together to
Regulate Gene Expression
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The Aging Epigenomic Regulatory Landscape

Recent studies in diverse species and cell types have highlighted
the pervasiveness of age-associated changes in transcription
factor binding, histone marks, heterochromatin formation, and
DNA methylation (recently reviewed by Benayoun et al., 2015;
Zampieri et al., 2015) that contribute to changes in gene expres-
sion. Indeed, gene expression has been shown to change dras-
tically during aging (for example, Baumgart et al., 2014; Budov-
skaya et al., 2008; Zahn et al., 2007). The gene regulatory
landscape consists of many interconnected players that promote
or repress gene expression (Figure 1). While itis clear that aging is
associated with dysfunction at each layer of the gene regulatory
landscape, it is relatively unknown which aspect of gene regula-
tion is the first to become dysregulated during lifespan. The order
and molecular mechanism of youthful gene regulation can give
clues about the relationship between and order of age-associ-
ated epigenomic and gene expression changes.

Transcription Factors

Transcription factors bind DNA in a sequence-specific manner
and can activate or repress transcription. Some transcription
factors (called pioneer factors) can also initiate remodeling of a

recruitment and
transcription

sequence specificity of transcription

factors, their regulation by upstream

'; signaling pathways and sensors, and
= their ability to recruit histone modifying
enzymes and nucleosome remodelers

RNA polymerase (Figure 1) are all characteristics that

contribute to the crucial role transcrip-
tion factors play in the control of gene
expression. Here, we focus on two well-
conserved, pro-longevity transcription
factors (FOXO/DAF-16 and NRF/SKN-1)
as paradigms of the role of transcription
factors in aging. It is important to mention
that there are many other transcription
factors, including HSF-1, XBP-1, REST/SPR-4, and p53/
CEP-1, that are known to also play key roles during aging. The
role of these transcription factors in aging will also be discussed
in later sections of this review.

FOXO/DAF-16 promotes longevity and inhibits age-related
diseases in species ranging from worms to humans (Eijkelen-
boom and Burgering, 2013; Salih and Brunet, 2008). Indeed,
allele variants at the FOXO3 locus are associated with extreme
longevity (centenarians) in humans (for example, Willcox et al.,
2008). The activity of FOXO/DAF-16 is positively and negatively
regulated by different molecular players (e.g., the insulin/IGF
signaling pathway and the nutrient sensor AMPK) and stresses
(e.g., oxidative and heat stress) (Eijkelenboom and Burgering,
2013; Salih and Brunet, 2008). Meta-analysis of the adult
FOXO/DAF-16 transcription regulatory networks in human,
mouse, Drosophila, and C. elegans has shown that FOXO/
DAF-16 controls the expression of many genes, including those
involved in stress response, metabolism, proteostasis, immu-
nity, and neuronal function (Webb et al., 2016). Thus, FOXO/
DAF-16 regulates a program of genes whose major function is
to promote stress resistance, and this may be linked with their
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ability to extend lifespan. Interestingly, the role of FOXO/DAF-16
in longevity has been directly connected with chromatin state.
Indeed, FOXO has been found to bind open chromatin, espe-
cially at enhancer regions (Eijkelenboom et al., 2013; Webb
etal., 2013), and can act as a pioneer factor to open closed chro-
matin (Zaret and Carroll, 2011). Furthermore, in C. elegans, DAF-
16 recruits the chromatin remodeler SWI/SNF to activate expres-
sion of age-related and stress-response genes including heat
shock proteins and oxidative stress-response genes (Riedel
et al., 2013). This interaction is required for the longevity-promot-
ing action of DAF-16 (Riedel et al., 2013). Together, these studies
identify FOXO/DAF-16 as a key regulatory hub that integrates
diverse signals into the control of the chromatin landscape and
the expression of genes important for longevity. However,
much remains to be discovered about the ways that FOXO/
DAF-16 activity (its expression, DNA binding ability, and interac-
tions with chromatin modifiers) changes during normal, physio-
logical aging.

Like FOXO/DAF-16, NRF/SKN-1 is a “pro-longevity” tran-
scription factor. Indeed, increasing the level of active NRF/
SKN-1 extends lifespan in flies and worms (Sykiotis and Boh-
mann, 2008; Tullet et al., 2008). Consistent with a role in the pro-
gression of aging, the activity of NRF/SKN-1 is dysregulated late
in life (Rahman et al., 2013). In response to elevated levels of
reactive oxygen species (ROS) and environmental toxins or to
nutrient and metabolic changes through mTOR signaling and
insulin/IGF signaling, NRF/SKN-1 activates the expression of
genes involved in cellular protection (Blackwell et al., 2015; Te-
bay et al., 2015). Classically considered to control the transcrip-
tional response to oxidative stress, NRF/SKN-1 has also been
implicated in general detoxification, proteostasis, and immunity
(Blackwell et al., 2015). In mammals, NRF2 recruits BRG2, a
component of the SWI/SNF nucleosome remodeling complex,
to its regulatory targets (Zhang et al., 2006). This interaction re-
sults in increased transcriptional activation of stress-response
genes (Zhang et al., 2006), presumably through changes in the
chromatin landscape. Interestingly, the DNA-binding ability of
the NRF/SKN-1 proteins in cultured embryonic stem cells ap-
pears to be sensitive to DNA methylation (Domcke et al.,
2015). However, it is unknown if age-dependent changes in
DNA methylation could impact NRF/SKN-1 binding during aging.
Together, these studies show that NRF/SKN-1 is an important
regulator of stress resistance and that its activity is intimately
linked with chromatin state.

These two specific examples illustrate how changes in tran-
scription factor activity could play a key role in aging, and likely
apply to many other transcription factors (some examples of
which are described in sections below). First, reduced levels of
a pro-longevity transcription factor can lead to a loss of stress
resistance and cellular protection due to decreased expression
of stress-resistance genes. Second, age-associated changes in
the activity of transcription factors could promote changes
in other epigenomic regulatory layers. This can happen by
either altering the expression of chromatin-modifying enzymes
and complexes (e.g., histone methyltransferases or nucleo-
some remodelers) or by the differential recruitment of these
enzymes and complexes. Both possibilities could result in wide-
spread changes to the epigenomic landscape that could alter
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cellular function and contribute to the progression of aging.
Importantly, both FOXO/DAF-16 and NRF/SKN-1 not only pro-
mote changes in chromatin state (Riedel et al., 2013; Zaret and
Carroll, 2011; Zhang et al., 2006) but also are sensitive to them
(Domcke et al., 2015; Eijkelenboom et al., 2013; Webb et al.,
2013). Thus, the precise timing and the cause and effect relation-
ship between changes in transcription factor binding and chro-
matin state are complex and in most cases have not been un-
tangled yet.

Histone Marks

The core histone proteins that package DNA and comprise nu-
cleosomes are subject to a variety of post-translational modifica-
tions. The differential recruitment of histone-modifying enzymes
and complexes by transcription factors forms the patterns of his-
tone marks in the genome (Figure 1). Histone marks, including
H3K27me3, H3K4me3, H3K27ac, H3K14ac, and H3K36me3,
help to control the expression of genes. The exact molecular
mechanisms of histone mark-mediated gene regulation are not
fully understood but likely involve promoting or inhibiting the
recruitment of transcriptional machinery (Lauberth et al., 2013).
Histone marks can also act to silence transcription through the
formation of heterochromatin (i.e., H3K9me3, H4K20me2) and
to regulate genome stability (i.e., H3K56ac, H3K14ac). Interest-
ingly, the patterning of these marks in the genome changes dur-
ing aging (Benayoun et al., 2015) (Figure 2).

Different enzymes that affect H3K27me3, a repressive
histone mark, have opposing effects on lifespan. Knockdown
of the H3K27me3 demethylase UTX-1 increases lifespan in
C. elegans (Jin et al., 2011; Maures et al., 2011; Ni et al., 2012),
suggesting that H3K27me3 levels are beneficial for longevity.
In contrast, overexpression of the H3K27me3 demethylase
KDM6B/JMJD-3.1 extends lifespan, suggesting that an in-
creased level of H3K27me3 at specific loci (stress-response
genes) is detrimental for lifespan (Labbadia and Morimoto,
2015). In addition, KDM6B/JMJD-3.1 and PHF8/JMJD-1.2 are
necessary for lifespan extension induced by mitochondrial
dysfunction, and overexpression of either of these genes ex-
tends lifespan in C. elegans (Merkwirth et al., 2016). Interestingly,
mice with higher PHF8/JMJD-1.2 expression are longer lived,
suggesting that the link between PHF8/JMJD-1.2 and longevity
might be conserved from invertebrates to mammals (Merkwirth
etal., 2016). Importantly, the Utx gene is located on the sex chro-
mosomes in mammals and worms and appears to have some
sex-specific functions. In mice, loss of Uix is associated with
severe developmental defects in females, but not males, and a
shortened male lifespan (Welstead et al., 2012). Furthermore,
loss of components of Polycomb, the H3K27 methyltransferase,
increases lifespan in male Drosophila, suggesting that increased
levels of H3K27me3 are detrimental for male lifespan (Siebold
et al., 2010). It is unknown if modulating H3K27me3 levels also
affects female lifespan in mice and flies. Thus, an important
area of future study will be to determine the specific roles of
the different H3K27me3 enzymes, particularly their sex-specific
functions in lifespan regulation.

Interestingly, age-associated changes in global H3K27me3
levels are also context dependent. Global H3K27me3 increases
with age in the killifish brain and mouse quiescent satellite cells
(Baumgart et al., 2014; Liu et al., 2013) but decreases with age
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During aging and the emergence of cellular senescence, there is a general loss of heterochromatin that is characterized by a loss of repressive histone marks
(H3K9me3), DNA methylation, nucleosome occupancy, and heterochromatin protein 1 (HP1) binding. These changes are associated with a loss of the nuclear
lamina. In active regions of the genome (euchromatin), the patterning of histone marks changes (the active mark H3K4me3, the repressive mark H3K27me3, and
the transcription elongation mark H3K36me3), DNA methylation increases at specific loci, and nucleosome remodeling occurs. Together, these changes can
cause altered gene expression with age and contribute to the progression of aging.

during C. elegans aging and in human progeria models (Maures
et al.,, 2011; Ni et al., 2012; Shumaker et al., 2006; Zhang
et al., 2015b). A comparison of H3K27me3 deposition in young
versus old murine hematopoietic stem cells revealed that while
H3K27me3 levels increased at most loci, there were also loci
with decreased H3K27me3 levels with age (Sun et al., 2014).
In addition, cultured senescent human lung fibroblasts have
large-scale gains and losses of H3K27me3 compared to early-
passage, proliferating cells (Shah et al., 2013). Identifying the
locus- and cell-type-specific roles of H3K27me3 in longevity

will be key to untangling the effect of the H3K27me3-modifying
enzymes on lifespan.

H3K4me3, a mark associated with active transcription, has
also been implicated in longevity, and its deposition changes
with age in murine hematopoietic stem cells and in Drosophila
(Sun et al., 2014; Wood et al., 2010) and cellular senescence in
human fibroblasts (Shah et al., 2013). Like the H3K27me3 mod-
ifiers, knockdown of the H3K4me3 enzymes has been shown to
both increase and decrease lifespan, depending on the specific
enzyme or context. In C. elegans, knockdown of the H3K4
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methyltransferase SETD1A/SET-2 increases lifespan (Greer
et al., 2010). Consistent with the idea that loss of H3K4me3
is beneficial to longevity, knockdown of the H3K4me3 de-
methylase KDM5B/RBR-2 in C. elegans hermaphrodites and
Drosophila males shortens lifespan (Greer et al., 2010; Li et al.,
2010). However, it has also been found that knockdown of the
H3K4me3 demethylases (KDM5B/RBR-2 and KDM1A/LSD-1)
can extend lifespan, often in the context of sterility (Lee et al.,
2003; McColl et al., 2008; Ni et al., 2012), or has no effect on life-
span (Li et al., 2010). Together, these studies suggest that, like
H3K27me3-modifying enzymes, H3K4me3-modifying enzymes
can both promote and inhibit longevity, likely depending on envi-
ronmental context and specific loci. Interestingly, H3K4me3 do-
mains vary in breadth in a locus- and cell-type-specific manner
(Benayoun et al., 2014; Chen et al., 2015), and these differences
could provide clues about the context-dependent roles of
this mark during aging. H3K4me3-modifying enzymes have
also been shown to have long-lasting, transgenerational effects
on C. elegans lifespan (Greer et al., 2011, 2016). However, the
mechanisms underlying this phenomenon are not known.
H3K36me3, a mark associated with transcriptional elongation
and splicing, has also recently been found to play an important
role during aging. In yeast, loss of H3K36 trimethylation (a
mark of transcription elongation) is correlated with a shorter
lifespan (Sen et al., 2015). Consistent with this finding, deletion
of the H3K36me3 demethylase extends lifespan in S. cerevisiae
and C. elegans (Niet al., 2012; Sen et al., 2015), whereas deletion
of the H3K36 methyltransferase (met-1) in C. elegans shortens
lifespan (Pu et al., 2015). Interestingly, low levels of H3K36me3
are correlated with increased cryptic transcription (Sen et al.,
2015) and a greater degree of gene expression change with
age (Pu et al., 2015). Thus, changes in the deposition of
H3K36me3 appear to play an important role in the regulation of
transcription during aging. These examples of age-associated
changes in histone marks represent only the tip of the iceberg.
Other histone marks are known to change during aging, and
many more histone mark changes likely remain to be discovered.
How do changes in histone marks arise during aging? The en-
zymes that place and remove histone marks exist in large protein
complexes that are differentially recruited to chromatin through
interactions with transcription factors. Thus, the patterning of
histone marks is reflective of the transcriptional activity of a locus
and is as unique and specific to a given cell type or locus as the
transcription networks themselves. During aging, the changes in
histone mark patterning and levels could be the result of age-
associated changes in the activity of transcription factors, either
through changes in the expression of the components of his-
tone-modifying complexes or through the differential recruitment
of these complexes to chromatin. Delineating the specific mech-
anisms of action of these histone-modifying enzymes and their
interactions with other gene regulatory layers (e.g., transcription
factors) should provide important insights into the mechanisms
of chromatin-mediated longevity.
DNA Methylation
Methylation of the cytosine of CpG dinucleotides (5-methylcyto-
sine or 5mQC) is a heritable and conserved regulatory mark
that is generally associated with transcriptional repression.
DNA methylation represses gene expression by inhibiting or pro-
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moting the binding of transcriptional activators and repressors
(respectively) and by the differential recruitment of repressive
histone-modifying enzymes. It is important to note that yeast
and worms do not have classical (5mC) DNA methylation. How-
ever, another form of DNA methylation (6-methyladenosine or
6mA) was recently discovered to be present in C. elegans,
Drosophila, and Chlamydomonas (reviewed by Luo et al,
2015). In C. elegans, 6mA DNA methylation is involved in
H3K4me2-mediated transgenerational lifespan extension (Greer
et al., 2016), suggesting a link between DNA methylation, histone
marks, and aging.

In mammals, the genome-wide pattern of DNA methylation
changes during aging (Figure 2), and these changes could play
a role in the progression of aging (Benayoun et al., 2015; Zam-
pieri et al., 2015). Intriguingly, DNA methylation patterns can
serve as a biomarker for human chronological age (Horvath,
2013), and perhaps even biological age (i.e., how youthful or
decrepit an individual actually is at a particular age). The gradual
accumulation of differential DNA methylation with age is thought
to act like an “epigenetic clock” (Horvath, 2013).

The specific genetic regions that have age-dependent differ-
ential DNA methylation may reveal the mechanism of the change
during aging. While hypomethylation is common with age, some
CpG islands and gene-rich regions become hypermethylated
with age (reviewed by Benayoun et al., 2015; Zampieri et al.,
2015). Interestingly, the loci that display age-dependent DNA
hypermethylation are preferentially near tissue-specific genes,
genes involved in differentiation and development, genes encod-
ing transcription factors, and transcription factor binding sites
(reviewed by Benayoun et al., 2015; Zampieri et al., 2015). These
genes exist in active regions of the genome, and therefore it is
possible that age-dependent changes in the regulation of these
genes by transcription factors and histone-modifying enzymes
result in aberrant recruitment of the DNA methylation enzymes.
Interestingly, studies in stem cells have also demonstrated that
loci with age-associated DNA hypermethylation are enriched
for genes normally repressed by Polycomb repressive complex,
the complex that methylates H3K27 (Beerman et al., 2013; Sun
et al., 2014; Teschendorff et al., 2010). One model for normal
DNA methylation patterning is that repression by H3K27 methyl-
ation occurs first and is “locked in” by the subsequent action of
DNA methyltransferases. Thus, changes in the activity of chro-
matin modifiers (including Polycomb repressive complex) may
occur first during aging and be followed by DNA methylation
changes.

Another important consideration for the role of DNA methyl-
ation during aging is its effect on gene expression. For example,
age-associated DNA hypermethylation of some transcription
factor binding sites (Avrahami et al., 2015; Sun et al., 2014,
Yuan et al., 2015) suggests that the ability of these proteins to
bind DNA and regulate transcription could be disrupted. Surpris-
ingly, several genome-wide studies have not found a correla-
tion between age-dependent differential DNA methylation and
altered gene expression (Beerman et al., 2013; Yuan et al,
2015). However, at least in the case of aged B cells, a significant
correlation between DNA methylation and gene expression
changes exists for distal regulatory regions (enhancers), but
not proximal regulatory regions (promoters) (Avrahami et al.,
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2015). Thus, the potential gene expression effects of age-asso-
ciated differential DNA methylation are likely to be context
dependent and may require local changes in histones marks
and transcription factor binding to occur before gene expression
changes are observed.

Chromatin Structure

Chromosomes exist in higher-order structures that impact the
regulation of gene expression through changes in the accessi-
bility of transcriptional machinery and regulators to DNA. At the
first structural level, the DNA is wrapped around nucleosomes,
and their occupancy on DNA plays a role in the regulation of
gene expression. Higher levels of chromatin structure create
the three-dimensional architecture of the genome through asso-
ciations between distal genomic regions as well as associations
between the nuclear envelope and DNA (Pombo and Dillon,
2015). Genomic regions that are tightly packed around nucleo-
somes and are associated with the lamins of the nuclear enve-
lope (lamin-associated domains) are less accessible and contain
genes that are not actively transcribed. Interestingly, chromatin
structure changes with age, and these changes have been linked
with longevity.

Nucleosome occupancy can decrease with age (Figure 2), and
ameliorating this loss in yeast increases lifespan (Feser et al.,
2010; Hu et al., 2014; lvanov et al., 2013). Two mechanisms
could contribute to this loss: (1) a reduction in the amount of
core histones made by the cell and/or (2) a change in the activity
of histone chaperones (Feser et al., 2010; lvanov et al., 2013; Liu
et al., 2013; Ni et al., 2012). In some cases, post-transcriptional
regulation (for example, the regulation of translation) appears
to be playing a role in the age-associated loss of histones (Feser
et al.,, 2010; O’Sullivan et al., 2010). However, in mammalian
muscle stem cells, the loss of core histones with age appears
to be due to changes in gene expression and is linked with the
amount of the repressive H3K27me3 mark at the histone
genes (Liu et al., 2013). This suggests that an altered chromatin
state at specific loci (the histone genes) may precede the reduc-
tion of nucleosome occupancy during aging. Interestingly, nucle-
osome occupancy changes have also been demonstrated to
be associated with the global upregulation of gene expression
with age in yeast (Hu et al., 2014) and increased transcription fac-
tor (FOXA2) binding in aged mammalian livers (Bochkis et al.,
2014). FOXA2 is a pioneer transcription factor (Zaret and Carroll,
2011), and therefore, the age-dependent increase in FOXA2
binding likely causes the eviction of nucleosomes from these
regions. Together, these studies show that the positioning of
nucleosomes on DNA changes with age and that changes in
transcription factor activity and the chromatin landscape can
trigger these changes during aging.

Heterochromatin is a transcriptionally inactive and inacces-
sible chromatin structure that is characterized by bound hetero-
chromatin protein 1 (HP1) and H3K9me3 in animals and the Sir
complex in budding yeasts (Oberdoerffer and Sinclair, 2007).
The premature aging diseases Hutchinson-Gilford progeria
syndrome (HGPS) and Werner syndrome are characterized by
a reduction in heterochromatin and lower levels of H3K9me3,
H3K27me3, and HP1 (Scaffidi and Misteli, 2006; Shumaker
et al.,, 2006; Zhang et al., 2015b). Interestingly, mitochondrial
stress can also trigger large-scale changes in heterochromatin

and H3K9 methylation in C. elegans, suggesting a link between
age-associated stress response and the formation of hetero-
chromatin (Tian et al., 2016). Importantly, during normal aging
in humans and invertebrates, HP1 and H3K9me3 levels also
decline (Figure 2), suggesting that loss of heterochromatin is a
common feature of aging (Larson et al., 2012; Ni et al., 2012;
Scaffidi and Misteli, 2006; Wood et al., 2010).

What is the mechanism of age-associated heterochromatin
loss? DNA damage appears to be a contributor to heterochro-
matin loss (Oberdoerffer and Sinclair, 2007) and is discussed in
the next section of the review. Interestingly, the nuclear envelope
may play a role in heterochromatin loss in both normal and pro-
geroid aging: the levels of a cryptic splice isoform that results in a
truncated nuclear envelope protein lamin A, and that mimics the
mutation of HGPS, increase with age in humans and contribute
to the loss of heterochromatin (Scaffidi and Misteli, 2006).
Thus, there is a link between defects in the nuclear lamin, loss
of heterochromatin, and aging. Intriguingly, it was recently
discovered that the autophagosome can selectively degrade
the endoplasmic reticulum and the nucleus (Mochida et al.,
2015), and that this degradation can lead to a loss of the nuclear
lamina (Dou et al., 2015). It will be interesting to determine if age-
dependent dysfunction of autophagy could contribute to the loss
of heterochromatin with age.

Non-coding RNAs

Non-coding RNAs are important regulators of transcriptional
networks and chromatin states. For example, long non-coding
RNAs (IncRNAs) such as XIST and HOTAIR promote gene
silencing through interactions with chromatin-modifying en-
zymes (Rinn_and Chang, 2012). These regulatory RNAs are
emerging as important players in the progression of aging
(Grammatikakis et al., 2014). One interesting example of an
IncRNA that is associated with aging is the H19 IncRNA. This
IncRNA interacts with MBD1 (a methyl-CpG-binding domain
protein) to repress the expression of several genes, including a
gene likely to have implications for aging—/gf2, which encodes
an insulin-like growth factor (Monnier et al., 2013). Interestingly,
with increased age, there is a loss of H19 IncRNA-mediated
repression of the Igf2 locus in mice (Fu et al., 2008). Furthermore,
H19-mediated repression of Igf2 has been demonstrated to be
important for the maintenance of hematopoietic stem cell quies-
cence (Venkatraman et al., 2013). Quiescence is key to maintain-
ing this stem cell population, and the loss of H19-mediated
repression of /gf2 leads to hematopoietic stem cell exhaustion
(Venkatraman et al., 2013). These data suggest the exciting pos-
sibility that changes driven by IncRNAs could play an important
role in the progression of aging. Future studies of non-coding
RNAs during aging are likely to reveal additional age-associated
roles for these important gene regulatory players.

Epigenomic Regulation Is Connected to Other Aging
Hallmarks

In addition to age-associated epigenomic changes, many other
systems become dysfunctional with age (Lopez-Otin et al.,
2013). Excitingly, chromatin and transcription regulation have
been found to play key roles in the age-dependent manifestation
of these hallmarks of aging and in the response to their emer-
gence (Figure 3). Epigenetic changes, such as DNA methylation,
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Figure 3. Epigenomic Changes Are a Hub in the Progression of Aging

Epigenomic changes —changes in transcription factors, histone marks, nucleosome positioning, and DNA methylation—are connected with the other halimarks
of aging (Kennedy et al., 2014; Lépez-Otin et al., 20183; Zhang et al., 2015a). Epigenomic changes can trigger the emergence of other hallmarks of aging and can

also be affected by them.

are relatively long-lived, and thus, one intriguing idea is that the
epigenetic response to the emergence of a hallmark of aging
could create a “memory” of the event, allowing it to be perpetu-
ated over time and through cellular divisions (Rando and Chang,
2012). Here we discuss the relationship between epigenomic
regulation and the hallmarks of aging.

Genome Stability and Telomeres

A loss of genomic integrity is a hallmark of aging (Lopez-Otin.
et al.,, 2013; Vijg and Suh, 2013). With age, telomere attrition
occurs, somatic DNA mutations accumulate, and transposons
activate. There is also an increase in the rate of chromosomal ab-
normalities, some of which are oncogenic. The link between age-
associated chromatin changes, aging, and genome stability was
first discovered in yeast (reviewed by Sinclair et al., 1998). More
recently, studies in many organisms (described below) have
shown that the link between epigenomic changes and genomic
integrity is well conserved.

Telomeres. Telomeres are normally maintained in a hetero-
chromatic state by several chromatin modifiers. In yeast,
histone deacetylases (sirtuins) are key for telomere silencing.
Consistent with a link between longevity and telomere silencing,
older yeast have less active Sir2 (a sirtuin) and, as a result,
increased H4K16 acetylation at telomeres (Dang et al., 2009).
Furthermore, increasing the level of Sir2 in yeast increases life-
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span (Kaeberlein et al., 1999). In human cells, loss of SIRT6,
an H3K9 deacetylase that silences telomeres, causes telomere
dysfunction and premature cellular senescence (Michishita
et al., 2008). These data suggest that altered chromatin states
during aging may precede and cause age-associated telomere
dysfunction. Interestingly, damaged telomeres can also lead to
a reduction in the expression of core histones in a cell, suggest-
ing that a loss of telomere integrity can cause changes in the
aging chromatin landscape (O’Sullivan et al., 2010). Thus, epige-
nomic changes and telomere dysfunction may feedback and
reinforce each other during aging.

Mutation Accumulation. In several species, there is an age-
associated accumulation of mutations at varying frequencies de-
pending on the species and rearing conditions (reviewed by Viig
and Suh, 2013). It is important to note, however, that in yeast
the rate of age-associated mutation accumulation is low, and
thereby is unlikely to play a major role in the progression of aging
(Kaya et al., 2015). While the role of mutations in aging is debated
and likely to be species specific, there is a link between in-
creases in 5mC DNA methylation and mutation. For example,
5-methyl cytosine is inherently more mutagenic than its non-
methylated counterpart because if it is deaminated, the base
excision repair machinery replaces the nucleotide with a
thymine, resulting in a C-to-T mutation (Schmutte et al., 1995).
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Interestingly, during human aging, mutations accumulate in the
genome of blood cells and C-to-T mutations are the most prev-
alent (Welch et al., 2012). This raises the possibility that age-
dependent DNA hypermethylation (increased DNA methylation)
at specific loci contributes to the accumulation of point muta-
tions during aging.

DNA Damage. DNA damage can result in transient gene
repression (Kim et al., 2016) as well as more stable changes in
gene expression that can be observed in humans as young as
40 years of age (Lu et al., 2004). Interestingly, sensing and re-
sponding to DNA damage involves the recruitment of chromatin
modifiers, suggesting that an accumulation of DNA damage
during life could be a source for age-associated epigenomic
changes and that changes in chromatin state could affect DNA
repair (Burgess et al., 2012; Oberdoerffer and Sinclair, 2007).
For example, some sirtuins (e.g., SIRT6 and SIRT1, discussed
below) are important players in the response to DNA damage.
The recruitment of SIRT6 to sites of DNA damage helps to
remodel the local chromatin environment through deacetylation
of H3K56 and allow DNA repair machinery to access the DNA
(Toiber et al., 2013). Deletion of SIRT6 causes more rapid aging
in mice and increased genomic instability (Mostoslavsky et al.,
2006), suggesting that changes in SIRT6 activity and H3K56
acetylation during normal aging could impact the cell’s ability
to repair DNA damage. In murine embryonic stem cells, DNA
damage relocates the transcriptional silencer SIRT1 from pro-
moters to the site of DNA damage and changes gene expression
in a way that resembles organismal aging (Oberdoerffer et al.,
2008). This suggests that an accumulation of DNA damage
and loss of SIRT1 repression may underlie age-associated
epigenomic changes. Chromatin state can also impact the
efficiency of DNA repair. For example, the presence of the
H3K36me3 histone mark improves DNA repair efficiency (Fnu
et al., 2011), but global levels of this mark and its distribution
are altered with age (Ni et al., 2012; Pu et al., 2015; Sen et al.,
2015). It will be interesting to determine the impact of chromatin
state changes on the ability to repair DNA damage during aging.
Chromosomal Abnormalities. Aneuploidies and large-scale
chromosomal rearrangements have an increased incidence
with age (reviewed by Vijg and Suh, 2013). Reduced DNA
methylation (hypomethylation) in mice increases the risk
of aneuploidy and cancer (Gaudet et al., 2003), suggesting that
the observed age-associated DNA hypomethylation could
contribute to chromosome instability with age. It is important
to note that these large-scale chromosomal abnormalities are
distinct from other aspects of genome instability, such as muta-
tion accumulation, in both their molecular origin and sensitivity to
DNA methylation changes. Consistent with the link between
chromosome abnormalities, epigenomic changes, and aging,
patients with progeria diseases have an abnormally high rate of
chromosome rearrangements and abnormalities (Vijg and Suh,
2013).

Transposon Activation. DNA methylation and heterochromatin
help to maintain transposons in an inactive state (Slotkin and
Martienssen, 2007). With age, the expression of transposons
increases, and in Drosophila, this may be directly linked to
age-dependent memory decline and mortality (Li et al., 2013).
Because of the important role of repressive chromatin states in

the maintenance of inactive transposons, age-associated trans-
poson activation could be triggered by epigenomic changes
during aging. For example, in yeast, the loss of nucleosomes
with age is associated with increased expression (and
perhaps increased retrotransposition) of the Ty retrotranspos-
able element (Hu et al., 2014). In late-passage human cell culture,
senescent cells undergo epigenomic changes (see “Cellular
Changes: Senescence and Stem Cell Exhaustion” section) and
the chromatin at transposable elements (Alu, L1, and SVA)
becomes more open (De Cecco et al., 2013). Consistently, the
expression of these repetitive DNA elements also increases in
senescent cells (De Cecco et al., 2013). Together, these studies
suggest that age-associated epigenomic changes may trigger
transposon activation during aging.

Mitochondria

As cells age, mitochondrial turnover declines and mitochondrial
dysfunction increases (Sun et al., 2016). Importantly, disruption
of mitochondrial activity (for example, by knocking down compo-
nents of the electron transport chain), mutations in mtDNA, and
changes in mitochondrial biogenesis have been functionally impli-
cated in the progression of aging (reviewed by Sun et al., 2016).

Communication between mitochondria and the nuclear regu-
latory genome plays an important role in the progression of ag-
ing. In yeast, signals from the mitochondria can trigger gene
expression changes in the nucleus (retrograde regulation), and
this regulation is required for the longer replicative lifespan of
yeast lacking mtDNA (Kirchman et al., 1999). Importantly, nu-
clear-mitochondrial communication is also a key determinant
of longevity in animals (Chang et al., 2015; Gomes et al., 2013).
In worms, lifespan extension through knockdown of an electron
transport chain component is dependent on a complex mito-
chondria-responsive transcription regulatory program that in-
cludes the ROS-sensitive transcription factors NRF2/SKN-1
and p53/CEP-1 (Chang et al., 2015). ROS signals from the mito-
chondria can also impact chromatin-mediated silencing in yeast
(Schroeder et al., 2013). Furthermore, in C. elegans, mitochon-
drial dysfunction results in increased H3K9 methylation and
global compaction of chromatin. This global repression of chro-
matin is important to allow the specific upregulation of mitochon-
drial stress-response genes and lifespan extension (Tian et al.,
2016). Together, these studies show that changes in the effi-
ciency or activity of mitochondria with age can result in epige-
nomic changes that alter lifespan.

The interaction between the nucleus and mitochondria is not
one sided, and nuclear changes can also influence mitochon-
dria. For example, changes in the activity of the transcription
activator PGC-1a with age contribute to the loss of mitochondrial
biogenesis and function (Rera et al., 2011; Sun et al., 2016). In
aged mice, loss of SIRT1 activity (via a decline in NAD™* levels)
leads to increased activity of the HIF-1a transcription factor
that is linked with age-associated mitochondrial dysfunction
and changes in oxidative phosphorylation (Gomes et al.,
2013). Finally, changes in H3K4me2/3 deposition with age (Sun
et al.,, 2014; Wood et al., 2010) may alter the ability of the
H3K4me2/3 demethylase KDM5/RBR-2 to activate the tran-
scription of key mitochondrial genes (Liu and Secombe, 2015).
Together, these studies and others support the idea that
communication between nuclear gene regulatory mechanisms
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and mitochondria contributes to the progression of aging. The
investigation of the relative timing and order of age-dependent
changes in mitochondrial function and epigenomic regulation
as well as the general mechanisms of their communication will
be important challenges for the future.

Proteostasis

Proteostasis (protein homeostasis) maintains a high-quality pro-
teome by promoting the correct folding of proteins and by the
degradation of proteins via the proteasome or lysosome. Many
cellular and regulatory mechanisms work together to maintain
proteome health in the cell, and these mechanisms can become
dysregulated with age. Appropriate epigenomic regulation is key
to proteostasis, and age-associated epigenomic changes can
alter the ability of a cell to respond to proteostatic stress. For
example, the FOXO/DAF-16 transcription factor controls the
expression of many genes important for maintenance of a
healthy proteome (Webb et al., 2016), and thus, dysregulation
of FOXO/DAF-16 with age can disrupt proteostasis. Here we
will discuss several of the transcription factors and chromatin
modifiers that act to maintain the proteome.

Studies of the heat shock response have revealed much about
proteostasis. In invertebrates and mammals, the transcription
factor HSF1 activates expression of protein-folding chaperones
in response to elevated levels of unfolded proteins (Labbadia
and Morimoto, 2014; Mahat et al., 2016). In mammals, additional
transcription factors, including SRF and HSF2, are important
contributors to the transcriptional response to heat shock (Mahat
et al., 2016). Proteostasis and the HSF-1 response decline with
age (Labbadia and Morimoto, 2014). Interestingly, an increase
in the amount of the repressive histone mark H3K27me3 at spe-
cific stress-response genes in C. elegans has been shown to
lead to a loss of stress resistance and proteostasis (Labbadia
and Morimoto, 2015). This change occurs at the very beginning
of adulthood and, similar to DAF-16 regulation, may be linked to
signals from the germline (Hsin and Kenyon, 1999; Labbadia and
Morimoto, 2015). Consistent with a role for epigenomic changes
in the decline of the heat shock response, overexpression of the
H3K27me3 demethylase KDM6B/JMJD-3.1 extends C. elegans
lifespan and improves stress tolerance (Labbadia and Morimoto,
2015). Thus, changes in the expression of histone-modifying
enzymes and the downstream effect on chromatin state and
gene expression can shape the ability of cells and animals to
withstand stress early during aging (Labbadia and Morimoto,
2015). This suggests the exciting idea that epigenomic changes
are one of the first to occur during aging and that these changes
trigger the emergence of other hallmarks of aging (Labbadia and
Morimoto, 2015).

Another means of responding to elevated levels of unfolded
proteins is the unfolded protein response (UPR). There are two
distinct UPRs—UPR™ and UPRER—that monitor and respond
to the presence of unfolded proteins in the mitochondria and
the endoplasmic reticulum, respectively. In addition to the pres-
ence of high levels of unfolded proteins in the mitochondria, the
UPR™ responds to unbalanced levels of nuclear:mitochondrial-
encoded oxidative phosphorylation enzymes, mtDNA depletion,
and decline of the respiratory chain (Schulz and Haynes, 2015).
In C. elegans, the UPR™ is activated primarily by a change in
the subcellular localization (from the mitochondria to the nu-
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cleus) of the transcription factor ATFS-1. Once present in the nu-
cleus, ATFS-1 regulates the expression of many genes, including
genes important for proteostasis, detoxification, and meta-
bolism (reviewed by Schulz and Haynes, 2015). In mammals,
the transcription factor CHOP mediates the UPR™ gene expres-
sion changes in response to unfolded proteins in the mitochon-
dria (Schulz and Haynes, 2015), although CHOP and ATFS-1 are
not evolutionarily related. Interestingly, changes in the methyl-
ation of H3K9 and H3K27 have recently been found to be
important for the induction of genes involved in the UPR™ in
C. elegans, mice, and human cells (Merkwirth et al., 2016; Tian
et al., 2016). Induction of the UPRER results in many transcrip-
tional changes through the activation of the transcription regula-
tors XBP1, NFkB, and ATF4 (Taylor, 2016). In C. elegans, the
XBP-1 branch of the UPRER declines relatively early with age
and overexpression of XBP-1 in neurons can extend lifespan,
suggesting an important role for the UPRER in longevity (re-
viewed by Taylor, 2016). Importantly, XBP1 and the UPRER
have also been found to play a role in human neurodegenerative
diseases, including Alzheimer’s disease, where UPRER/XBP1
activation is thought to be neuroprotective early in the disease
onset but then a contributor to neuronal death during later dis-
ease stages (reviewed by Taylor, 2016).

Neurodegenerative diseases, including Alzheimer’s disease,
are characterized by a loss of youthful proteostasis and an in-
crease in protein aggregation. Interestingly, a recent study using
human brain tissue identified dysregulation of the transcription
factor REST (also known as NRSF) as a key, early event in the
development of Alzheimer’s disease (Lu et al., 2014). REST,
and its invertebrate ortholog SPR-4, protects neurons from am-
yloid B-protein toxicity as well as oxidative stress (Lu et al., 2014).
Interestingly, loss of REST activity during early Alzheimer’s dis-
ease was associated with a global gain of the activating mark
H3K9ac (Lu et al., 2014), suggesting a potential link between
changes in REST, chromatin state, and proteostasis. The identi-
fication of early molecular changes, such as REST activity, in
neurodegenerative disease will be critical for the development
of therapeutics that could act to halt or reverse the cognitive
decline associated with neurodegenerative diseases.

Nutrient Sensing

Changes in nutrient sensing and signaling are important hallmarks
of aging (Lopez-Otin et al., 2013). Many of the nutrient-sensing
mechanisms in the cell are dysregulated with age. Interestingly,
nutrient sensing, mitochondria, and epigenomic regulation are in-
terconnected (Berger and Sassone-Corsi, 2015), and these links
are likely to be important for the progression of aging.

For example, sirtuins can regulate gene expression by deace-
tylating histone and non-histone substrates, and this activity de-
pends on a cofactor linked to the cellular energy status, NAD*
(nicotinamide adenine dinucleotide) (Houtkooper et al., 2012).
Changes in the availability of NAD* during aging can affect the
activity of the sirtuins, yielding altered gene expression and chro-
matin state with age. Because NAD™ levels are sensitive to diet
and exercise (Canto et al., 2015), the reliance of sirtuins on
NAD™* can also be taken advantage of to slow or reverse aging
using dietary changes or increased exercise (Guarente, 2013).

The cAMP-responsive element-binding protein (CREB) inter-
acts with many co-activators (cCAMP-regulated transcriptional
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co-activators, or CRTCs) to alter gene expression in response to
fasting and feeding signals (Altarejos and Montminy, 2011).
Consistent with an important role for this nutrient-sensing mech-
anism in longevity, knockdown of CRTC-1 in C. elegans extends
lifespan (Burkewitz et al., 2015). Many upstream players modu-
late the activity of these regulatory elements via phosphorylation
to allow this highly conserved regulatory system to respond to a
diversity of nutrient signals. For example, in response to short-
term fasting, CREB, CRTC2, TBP-association factor 4 (TAF-4),
and p300/CREB-binding protein (CBP) bind together and acti-
vate gluconeogenesis gene expression, whereas following
feeding, a different set of post-translational modifications
disrupts binding, alters subcellular localization, and promotes
degradation (Altarejos and Montminy, 2011). Interestingly, in
mammals, p300/CBP also acts as a CREB co-activator through
histone acetylation (e.g., H3K27ac and H3K14ac), suggesting a
link between nutrient sensing, chromatin, and gene expression
(Altarejos and Montminy, 2011).

AMPK, a pro-longevity protein kinase, is activated by low
cellular energy (Burkewitz et al., 2014). Through the phosphory-
lation of transcription factors, AMPK links cellular energy status
with transcription regulation. For example, AMPK-mediated
phosphorylation can promote longevity and gene expression
changes, in part by modulating the pro-longevity transcription
factor FOXO/DAF-16 (Greer et al., 2007). In contrast, AMPK-
mediated phosphorylation can also repress transcription factors
(and their transcriptional target genes) that are detrimental to life-
span, such as the transcriptional co-activator CRTC (Mair et al.,
2011). These examples suggest that changes in metabolism and
cellular energy availability can trigger changes in transcription
factor activity and gene expression during aging.

Cellular Changes: Senescence and Stem Cell
Exhaustion

An increase in the number of senescent cells and a decline in tis-
sue regeneration due to the loss of stem cell proliferation are
both hallmarks of aging (Lopez-Otin et al., 2013). Clearing senes-
cent cells from adult mice by inducing apoptosis with the drug
ABT263 or an inducible transgene rejuvenates hematopoietic
and muscle stem cells, slows the onset of age-related disease,
and increases lifespan (Baker et al., 2016; Chang et al., 2016).
These studies strongly support a role for senescent cells in the
progression of aging. Senescence can be triggered by several
factors, including DNA damage and telomere dysfunction (Rai
and Adams, 2012; Rodier and Campisi, 2011), two aspects of
aging that are intimately linked with chromatin. Interestingly,
knockdown of the histone acetyltransferase p300 results in hy-
poacetylation of histones H3 and H4 and an increase in senes-
cence in human cells, providing evidence for a causative link be-
tween changes in chromatin state and senescence (Prieur et al.,
2011). Importantly, this chromatin-based induction of senes-
cence occurred independently of other mechanisms of inducing
senescence, including DNA damage and activation of the CDK
inhibition pathway (p53/p21/p16) (Prieur et al., 2011). The redis-
tribution of heterochromatin is also emerging as a key player in
increased senescence and stem cell loss with age. Patients
with the progeroid diseases HGPS and Werner syndrome have
abnormally high levels of senescent cells and low proliferative
potential, and these changes are thought to be the result of a

loss of lamin-associated heterochromatin (Shumaker et al.,
2006; Zhang et al., 2015b). Senescence is also associated with
heterochromatin gains in the form of H3K9me2/3-enriched
senescence-associated heterochromatin foci (Rai and Adams,
2012). Importantly, senescence-associated heterochromatin
foci are comprised of genomic regions distinct from lamin-
associated genomic regions that experience a loss of hetero-
chromatin in progeroid models (Rai and Adams, 2012; Zhang
et al., 2015b). Together, these studies provide strong evidence
that links epigenomic changes with senescence.

The transcription factor p53 is a key regulator of senescence
and can respond to many of the known triggers of senescence.
For example, nuclear lamin defects can activate p53 and induce
expression of p53 target genes (Varela et al., 2005). p53 also pro-
motes senescence in response to DNA damage and telomere
attrition (Rufini et al., 2013). Interestingly, a mouse mutant that
prevents the post-translational activating modification of p53 in
response to DNA damage is short lived, suggesting that the ac-
tivity of p53 is important for longevity. Importantly, too much
p53 activity, for example, from constitutive activation, is also
detrimental to longevity (reviewed by Rufini et al., 2013). Thus,
appropriate regulation of the transcription factor p53 is key for
longevity, and its dysregulation can lead to more rapid aging
and increased senescence.

Stem cell exhaustion and a decline in stem cell function can
result from the induction of senescence as well as from altered
epigenomic regulation (Beerman and Rossi, 2015). Compared
to youthful stem cells, aged stem cell populations have a unique
chromatin state and gene expression profile (Beerman et al.,
2013; Liu et al., 2013; Sun et al., 2014). Appropriate epigenomic
regulation is key to stem cell function and differentiation, and
thus, these epigenomic changes are likely to contribute to the
progression of aging by altering the regenerative capacity of an
animal (Beerman and Rossi, 2015).

Altered Intercellular Communication

Intercellular communication is important for the health of an an-
imal and can become altered with age. This hallmark of aging
includes hormonal signaling (e.g., insulin/IGF signaling) as well
as changes to the immune system (Lopez-Otin et al., 2013).
Here, we will focus on the role of chromatin and transcription
regulation in the age-dependent increase in the inflammatory
response (“inflammaging”). Increased numbers of senescent
cells with age are an important contributor to the age-associated
increase in inflammation because senescent cells secrete a large
number of pro-inflammatory proteins (senescence-associated
secretory phenotype, or SASP) (Rodier and Campisi, 2011).
Thus, age-dependent epigenomic changes associated with the
induction of senescence may underlie inflammaging. Consistent
with this idea, the H3K4 methyltransferase MLL1 is required for
expression of SASP-related genes and promotes increased
inflammation (Capell et al., 2016). Furthermore, the senes-
cence-triggered appearance of H3K27me3-depleted “canyons”
within genic and enhancer regions is associated with upregula-
tion of SASP-related genes (Shah et al., 2013). Thus, epigenomic
changes during senescence are important contributors to age-
associated increased inflammation.

Further evidence for the role of inflammation in aging comes
from gene expression studies. Inflammatory pathways and genes
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Figure 4. The Aging Snowball Effect

Aging is the result of the accumulation of dysregulation and damage in a
snowball effect that eventually ends in death. A small change or dysfunction of
a cellular protective mechanism (for example, transcriptional networks or
chromatin state) can begin the aging process by triggering the emergence of
other age-associated changes. However, the aging snowball effect and the
appearance of age-associated disease and dysfunction can be delayed or
even reversed using aging therapeutics and interventions (reprogramming,
parabiosis, epigenetic drugs, exercise, and diet). Eventually, the accumulation
of age-associated changes may become so great that a “point of no return” is
reached and interventions cannot extend lifespan or healthspan.

are upregulated in older animals, including humans (Tilstra et al.,
2011). The pro-inflammatory transcription factors NF-kB, STAT1,
and STAT3 are mediating many of these changes (O’Brown et al.,
2015; Tilstraetal.,2011). Consistent with a causative role in aging,
the activity of these transcription factors increases with age in hu-
mans, and reducing NF-«B activity ameliorates mouse models of
progeria and reverses age-associated pathology (O’Brown et al.,
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2015; Tilstra et al., 2011). NF-kB is regulated by many upstream
factors and regulators including cytokines, growth factors, the
deacetylases SIRT1 and SIRT6, and the transcription factor
FOXO (Kawahara et al., 2009; Salminen et al., 2008). Together,
these upstream regulators and increased pro-inflammatory cyto-
kines from senescent cells lead to increased NF-«B activity and
gene expression changes with age. Moreover, NF-kB activates
the expression of the H3K27me3 demethylase Jmjd3 in immune
cells, leading to a loss of H3K27me3 (De Santa et al., 2007).
Thus, age-associated increased NF-«B activity could alter the
chromatin state of an aging cell by directly increasing the expres-
sion of a histone-modifying enzyme. It will be interesting to deter-
mine the extent to which chromatin state is altered as a result of
changes in the inflammatory milieu with age.
Environmental Signals
Recently, several other important effectors of the aging process
have emerged. Inter-individual (social) interactions and social
caste may be linked with longevity through chromatin marks. In
C. elegans, the presence of males shortens hermaphrodite life-
span (Maures et al., 2014; Shi and Murphy, 2014), and this phe-
nomenon may involve male-induced changes in chromatin via
the H3K27me3 demethylase UTX-1 (Maures et al., 2014). Social
insects may also provide unique insights into the regulation of
longevity; the social castes of ants and bees have distinct behav-
iors, reproductive capacity, and lifespans that could serve as a
model for the role of chromatin in aging. Comparisons betweenin-
dividuals from different castes have revealed that they have caste-
specific DNA methylation and H3K27ac patterns that are function-
ally important for their behavior (Simola et al., 2016; Yan et al.,
2015). It is unknown if caste-specific chromatin states affect life-
span, but this will be an exciting question to address in the future.
The dysregulation of circadian rhythm has recently been iden-
tified as a hallmark of aging (Kondratov, 2007; Orozco-Solis and
Sassone-Corsi, 2014). Genetic and environmental manipulations
that perturb circadian rhythm shorten lifespan and result in meta-
bolic defects and diseases including obesity and diabetes (Kon-
dratov, 2007). Consistent with a link between metabolism and
circadian rhythm, the ability of caloric restriction to extend
Drosophila lifespan and improve fat metabolism depends on
circadian regulation (Katewa et al., 2016). Interestingly, the
NAD*-dependent deacetylase SIRT1 may be a molecular link
between metabolism, circadian rhythm, and aging (Orozco-Solis
and Sassone-Corsi, 2014). SIRT1 activity is circadian, and
through an interaction with components of the circadian tran-
scription regulatory network and an H3K4 methyltransferase,
SIRT1 helps to control circadian gene expression patterns (Agui-
lar-Arnal et al., 2015; Orozco-Solis and Sassone-Corsi, 2014).
Independently of metabolism, chromatin and nucleosome re-
modeling are important contributors to the control of circadian
rhythm (Kim et al., 2014; Tamayo et al., 2015). Because of the
importance of precise gene regulation for circadian rhythm,
age-dependent epigenomic alterations could result in a disrup-
tion of circadian rhythm. In addition, the dysregulation of circa-
dian gene expression could itself disrupt the epigenome.

Anti-aging Interventions
Once aging has begun and age-associated changes accumu-
late, is it possible to stop the progression of aging or even to
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return to a more youthful state? Given the interconnectedness of
the hallmarks of aging, a therapeutic that directly impacts only
one contributor to aging could ameliorate other hallmarks of ag-
ing. As described above, epigenomic regulation is highly con-
nected to the other hallmarks of aging, and dysregulation of
gene expression and the epigenome promote the progression
of aging. Thus, a therapeutic that restores the regulatory land-
scape could have a far-reaching impact in slowing or reversing
the progression of aging (Rando and Chang, 2012). Consistent
with this idea, genetic manipulations that affect chromatin state
and chromatin modifiers can increase lifespan (reviewed by Be-
nayoun et al., 2015). If an intervention or therapeutic is able to
rejuvenate an organism, it would be able to reverse the appear-
ance of some or all of the hallmarks of aging, even when initiated
in an older organism. For example, the intervention might restore
the patterning of histone marks to a more youthful state. Several
interventions have shown promise for rejuvenation and ameliora-
tion of the hallmarks of aging: parabiosis, increased exercise,
changes in diet, and reprogramming. Recently developed drugs
targeting epigenetic modifiers may also provide a targeted
way to slow aging. Some of these interventions can rejuvenate
some hallmarks in an old animal and restore it to a more youthful
state, while others may primarily act to slow the progression of
aging without reversing it (Figure 4). Here we will discuss the po-
tential effect of the major interventions on the aging epigenome.
Parabiosis

Heterochronic parabiosis (a technique that links the circulatory
systems of an old and young animal) can “rejuvenate” several
hallmarks of aging in an old mouse (Conboy et al., 2005; Sinha
et al., 2014). Many of the molecular signatures of aging, including
stem cell exhaustion, altered intercellular signaling, and a loss of
genome integrity, are reversed in an old mouse as a result of het-
erochronic parabiosis, suggesting that the epigenome and gene
expression could also be restored to a more youthful state by this
treatment (Rando and Chang, 2012; Sinha et al., 2014) (Figure 4).
Epigenetic state (including chromatin marks and gene expres-
sion) are highly responsive to the environment, and, therefore,
one might expect that exposure to more youthful circulating fac-
tors could reverse or slow the appearance of age-related epige-
netic changes. In the future, it will be interesting to determine if
heterochronic parabiosis can restore a more youthful epigenome
and if the previously observed, rejuvenating effects of parabiosis
are dependent on epigenetic changes.

Exercise and Diet

Exercise and dietary changes, including caloric restriction and
intermittent fasting, can slow and even reverse the progression
of aging (Brandhorst et al., 2015; Fontana and Partridge, 2015;
Garatachea et al., 2015; Mercken et al., 2012) (Figure 4). There
are also drugs, such as rapamycin and metformin, that are
able to mimic the effects of exercise and diet changes (Mercken
et al., 2012). Changes in diet and exercise impact the activity of
various longevity regulatory mechanisms, including insulin/IGF
signaling and the nutrient-sensing kinase AMPK, and can alter
the expression of many genes (Fontana and Partridge, 2015;
Garatachea et al., 2015). The effects of caloric restriction can
be long lasting and even be passed on to the next generation
(Fontana and Partridge, 2015). Recently, it was reported that
caloric restriction in yeast involves nucleosome remodeling

(Dang et al., 2014). This result may point toward a possible chro-
matin-based mechanism for the persistence of the pro-longevity
effects of dietary changes. Importantly, the initiation timing and
duration of these metabolic interventions (exercise and diet
changes) can alter their effect on longevity, suggesting that
context is an important factor and that these are not “one size
fits all” interventions (Fontana and Partridge, 2015).
Reprogramming

The ability of an old nucleus to become pluripotent and youthful
again is a phenomenon that occurs as a result of fertilization and
that can be mimicked in the lab through nuclear transfer or by
inducing pluripotency through the expression of particular tran-
scription factors (Rando and Chang, 2012). While it is clear that
fertilization completely resets the aging clock, the extent to
which laboratory induction of pluripotency can reset the aging
clock is an ongoing question. Reprogramming cells from elderly
humans (as old as 101 years of age) into pluripotent cells erases
many of the hallmarks of aging and restores a youthful gene
expression profile that is maintained during differentiation (La-
passet et al., 2011; Mertens et al., 2015). This suggests that re-
programming can reset the aging clock even for very old cells
and could indicate that there is no point during aging when this
therapeutic would not be effective (Figure 4). However, induced
neurons from old cells retain some age-associated phenotypes
(Mertens et al., 2015), suggesting that passage through a fully
pluripotent state may be necessary to completely reset the aging
clock. The induction of pluripotency and the trans-differentiation
of cells require different sets of transcription factors (Graf, 2011)
and are thus likely to result in distinct changes in transcriptional
networks and chromatin state. Comparing the transcriptional
networks and chromatin states of cells that have passed through
a fully pluripotent state versus trans-differentiation may provide
exciting insights into which epigenomic changes are necessary
to reset the aging clock by reprogramming.

Epigenetic Drugs: Potential Therapeutics?

Several chemical inhibitors of chromatin-modifying enzymes
have been recently developed (Helin and Dhanak, 2013). Given
the important role of chromatin modifications in the progression
of aging, it is possible that these drugs could be utilized to slow
the progression of aging or to treat age-related diseases. One
example of an epigenetic targeting drug is Remodelin, a small
molecule that inhibits the acetyl-transferase protein NAT10 (Lar-
rieu et al., 2014). Excitingly, when cells derived from patients
with the progeria disease HGPS were treated with the drug
Remodelin, the cells had improved nuclear architecture and
increased chromatin compaction, consistent with a gain of het-
erochromatin (Larrieu et al., 2014). While the ability of this drug
to slow the progression of normal aging has not been tested,
epigenetic targeting drugs hold promise as new therapeutics
for slowing or reversing the hallmarks of aging. Identifying com-
pounds that specifically target the chromatin features that are
most affected with age, and identifying ways to deliver these
compounds in a specific manner to target tissues and cells,
will be critical.

Outlook

Aging is a gradual process that ultimately ends in the death of
an organism. Together, numerous studies in different model
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organisms have revealed that aging is the result of dysfunction of
a complex network that maintains organismal health, tissue ho-
meostasis, and stress resistance. The elucidation of exactly how
this network is connected and how it begins to go awry will be
key to understanding aging. Gene regulation is a crucial hub in
this network; epigenetic marks and transcription factors are
pivotal for nearly every cellular process, and age-associated
changes in gene regulation could in turn trigger the emergence
of other hallmarks of aging in a snowball effect (Figure 4).

While it is clear that epigenomic changes are an important
aspect of the progression of aging, it is unclear exactly how
these changes arise. Because most genomic profiling experi-
ments have been performed using whole tissues or whole organ-
isms, two mechanisms could underlie the observed, age-associ-
ated epigenomic changes: (1) the exact cellular composition of a
tissue or organism may change with age (even within highly pu-
rified populations of cells), and/or (2) the gene expression and
chromatin state within the cells that normally reside in a partic-
ular tissue may change. Newly developed technologies that pro-
file single cells (e.g., assay for transposase-accessible chro-
matin sequencing [ATAC-seq] and RNA sequencing [RNA-seq])
will help to address this crucial question (Wang and Navin,
2015). Indeed, age-associated gene expression changes have
recently been identified at the single-cell level in hematopoietic
stem and progenitor cells (Kowalczyk et al., 2015), suggesting
that at least for some tissues, changes in the cellular composition
of a tissue with age cannot fully explain age-associated epige-
nomic dysregulation. Untangling cell composition changes
from cell-intrinsic changes will be particularly important for un-
derstanding which epigenomic features could serve as reliable
biomarkers of age.

Significant progress has been made in increasing our under-
standing of the epigenomic changes that occur with age. How-
ever, mysteries still abound. First, the molecular players in
gene regulation are numerous and many more chromatin marks
and even transcription factor families are still being discovered
(Lohse et al., 2010; Luo et al., 2015). A more systematic under-
standing of the role and precise timing of age-associated
changes in well-known and newly discovered or poorly under-
stood transcription factors, histone marks, and DNA methylation
states could provide unique insight into aging. Simple model
organisms, such as S. cerevisiae, C. elegans, and Drosophila,
provide an essential experimental platform for the detailed and
systematic probing of the role of epigenomic changes with
age. The ability to perform precise genome editing and to subtly
manipulate these simple model systems will allow us to gain a
better understanding of the extent to which the small epigenomic
changes that accumulate during normal aging could overwhelm
the cellular “buffering” mechanisms and throw cellular pathways
into disequilibrium. Additionally, their short lifespan and ease of
cultivation make it possible to profile the progression of aging
at a very fine timescale and precisely identify which hallmarks
of aging are the first to go awry.

Another key point in the role of epigenomic changes with age
is how malleable versus stable epigenomic networks are. Under-
standing how environmental stimuli can modulate these net-
works will not only increase our understanding of aging, but
could also lead to the discovery of new (or repurposed) com-
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pounds that can slow or even reverse the progression of aging.
Indeed, while compounds targeting transcription factor activity
are notoriously difficult to generate and use, compounds that
affect chromatin-modifying enzymes have recently been used
to successfully treat cancer (Helin and Dhanak, 2013). It would
be interesting to test if some of these compounds that take
advantage of the malleability of epigenomic networks could be
repurposed for aging or other aging-related diseases. On the
other side of the spectrum, the stable aspect of some chromatin
changes raises the important possibility that some changes that
occur very early (for example, during development) could affect
the course of aging in adults. In fact, changes in one generation
could even influence the gametes and perhaps be passed on to
next generations (Lim and Brunet, 2013). It will be important to
understand further the role of chromatin modifiers in the transge-
nerational effects of lifespan.

Finally, we do not fully understand the molecular basis of inter-
and intra-species lifespan differences. The diversity of lifespans
between species, even closely related species, illustrates that
aging and longevity evolve and suggests that unique molecular
mechanisms may underlie the exceptionally long or short life-
spans found in nature. Interestingly, the evolution of transcription
regulatory networks is a rich source of phenotypic diversity (Car-
roll, 2008). Whether similar evolutionary changes could underlie
the diversity of lifespans is an open question. However, it seems
likely that this will be the case because not only are changes in
gene expression and regulation common throughout evolution,
but these changes can also profoundly impact the ability of a
cell or organism to withstand stress in a changing environment
and throughout an animal’s lifespan.

Lifespan differences also exist between individuals of the
same species. For example, sexual dimorphisms in genetics
(due to the presence of a different chromosome) and epigenetics
(due to the induction of different gene expression programs)
could inform the molecular basis of sex-specific lifespans, age-
related disease susceptibility, and responses to interventions.
The study of “extreme” versions of individual-to-individual life-
span variation (for example, in social insect castes) is likely to
reveal that this variation is primarily the result of epigenetic differ-
ences, and could serve as a great model to provide key insights
into the role of epigenomic changes in longevity variation. A bet-
ter understanding of individual-to-individual variations in lifespan
trajectories, even among genetically identical animals, and how
epigenomic changes could contribute to these different trajec-
tories, will be critical to our understanding of mysteries of aging.
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