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Abstract

The aging process results in significant epigenetic changes at all levels of chromatin and DNA
organization. These include reduced global heterochromatin, nucleosome remodeling and loss,
changes in histone marks, global DNA hypomethylation with CpG island hypermethylation, and
the relocalization of chromatin modifying factors. Exactly how and why these changes occur is not
fully understood, but evidence that these epigenetic changes affect longevity and may cause aging,
is growing. Excitingly, new studies show that age-related epigenetic changes can be reversed with
interventions such as cyclic expression of the Yamanaka reprogramming factors. This review
presents a summary of epigenetic changes that occur in aging, highlights studies indicating that
epigenetic changes may contribute to the aging process and outlines the current state of research
into interventions to reprogram age-related epigenetic changes.
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Introduction

The term “epigenetics” is thrown around a lot. Originally, it was coined to describe heritable
changes that were non-mendelian, but use of the term has evolved. These days, “epigenetics”
more generally refers to all non-genomic information storage in cells including gene
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networks, chromatin structure and post-translational modifications to histones. With aging,
there are distinct changes across the epigenome from DNA modifications to alterations in
global chromatin organization. But key questions remain unanswered: How and why do
these changes occur? Do these changes drive disease and aging? Are they reversible?

Genomic organization is determined by the complex structure of chromatin (Figure 1). The
basic unit of chromatin is the nucleosome, which is made up of 147 DNA base pairs
wrapped around an octamer of histone proteins. This octamer usually comprises two copies
each of H2A, H2B, H3 and H4 (Luger et al. 1997; Hansen 2002). Within nucleosomes, both
histones and the DNA itself are subject to a range of chemical modifications that affect the
chromatin structure and ultimately the expression of genes. Chromatin falls into one of two
major subtypes: euchromatin, in which the chromatin is open and transcriptionally active
and heterochromatin, in which the chromatin is tightly closed and transcriptionally silent
(Wallrath 1998; Grewal and Moazed 2003). Regulating the epigenetic network are factors
that modify chromatin including DNA- and histone-modifying enzymes, transcription
factors, and the more recently identified noncoding RNAs (nCRNAS).

With aging there are distinct epigenetic changes including reduced global heterochromatin,
formation of distinct heterochromatin foci, remodeling and loss of nucleosomes, changes in
the abundance of histone variants, altered histone marks, global hypomethylation of DNA
with distinct areas of hypermethylation, changes in ncRNA abundance, and relocalization of
chromatin-modifying factors (Figure 1 and Table 1). Consequences of these epigenetic
changes include increased genomic instability (Sinclair et al. 1998a; Hu et al. 2014) and
distinct changes in gene expression with aging characterized by a loss of silencing, increased
translation and increased expression of retrotransposons (Zahn et al. 2007; Budovskaya et al.
2008; Baumgart et al. 2014). Epigenetic changes may contribute to many of the hallmarks of
aging including cellular senescence and mitochondrial dysfunction (Lopez-Otin et al. 2013;
Booth and Brunet 2016). One of the most exciting recent discoveries in this field is the
discovery that age-related epigenetic changes in cells and organisms can be reset with
reprogramming and that this results in the reversal of many age-related phenotypes
(Ocampo, Reddy, and Belmonte 2016).

This article will review the literature on the epigenetic hallmarks of aging including
evidence from preclinical and clinical studies. We will also discuss the potential to delay or
reverse these epigenetic changes with dietary interventions, pharmaceutical approaches, or
cellular reprogramming.

Epigenetic changes with aging

Reduced global heterochromatin

Transcriptionally inactive heterochromatin is characterized by the presence of
heterochromatin protein (HP1), linker histones (eg H1), decreased histone acetylation and
increased histone mark H3K9me3 (Oberdoerffer and Sinclair 2007; Tsurumi and Li 2012).
With age there is a global reduction in heterochromatin along with a reduction in HP1 and
H3K9me3 levels. This global decrease is observed in Caenorhabditis elegans (Haithcock et
al. 2005), Drosophila (Brandt et al. 2008; Wood et al. 2010; Larson et al. 2012), senescent
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human fibroblasts (Scaffidi and Misteli 2006) and fibroblasts from Hutchinson-Gilford
Progeria Syndrome (HGPS) and Werner syndrome progeria patients (Scaffidi and Misteli
2006; Shumaker et al. 2006; Zhang et al. 2015). In particular, regions that are normally
heterochromatic, such as telomeres and pericentromeres, become more euchromatic as
organisms age, from yeast to mammals (Sinclair et al. 1998b; Sedivy et al. 2008).

The first clues that aging is caused by epigenetic changes came from the discovery that a
mutation in a yeast gene called silent information regulator, S/R2, extended lifespan by
relocalizing the NAD*-dependent Sir2 histone deacetylase to regions of DNA instability,
such as DNA breaks and recombination occurring at the ribosomal DNA (rDNA). In doing
so, it relieved silencing at the mating type loci that controls cell identity, resulting in sterility,
a hallmark of yeast aging (Kennedy et al. 1997; Sinclair and Guarente 1997; Imai et al.
2000). These findings gave rise to the idea that aging might be caused by a loss of
heterochromatin (Sinclair et al. 1997; Villeponteau 1997; Imai and Kitano 1998). Consistent
with this, upregulation of Sir2 proteins in yeast and other organisms were found to extend
lifespan (Kaeberlein et al. 1999; Lamming 2005). The Relocalization of Chromatin
Modifiers Hypothesis of Aging (RCM) is discussed further in Section “Re-localization of
chromatin modifiers (RCM)”.

Studies of accelerated aging syndromes or progerias indicate that the nuclear envelope may
also have a role in contributing to heterochromatin loss with age. Hutchinson-Gilford
progeria syndrome (HGPS) is caused by a truncated form of lamin A and results in a
reduction in heterochromatin accompanied by reduced HP1 and lower levels of H3K9me3
(Scaffidi and Misteli 2006; Shumaker et al. 2006). In normal aging, there are also changes to
lamin A that may contribute to the reduction in heterochromatin (Scaffidi and Misteli 2006).
Whether it is lamin defects, heterochromatin loss, or the two processes combined, that drive
human aging remains unknown, though there are tantalizing clues.

Senescence-associated heterochromatin foci (SAHFs)

With increasing age, as cells head toward or enter senescence, domains of heterochromatin
form, known as senescent-associated heterochromatin foci (SAHFs). SAHFs are
characterized by increased HP1, H3K9me3 marks, macroH2A and high-mobility group A
(HMGA) protein binding (Narita et al. 2006).

SAHFs were originally thought to be a distinguishing feature of senescent cells (Narita et al.
2003) but they are now believed to occur in old non-senescent cells as well. SAHFs occur in
a wide variety of cell types in culture (Narita et al. 2003, 2006; Zhang et al. 2005) and can
be detected in the tissues of old mice (Kreiling et al. 2012) and baboons (Herbig et al. 2006;
Kreiling et al. 2012). The formation of SAHFs is a nonstochastic process known as
heterochromatin redistribution (Sedivy et al. 2008). This redistribution involves
heterochromatin decondensation followed by the formation of heterochromatin foci at
previously euchromatin regions, a process driven by H3K9 trimethylation, HP1 binding and
the subsequent inclusion of macroH2A. This process involves a variety of heterochromatin
proteins including histone chaperones HIRA and Asfl and H3K9 methyltransferases Suv39
h1 and h2 (Zhang et al. 2005, 2007; Narita et al. 2006; Sedivy et al. 2008; Tsurumi and Li
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2012). SAHFs specifically form at loci of proliferative genes such as E2F target genes where
they act to silence their expression (Narita et al. 2003; Sedivy et al. 2008).

Nucleosome remodeling and loss

With increasing age, there are changes to nucleosome positioning and occupancy, reduced
bulk levels of core histones that make up nucleosomes, and replacement of the canonical
histones with histone variants such as H3.3. Our understanding of the mechanisms of
nucleo-some loss in aging has primarily come from yeast. During yeast aging, nucleosome
occupancy decreases by up to 50% across the genome (Hu et al. 2014) and up to half of the
core histone proteins are lost with age (Dang et al. 2009; Feser et al. 2010). Nucleosome
occupancy decreases as a result of both a reduction in the amount of core histones produced
and a change in the activity of histone chaperones (Feser et al. 2010; Liu, Cheung, et al.
2013). There is a decline in protein synthesis of histones with age despite increased
transcription across the genome (Lesur and Campbell 2004; Dang et al. 2009; Feser et al.
2010). Loss of histones may be due to a loss of translation (Feser et al. 2010; O’Sullivan et
al. 2010b) or perhaps changes in gene expression as a result of histone mark changes at his-
tone-coding genes (see Section “Changing post-translational modifications of histones”).
Reduced histone protein synthesis results in a loss of histones particularly at subtelomeric
regions (Dang et al. 2009) and ultimately reduced nucleosome occupancy and changed
nucleosome positioning on particular DNA sequences (Hu et al. 2014). Reduced core
histone proteins with aging are also seen in worms (Ni et al. 2012), aging human primary
fibroblasts (O’Sullivan et al. 2010b) and senescent human cells (Ivanov et al. 2013).

During aging in yeast and mammals, the abundance of histone protein variants also
increases. These are non-canonical histone proteins that are structurally distinct from the
canonical proteins and perform specialized functions (Kamakaka and Biggins 2005; Skene
and Henikoff 2013). An example is histone H3.3 which is expressed constitutively in cells
unlike the canonical H3.1 which is mostly expressed in S phase. It follows then that in
senescent cells, which are no longer dividing, and in the aging mouse brain, that H3.3 is a
more common form than H3.1 (Maze et al. 2015). Another noncanonical N-terminal cleaved
form of H3.3, H3.3cs1, is also more abundant in senescent cells. H3.3cs1 has a role in the
silencing of Rb/E2F target genes which regulate the cell cycle (Duarte et al. 2015),
indicating that H3.3cs1 may act as a modulator of senescence. Furthermore, overexpression
of H3.3 or H3.3cs1 in cells is sufficient to induce senescence, indicating that these histone
changes might be a driver of aging (Duarte et al. 2015; Maze et al. 2015).

Another age-related histone variant is macroH2A. Levels of macroH2A increase with aging
in mice, primates and in senescent human fibroblasts (Kreiling et al. 2012). The macroH2A
protein promotes transcriptional silencing (Pasque et al. 2011; Gaspar-maia et al. 2013) and
is abundant in SAHF (Zhang et al. 2005, 2007). In senescent cells, macroH2A relocalizes
from senescence-associated secretory phenotype (SASP)-related genes to SAHF
heterochromatic foci, where it promotes transcriptional silencing (Pasque et al. 2011,
Gaspar-maia et al. 2013; Chen et al. 2015; Kozlowski and Ladurner 2015). Knockout of
macroH2A in senescent cells reduces SASP indicating that macroH2A may promote the
SASP response (Chen et al. 2015; Kozlowski and Ladurner 2015). We have suggested that,
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like the yeast relocalization of sirtuin proteins to DNA damage and the activation of mating
type genes that promote DNA repair, this mammalian response may also be part of an
ancient stress response, one that results in chronic inflammation (Oberdoerffer and Sinclair
2007).

In yeast, the age-related changes in nucleosome abundance cause a global upregulation of
gene expression and increased genomic instability including increased DNA breaks,
damaged foci formation, translocations, increases in retrotransposons and the insertion of
mitochondrial DNA into nuclear DNA (Hu et al. 2014). Interestingly if the age-related loss
of histones H3 and H4 is suppressed by overexpressing their two genes, or the genes that
degrade these proteins are deleted, then yeast replicative lifespan increases (Feser et al.
2010; Ivanov et al. 2013; Hu et al. 2014; McCormick et al. 2015) and the genetic instability
is prevented (Sinclair and Guarente 1997; Hu et al. 2014).

Nucleosome remodeling complexes are ATP-dependent complexes that work in combination
with other proteins such as histone-modifying enzymes to remodel nucleosomes at specific
locations, allowing them to become open and dynamic (Clapier and Cairns 2009). Several
studies have identified a role for these complexes in aging and longevity. For example, in the
nematode C. elegans, knockdown of a specific subunit of the nucleosome remodeling and
histone deacetylase (NURD) chromatin remodeling complex (LET-218/Mi2 subunit)
resulted in increased lifespan (Vaux et al. 2013). Knockout of other subunits of the complex,
however, did not increase longevity, for reasons that are unclear (Vaux et al. 2013).
Interestingly, in humans, components of this same NURD chromatin remodeling complex
(particularly RBBP4 and RBBP7) are reduced with increasing age, as is seen in cells from
progeroid HGPS patients and in aging fibroblasts (Pegoraro et al. 2009). In yeast,
knockdown of the nucleosome remodeling complex Isw2 increases lifespan (Dang et al.
2015) and in worms nucleosome remodeling complex SWI/SNF was identifies as a crucial
cofactor for the longevity extending effects of DAF-16 (Riedel et al. 2013).

Changing post-translational modifications of histones

During aging, histones are post-translationally modified by a variety of histone-modifying
enzymes. By promoting or inhibiting the recruitment of transcriptional complexes, post-
translational modifications are essential for the control of gene expression (Lauberth et al.
2013; Pal and Tyler 2016). They also facilitate DNA repair, DNA replication and chromatin
condensation (Pal and Tyler 2016). There are thousands of possible histone modifications
and although we know the basics, the complete set of functions for each modification is not
yet known (Kouzarides 2007; Bannister and Kouzarides 2011; Tan et al. 2011). Histone
marks are commonly referred to by the specific modification that is seen at the amino acid
target (e.g. lysine, K) on a specific histone protein (e.g. H3). For example, H3K4me3 refers
to a trimethylation at lysine 4 on H3. Marks that are associated with transcriptional silencing
and the formation of heterochromatin include H3K9me3, H3K27me3, H4K20me2 and
H3K56ac. Conversely, some marks are associated with active transcription such as
H3K4me3 and H4K16ac.

As organisms age, there are clear changes to both the global and specific histone mark
patterns. Globally, there is an overall increase in activating marks and a decrease in

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kane and Sinclair

Page 6

repressive marks (Benayoun et al. 2015), although the specific pattern of histone
modifications differs between organisms, between tissues of the same individual, and even
between cells in the same tissue. A recent single cell analysis of human peripheral blood
mononuclear cells detected cell type-specific changes to histone modifications during aging,
with an overall increased heterogeneity between both cells and individuals (Cheung et al.
2018). These changing patterns with age may also contribute to the aging process and
longevity. Alterations in the activity or abundance of histone modifying proteins, including
methyltransferases, demethylases, acetylases and deactylases, have significant effects on
lifespan in aging yeast, worm and fly models. For example, a screen for genes that extend
the lifespan of C. elegans identified the histone methyltransferases ASH-2, SET-2, SET-9,
SET-26 and demethylase UTX-1 (Hamilton et al. 2005; Ni et al. 2012).

H3K27me3 is a repressive histone mark, with a variety of roles. In embryonic stem cells,
H3K27me3 is a distinctive mark of poised enhancers which are activated during
differentiation and modulate the transcription of specific genes that establish and maintain
cell identity (Zentner et al. 2011; Calo and Wysocka 2013). In Drosophila, H3K27me3 also
has a role in determining topologically associated domains (TADs) of the genome, which
can be broadly classified as either areas of low H3K27me3 marks which contain
housekeeping genes, and areas of high H3K27me3 marks which contain regulated genes (EI-
Sharnouby et al. 2017). H3K27me3 is altered in a variety of cell types and species during
aging. For example, in the killifish brain, mouse muscle stem cells (Sun et al. 2014;
Schwoerer et al. 2016) and brain tissue from the senescent accelerated mouse SAMP8
(Wang et al. 2010), there are increased levels of H3K27me3 with increasing age (Liu,
Cheung, et al. 2013; Baumgart et al. 2014). In C. elegans and fibroblasts from HGPS and
Werner syndrome progeria patients, however, there are decreased levels of H3K27me3
(Shumaker et al. 2006; Maures et al. 2011; Ni et al. 2012; Zhang et al. 2015). These
differences in global levels across tissues are likely due to locus-specific changes in histone
marks. For example, while aged mouse hematopoietic stem cells and senescent human lung
fibroblasts have an overall increased prevalence of H3K27me3, there are also areas where
this mark decreases (Shah et al. 2014; Sun et al. 2014). Interestingly, long-lived naked mole
rats have much higher levels of the repressive mark H3K27me3 than even old mice (Tan et
al. 2017), and perhaps increased levels of this repressive mark contribute to the longevity of
these rodents.

There is additional evidence that changes in H3K27me3 determine lifespan. The methylation
status of H3K27 is controlled by the demethylases UTX-1, KDM6B/IMJD-3, PHF8/
JMJD-1.2 and the methyltransferases Polycomb and SET-26. Though it is lethal in mice
(Welstead et al. 2012), in C. elegans knockdown of UTX-1 extends lifespan by up to 29%
(Maures et al. 2011), indicating that certain levels of methylation may be beneficial. Most
other work, however, indicates that longevity benefits come from increased demethylation
(Jin et al. 2011; Maures et al. 2011; Booth and Brunet 2016). For example, overexpression
of the demethylases KDM6B/JMJD-3 or PHF8/IMJD-1.2 increases lifespan in C. elegans
and in mice (Labbadia et al. 2015; Merkwirth et al. 2016). Knockout of methyltransferases
SET-26 and polycomb increase lifespan in C. elegansand Drosophila respectively (Siebold
etal. 2010; Ni et al. 2012).
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H3K4me3 is an active histone mark that also changes in a variety of cell types and
organisms during aging. As Drosophila age, there is an overall global decrease in this
histone mark (Wood et al. 2010). Conversely, in mouse hematopoietic stem cells, there is a
global increase in H3K4me3 marks, most notably at genes that regulate cell identity and
self-renewal. As human fibro-blasts senesce, H3K4me3 marks both increase and decrease,
depending on the locus (Shah et al. 2013; Benayoun et al. 2015; Chen et al. 2015).
Manipulation of enzymes involved in H3K4 methylation alters longevity in simple
metazoans, demonstrating a causal role for these marks in lifespan. For example, in C.
elegans over-expression of the demethylase RBR-2 (Greer et al. 2010) or knockout of the
H3K4 methyltransferase SETD1A/SET-2 increases lifespan (Greer et al. 2010) and in both
C. elegans and Drosophilaloss of the demethylase KDM5B/RBR-1 shortens lifespan (Greer
et al. 2010; Li et al. 2010). Together, these studies imply that reduced H3K4me3 marks
contribute to increased longevity, though it likely depends on which loci are demethylated.

H3K36me3 is a histone mark associated with transcriptional elongation and splicing in
diverse organisms. Aged Drosophilahave lower levels of H3K36me3 (Wang et al. 2010) as
does brain tissue of the accelerated senescence mouse SAMP8 (Wood et al. 2010). Low
levels of this mark are associated with greater gene expression change, implying that loss of
these marks with age may be a contributor to aberrant gene expression that may contribute to
aging (Pu et al. 2015). Consistent with this, loss of H3K36me3 marks in budding yeast is
correlated with a shorter lifespan (Sen et al. 2015) and the deletion of a H3K36me3
demethylase extends both yeast and C. elegans lifespan (Ni et al. 2012; Sen et al. 2015).

H3K56Ac is a histone mark involved in chromatin assembly, transcriptional regulation,
genomic stability and DNA replication (Williams et al. 2008; Liu et al. 2012). It is a classic
marker of aging in yeast (Dang et al. 2009; Feser et al. 2010) and aging human fibroblasts
(O’Sullivan et al. 2010b). The influence of H3K56Ac on longevity is difficult to assess, in
part because altering its levels can seemingly result in toxicity. For example, either
permanent acetylation or an acetylation-resistant mutant K56 reduces yeast lifespan (Dang et
al. 2009; Feser et al. 2010). In yeast, deletion of the deacetylase genes Hst3 and Hst4 or
overexpression of Hst3 shortens lifespan (Tsuchiya et al. 2006; Dang et al. 2009).
Additionally deletion of the acetyltransferase Rtt109 or the histone chaperone Asfl also
reduced lifespan in yeast (Feser et al. 2010). Importantly, the addition of one extra copy of
Hst3 or Hst4 extends lifespan in yeast by means that are not clear (Dang et al. 2009; Feser et
al. 2010). Thus, it could be that precise levels of this mark are required for increased lifespan
or the affected loci are specific.

H4K16Ac is a ubiquitous histone mark that displays an opposite pattern to H3K56Ac in
aging (Dang et al. 2009; O’Sullivan et al. 2010b). In the lateral temporal lobe of human
brain samples, H4K16ac is redistributed across the genome during normal aging, with both
gains and losses of this mark but an overall global increase (Nativio et al. 2018).
Interestingly, brain samples from patients with Alzheimer’s disease have more losses of this
mark than gains suggesting that H4K16ac may be differentially affected by normal aging
compared to age-related diseases (Nativio et al. 2018). This same study explored the specific
patterns of H4K16ac changes with age and found that in normal aging marks were
specifically changed for gene pathways related to insulin, inflammation, phosphorylation
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and the defense response, whereas for Alzheimer’s disease, there were mark changes for
pathways of myeloid differentiation, cell death and Wnt and Ras signaling (Nativio et al.
2018).

In yeast, Sir2 is an H4K16 deacetylase that is required for silencing and chromatin
compaction at mating type loci, rDNA, and telomeres (Dang et al. 2009). The reduction in
Sir2 with aging may contribute to the increased H4K16Ac during aging, and the increased
genomic instability at the rDNA locus (Dang et al. 2009). By preventing the formation of
toxic rDNA circles that cause aging (Sinclair and Guarente 1997), overexpression of the
SIR2 gene extends lifespan in yeast (Kaeberlein et al. 1999) as does deletion of the histone
acetyl transferase SAS2 (Dang et al. 2009). This implies that reduced H4K16Ac, most likely
at the rDNA locus, is beneficial for longevity. The effect of H4K16ac on lifespan has also
been proposed to be due to its effects on chromatin structure at the telomeres, although yeast
lifespan is not limited by telomere loss (Austriaco and Guarente 1997; Dang et al. 2009).

H3K9me3 is a hallmark of heterochromatin. It is globally reduced under a variety of
conditions including fly aging (Larson et al. 2012) and in fibroblasts from HGPS patients
(Shumaker et al. 2006). In a progeria mouse model of Werner syndrome with defective DNA
repair, levels of both H3K9me3 marks and the H3K9 methyltransferase SUV39H1 are
decreased and it is hypothesized that the decreased H3K9me3 contributes to an inability of
the heterochromatin to remodel to allow for DNA repair (Zhang et al. 2015). The deletion of
the methyltransferase SUV39H1 in cells results in reduced H3K9me3 levels, defective DNA
repair, and cellular senescence (Zhang et al. 2015). Conversely, in some aging situations,
H3K9me3 levels are increased, as in the case of aged muscle stem cells (Schwoerer et al.
2016).

H4K20me3 is also a mark of heterochromatin and transcriptional repression, but it tends to
increase in models of aging. For example, the mark is increased in fibroblasts from HGPS
patients (Shumaker et al. 2006), in old rats (Sarg et al. 2002) and in senescent human cells,
especially at SAHF (Nelson et al. 2016). Again, however, there are likely tissue and context-
specific changes, as a recent study saw a decrease in H4K20me3 in mouse embryonic
fibroblasts and aging cardiomyocytes (Lyu et al. 2018). In senescent cells, H4K20me3
inversely correlates with gene expression, indicating that increased levels of H4K20me3
may act to reduce the age-related increase in gene expression (Nelson et al. 2016).

H1K26 is a Sirtl deacetylation target, resulting in the formation of facultative
heterochromatin (Vaquero et al. 2004). The role of HIK26Ac, and how it changes in aging,
is not well understood. Redistribution of SIRT1 with oxidative stress leads to global changes
in HIK26Ac marks (Oberdoerffer et al. 2008). It is possible similar changes occur in age,
although one study in mouse hepatocytes saw no change in HIK26Ac marks in old
compared to young cells (Ghiraldini et al. 2013). Further research is needed to elucidate the
role of HLK26Ac in aging.

There is some evidence for global hypoacetylation of histones with aging. In aging mouse
brain, there is reduced histone acetylation especially at repeated DNA elements (Ryu et al.
2011) likely caused by decreased levels or the redistribution of specific histone deactylases
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such as SIRT1 and histone deacetylase 1 (HDACL) with increasing age (Oberdoerffer et al.
2008; Madabhushi et al. 2014; Zupkovitz et al. 2018).

Histone ubiquitination, which has a role in the regulation of transcription and the DNA
damage response, maybe also be important in aging. A screen for long-lived yeast strains
identified a relationship between downregulation of components of the histone deubiquinase
module (DUBmM) of the SAGA (Spt-Ada-Gcn5-acetyltransferase) complex and increased
lifespan (Mccormick et al. 2014). Interestingly, in human cells, the nutrient responsive
deacetylase SIRT1 is recruited to SAGA where it deacetylates the ubiquitin-specific protease
22 (USP22), a component of the DUBm, connecting nutrient availability to epigenetic
alterations during aging (Armour et al. 2013).

In summary, there are distinct changes in histone marks with aging, including a global
increase in active histone marks such as H3K4me3 and H4K16ac, and a decrease in
repressive marks such as H3K9me3 and H3K27me3. There is also increasing evidence that
manipulating the levels of these marks by either increasing or decreasing the levels of the
responsible enzymes can extend lifespan by increasing genome stability and preventing the
loss of youthful gene expression caused by ‘epigenetic noise’.

DNA methylation changes

DNA methylation of the cytosine in a CpG nucleotide is critical for the regulation of gene
expression and the recruitment of histone-modifying enzymes at specific DNA sites. It is
particularly important during development, by silencing genes in tissues where their
expression is not needed (Pal and Tyler 2016). Within gene promotors, DNA methylation
represses transcription and triggers the formation of more compact repressive chromatin
structures, whereas highly expressed genes have little or no DNA methylation in their
promoter regions, so called “CpG islands”.

Most CpGs in young cells have methylated cytosines, but during aging, there is a decrease in
overall methylation especially at repetitive regions (Vanyushin et al. 1973; Romanov and
Vanyushin 1981; Wilson et al. 1987; Bjornsson et al. 2008; Bollati et al. 2009; Christensen
et al. 2009; Jintaridth and Mutirangura 2010; Horvath 2013; Benayoun et al. 2015; Zampieri
et al. 2015; Bormann et al. 2016). Importantly, with increasing age, in all metazoans studied,
there are also specific regions of hypermethylation, especially at CpG islands near gene-rich
regions (Rakyan et al. 2010; Benayoun et al. 2015; Zampieri et al. 2015). Areas of DNA
hypermethylation are usually at genes that are tissue-specific, control differentiation and
development, encode transcription factors or are transcription factor binding sites (Benayoun
et al. 2015; Zampieri et al. 2015). As described below, these sites serve as the basis of the
DNA methylation clock that can predict biological and chronological age in mammals
(Horvath 2013; Wagner 2017; Horvath and Raj 2018).

A recent genome-wide DNA methylation study in two large population cohorts found 5168
CpG sites that were altered in their methylation pattern during aging, with the majority
(61%) being demethylated (Li et al. 2017). These same general age-related changes are also
seen during replicative senescence /n vitro (Koch et al. 2012a), in colon samples from old
mice (Maegawa et al. 2010), and in blood samples from aged rhesus monkeys (Maegawa et
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al. 2017). Levels of DNA methylation increase with age in mouse hematopoietic stem cells
(Beerman et al. 2013) but in adults stem cells and somatic tissues, there is global
hypomethylation with hyper-methylation at CpG islands (Teschendorff et al. 2010; Cole et
al. 2017; Hahn et al. 2017; Maegawa et al. 2017; Petkovich et al. 2017; Stubbs et al. 2017).
In aging monozygous twins, there are different patterns of DNA methylation that appear to
result from changes in the environment or stochastic errors (Fraga et al. 2005).

If and how DNA methylation changes contribute to aging is a topic of intense investigation,
but very little is known (Pal and Tyler 2016). Loss of methylation at the integrin alpha L
(ITGAL) and interleukin (IL)-17RC promaoters leads to an autoimmune response and
contribute to macular degeneration (Zhang et al. 2002; Wei et al. 2012), implying that there
are pathological effects of reduced DNA methylation, at least at specific sites. In aged beta
cells, there is a correlation between DNA methylation and gene expression changes in
enhancer but not promoter regions (Avrahami et al. 2016), although other studies have seen
no association between DNA methylation patterns and gene expression (Beerman et al.
2013; Yuan et al. 2015). More research is needed in mammals to understand whether age-
related DNA methylation changes are a consequence of the aging process, or whether they
contribute to this process. It is also likely that age-related changes in transcription factors
and histone-modifying enzymes affect DNA methylation and vice versa (Booth and Brunet
2016). During aging, DNA methylation at specific polycomb group protein (PcG) target
genes is altered, perhaps explaining why H3K27 trimethylation changes with age (Maegawa
et al. 2010; Teschendorff et al. 2010; Bocker et al. 2011; Horvath 2013). In humans, aging
results in increased DNA methylation more commonly in regions with H3K4me3 and
H3K27me3, whereas DNA hypomethylation is more common in regions populated by
H3K9Ac, H3K27Ac, H3K4mel, H3K4me2, and H3K4me3 (Raddatz et al. 2013; Mcclay et
al. 2014).

In simple metazoans, we know more about the cause and effect of DNA methylation
changes during aging. Overexpression of the DNA methyltransferase dDnmt2, for example,
extends longevity in Drosophila (Lin et al. 2005). Although this work indicates that
increased DNA methylation may extend lifespan, it is not known if this effect is actually due
to DNA methylation changes (Schaefer et al. 2010). Studies by the Berger lab of genetically
identical organisms, such as worker bees and queen bees, have identified very different DNA
methylation profiles, that appear to contribute to lifespan (Yan et al. 2015; Sen et al. 2016).
Interestingly, the DNA methylation profiles of bees can be made much more similar by
silencing the DNA methyltransferase Dnmt3 (Kucharski et al. 2008), but the effect of this on
lifespan is not yet known.

In humans and other mammals, age-related DNA methylation changes can be used as an
epigenetic clock for chronological or biological age prediction (Horvath 2013a; Levine et al.
2018). There have been several recent comprehensive reviews of the so called “Horvath”
DNA methylation clock and its applications (Wagner 2017; Horvath and Raj 2018). The
methylation clock concept has also been recently applied to mice (Cole et al. 2017;
Petkovich et al. 2017; Stubbs et al. 2017; Wang et al. 2017) and even dogs and wolves
(Thompson et al. 2017). In addition to normal aging, the Horvath DNA methylation clock
which is based on changes at 353 CpG sites, has been applied to numerous human cohorts,
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including patients with diseases such as HIV, cancer, and progeria patients (Horvath et al.
2015; Horvath and Levine 2015; Maierhofer et al. 2017; Horvath, Oshima, et al. 2018;
Horvath, Stein, et al. 2018). The epigenetic clock can also predict accelerated or delayed
aging caused by lifestyle changes such as diet and exercise (Quach et al. 2017).

Little is known about other forms of DNA methylation such as 5-hydroxymetylcytosine and
cytosine methylation at non-CpG dinucleotides. Further research in this area would be
valuable to the field.

Re-localization of chromatin modifiers (RCM)

Although the essential roadmap of epigenetic changes have been mapped, key questions
remain. What drives epigenetic change during aging? Is this epigenetic noise random or is it
programmed? Can it be prevented or reversed? The relocalization of chromatin modifying
factors (RCM) concept of epigenetic aging was first proposed in 2007 (Oberdoerffer and
Sinclair 2007). The RCM hypothesis proposes that in response to DNA damage, chromatin-
modifying factors relocalize from their transcription-controlling canonical loci to areas of
DNA damage to assist in repair. In young cells, these factors quickly return to their original
sites, but these factors do not always completely return and over time gene expression
patterns are altered, causing a loss of cellular identity, cellular dysfunction, aging (Figure 2).

The first evidence for RCM’s role in aging came from studies in yeast. The histone
deacetylase Sir2 was identified as an important lifespan determinant in screens for increased
replicative aging in yeast (Kaeberlein et al. 1999). Sir2 was then identified as a DNA double-
strand break repair protein that relocalizes from silent loci to sites of DNA repair in response
to a DNA damage signal from the yeast ATM protein, MEC1 (Kennedy et al. 1997; Sinclair
and Guarente 1997; Lee et al. 1999; Martin et al. 1999; Mcainsh et al. 1999; Mills et al.
1999). The absence of Sir2 at silent mating-type loci, however, caused nuclear changes that
were similar to those seen in aging yeast (Oberdoerffer and Sinclair 2007). The addition of
an extra copy of Sir2 prevented the age-related relocalization (Kaeberlein et al. 1999).

Excitingly, the sirtuins play a similar role in an RCM response in mammals as they do in
yeast: in response to a DNA break, they relocalize from promoters and repetitive DNA to
sites of damage to facilitate repair (Oberdoerffer et al. 2008; Dobbin et al. 2013). SIRT1 and
SIRT®6, two nuclear-localized relatives of Sir2, control gene expression in mammals and also
play a role in DNA break repair (Oberdoerffer et al. 2008). DNA damage signaling causes
SIRT1 and SIRT6 to move away from genes to DNA breaks where they recruit DNA repair
factors and modify chromatin (Oberdoerffer et al. 2008; Mao et al. 2011; Dobbin et al.
2013). This relocalization results in transcription of hundreds of genes including changes
that are characteristic of aging such as expression of LINE1 elements and developmental
genes such as Hoxa9 and Wnt (Logan and Nusse 2004; Clevers 2006; Brack et al. 2007,
Oberdoerffer et al. 2008; Singh et al. 2013). These age-related gene expression changes can
be prevented in cultured cells and in aging mice by overexpressing SIRT1 or SIRT6
(Mostoslavsky et al. 2006; Oberdoerffer et al. 2008).

The basics of how RCM works in mammals are known. After a DNA break is detected by
ATM, it recruits SIRT1 and HDAC1 within seconds which help recruit other DNA repair
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proteins such as NBS1 and MRE11 (Oberdoerffer et al. 2008; Dobbin et al. 2013). There are
likely many chromatin modifying proteins that participate in mammalian RCM, including
PARP-1, HDACL1 and REST (Sinclair and Oberdoerffer 2009; Mao et al. 2011; Wang et al.
2013; Lu et al. 2014). Because it is so ancient, RCM likely evolved as an active defense
response to co-regulate DNA repair with the expression of genes required for survival
(Oberdoerffer and Sinclair 2007; Haigis and Sinclair 2010). In early life, organisms that
lacked this mechanism likely went extinct because mating and cell division are deadly events
if a broken chromosome is not repaired (Lee et al. 1999; Martin et al. 1999; Mcainsh et al.
1999; Mills et al. 1999). RCM is an established cause of aging in yeast but whether or not
RCM is a cause of aging in mammals, and whether it is reversible, are currently unknown.
The extent to which the survival circuit is conserved between yeast and humans wasn’t
known until 2017, when Bober and colleagues reported that sirtuins stabilize human rDNA
by recruiting DNMT1, a DNA methyltransferase that removes methyl marks from the rDNA
(lanni et al. 2017). Then in 2018, Chua and her team found that sirtuins stabilize human
rDNA and, in doing so, prevent cellular senescence—essentially the same function as in
yeast (Paredes et al. 2018).

Numerous numbers and types of noncoding RNAs (ncRNAS) exists in the genome (Wilusz
et al. 2009) and many of them play essential roles in gene silencing (Costa 2010; Cech and
Steitz 2014). For example, the long ncRNAs X inactive-specific transcript (XIST) and
HOTAIR can promote gene silencing through their interaction with chromatin-modifying
enzymes (Gupta et al. 2010; Shevchenko et al. 2018). A key role of XIST is as the primary
driver of X chromosome inactivation, the mechanism in the female sex by which one X
chromosome is transcriptionally silenced to ensure appropriate gene dosage (Lee 2009;
Froberg et al. 2013; Sado and Brockdorff 2013).

ncRNAs are emerging as having an important role in aging (Esteller 2011; Grammatikakis et
al. 2014; Szafranski et al. 2015). In C. elegans, most micro-RNAs (miRNAs) are down
regulated with age and reversed by the lifespan-extending intervention calorie restriction
(Boehm and Slack 2005; Ibafiez-ventoso et al. 2006; Kato et al. 2011; Mori et al. 2012). In
mice and humans, aging is associated with reproducible changes in miRNA levels but not in
all organs (Hooten et al. 2010; Li, Khanna, et al. 2011; Wang, Huang, et al. 2011; Mori et al.
2012; Zhang et al. 2014). Levels of the miRNA processing enzyme Dicer decrease in worms
and mice, which likely contributes to reduced ncRNAs with increasing age (Maes et al.
2008; Mori et al. 2012; Ungvari et al. 2013) and may contribute to senescence (Zhao et al.
2015).

An example of a C. elegans miRNA that changes with aging is lin-4, which targets the
transcription factor lin-14 (Boehm and Slack 2005). Knockout of lin-4 shortens lifespan and
overexpression extends it (Boehm and Slack 2005). Lin-4/Lin-14 appear to act through the
same pathway as DAF-2 and DAF-16 to modulate the IGF-1 signaling pathway (Boehm and
Slack 2005).

In mammals, a classic example of a ncRNA that changes with age is the long-ncRNA H19.
H19 interacts with protein MBD1, a methyl-CpG-binding domain protein to repress
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longevity genes such as IGF-1 (Monnier et al. 2013). Loss of H19-dependent IGF silencing
may also contribute to cell senescence (Fu et al. 2008; Venkatraman et al. 2013).

Another example is mir-34, a miRNA that is increased in the brains of AD mouse models
(Wang et al. 2009) and in brain samples from AD patients (Sarkar et al. 2016). mir-34
regulates SIRT1 and their expression inversely correlates, indicating mir-34 could be a
longevity gene. Whether or not mir-34 is a mediator of caloric restriction and the response to
adversity like SIRT1 is not yet known (Lee and Kemper 2010; Jung and Suh 2012).

Transcription factor changes

Though they are not epigenetic factors in the true sense of the word, the transcription factor
network is critical for maintaining both short-term and long-term gene expression patterns in
youth and as we age. The localization and abundance of dozens of transcription factors
change with age, but whether these changes affect chromatin structure or are a result of age-
related chromatin structural changes is unknown and, because they are part of the same
regulatory network, are very hard to tease apart (Booth and Brunet 2016). A recent meta-
analysis of transcription factors from seven /n vitro aging gene expression datasets and 18
aged tissue samples, saw distinct patterns of transcription factor changes (Alfego et al.
2018). Two of the most studied transcription factors in aging are FOXO and NF-E2-Related
Factor 2 (NRF2) and these appear to both contribute to and respond to age-related chromatin
changes (Booth and Brunet 2016).

FOXO proteins are members of a transcription factor family that are associated with and
necessary for increased longevity in a variety of species, from worms to mice and possibly
humans (Salih and Brunet 2008). FOXO activity is regulated by AMP-activated protein
kinase (AMPK), the insulin/insulin-like growth factor 1 (IGF-1) pathways, and oxidative
stress to control stress responses, metabolism, proteostasis, and neuronal function (Webb et
al. 2016). FOXO typically binds to open chromatin at enhancer regions (Eijkelenboom and
Burgering 2013; Wehb et al. 2016) and can act as a pioneer factor to open up compact
chromatin (Zaret and Carroll 2011). DAF-16, which is the equivalent transcription factor in
C. elegans, recruits chromatin remodeling factors to activate the expression of age- and
stress-related genes, such as heat-shock proteins (Riedel et al. 2013). In intervertebral discs
of mice and humans, expression of FOXO1 and 3 decrease with aging (Alvarez-Garcia et al.
2017), but more research is needed to fully understand its role in epigenetic aging.

Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) is a mammalian stress-responsive
transcription factor that modulates the expression of cellular protection genes (Blackwell et
al. 2016; Tebey et al. 2016). Nrf2 orthologs in worms and flies (SKN-1 in C. elegans and
CncC in Drosophild) are associated with increased longevity (Sykiotis and Bohmann 2008;
Tullet et al. 2017). Nrf2 is activated by reactive oxygen species, nutrient deprivation and
metabolic changes by the activity of mTOR and IGF-1, and acts to recruit chromatin
remodeling factors such as nucleosome remodeling complex BRG2 to activate the
expression of stress response genes (Zhang et al. 2006). Whether or not NRF genes in
mammals play a role in longevity is an area of intense research (Kwon et al. 2012; Lewis et
al. 2015).
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Many other transcription factors also appear to have roles in the aging process including
CTCF (Nikolaev et al. 2009; Lake et al. 2016), REST (Lu et al. 2014) and Heat shock factor
1 (HSF-1) (Hsu et al. 2003; Anckar and Sistonen 2011; Brunquell et al. 2016) and p53
(Keizer et al. 2010; Gritsenko et al. 2017).

Transposons

Another aspect that may be either a consequence of epigenetic changes with aging, or
contribute to these changes, is increased transcription of transposons. Approximately, 40%
of the human genome consists of ancient retrotransposons such as Alu-repeats and Long
interspersed element 1 (LINE-1) (Deininger 2011; van Meter et al. 2014; Lander 2001).
Transposons are reverse-transcribed to make a cDNA copy that is integrated into the genome
elsewhere. Heterochromatin and DNA methylation normally maintain transposons in an
inactive state (Slotkin and Martienssen 2007). During aging, however, a loss of
heterochromatin results in their increased expression in yeast through to mice (Oberdoerffer
et al. 2008; Maxwell et al. 2011; Dennis et al. 2012; Cecco et al. 2013; Li et al. 2013; Wood
and Helfand 2013; Hu et al. 2014; Chen et al. 2016), although, until recently, there was little
evidence for this being a major mechanism of aging. More recently, however, LINE-1 RNA
has been readily detected in the cytoplasm of aged mouse cells and appears to play a major
role in hyper-activating the inflammatory response in older animals and even dictating
lifespan (Gorbunova et al. 2014, J. Sedivy. personal communication; van Meter et al. 2014).

In yeast, the abundance of Ty RNA, a retrotransposable element, increases by an order of
magnitude during replicative aging (Hu et al. 2014). Ty retrotransposition can be partially
prevented by overexpression of histones H3/H4 (Hu et al. 2014). In mammals, LINE-1, Alu
and satellite repeat RNASs are rare in young individuals but found in abundance during aging
(Gorbunova et al. 2014). The SIRT1 deacetylase represses these elements but during aging it
is believed to relocalize to sites of DNA instability, leading to de-repression (Oberdoerffer et
al. 2008). SIRT®6 also acts as a repressor of LINEL1 retrotransposons, and depletion of SIRT6
during ageing or in response to DNA damage, results in increased activation of these factors
(van Meter et al. 2014). Alu, LINE1 and SVA elements are transcribed in human senescent
cells and this may contribute to the inflammatory SASP (Cecco et al. 2013; van Meter et al.
2014). Interestingly, increased transcription of Alu elements promotes the formation of DNA
damage foci (Wang, Geesman, et al. 2011), perhaps acting as a positive feedback to enhance
the RCM response during aging (Oberdoerffer et al. 2008).

Slowing and reversing epigenetic change

Aging was once considered immutable. In the 2000s interventions began to emerge, first for
lower organisms (Howitz et al. 2003) and then in mice (Baur et al. 2006). Calorie restriction,
small molecules, and the over-expression of epigenetic regulators such as SIRT1 have been
effective at slowing, and even reversing, epigenetic changes and physical decline during
aging (Oberdoerffer et al. 2008; Field and Adams 2017). A new approach, called /n vivo
genetic reprogramming, which seems to reset the epigenome, is a new and promising avenue
to pursue (Figure 3), but not without major negative side-effects that must first be overcome.
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Dietary and pharmacological interventions

Calorie restriction is the most robust intervention that increases lifespan across a wide range
of species. Established mechanisms of calorie restriction include modulation of several age-
related and nutrient-sensing pathways including AMPK, IGF-1/Insulin, mechanistic target of
rapamycin (mTOR) and the sirtuins. Calorie restriction also appears to affect the epigenetic
landscape of cells and organisms and prevent many of the epigenetic aging changes
discussed above. In aging models, calorie restriction prevents increased retrotransposon
expression (Cecco et al. 2013), changes in DNA methylation (Li, Daniel, et al. 2011; Kim et
al. 2016), histone post-translational modifications (Li, Daniel, et al. 2011) and the age-
related loss of heterochromatin (Jiang et al. 2013).

Sirtuins can slow many aspects of aging at the epigenetic level, including age-related
changes in gene expression (Wood et al. 2015), the acetylation of histones and the RCM
response (Pal and Tyler 2016). Calorie restriction-induced histone deacetylase activity may
also modulate the expression of important age-related genes including upregulation of
telomerase reverse transcript-ase (hnTERT), and suppression of secreted frizzled related
protein 1 (SFRP1) and E-Cadherin (Pruitt et al. 2006; Li, Daniel, et al. 2011). SIRT1 also
increases H3K9me3 in calorie restriction by upregulating the methyltransferase SUV39H1
(Vaquero et al. 2007; Li, Daniel, et al. 2011).

Compounds that mimic the beneficial anti-aging and lifespan effects of calorie restriction
such as sirtuin-activating compounds (STACs) and rapamycin can also slow epi-genetic
changes. SIRT1 activation with STACs suppresses genomic instability and reduces the effect
of RCM on aging including reduced H4K16, H3K9 and H3K56 acetylation and increased
heterochromatin formation (Oberdoerffer et al. 2008; Chen, Zhao et al. 2012; Sen et al.
2016). By inhibiting TORC1, rapamycin treatment can also prevent age-related epigenetic
changes, in part by increasing the occupancy at targets of Rsc9, a subunit of the RSC
chromatin remodeling complex (Damelin et al. 2002). Rapamycin also increases expression
of the Rpd3-Sin3 HDAC complex that deacetylates H4K5 and H4K12 and promotes
condensed chromatin and gene silencing during aging (Rohde and Cardenas 2003).
Additionally, rapamycin affects other histone marks which may have important roles in
aging including H3K56ac, H3K27me3, H3R2me2, H3K79me3 and H4K20me2 (Chen, Fan
et al. 2012; Gong et al. 2015).

Other compounds may also prevent age-related epi-genetic change via their effects on
chromatin modifying enzymes (Helin and Dhanak 2013). Remodelin, a compound that
inhibits the acetyl-transferase protein NAT10, increases chromatin compaction in fibroblasts
from HGPS patients (Larrieu et al. 2014).

Histone acetylation is also able to slow epigenetic changes. For example, spermidine, a
polyamine and his-tone deacetylase (HDAC) inhibitor that extends lifespan in a variety of
species, may prevent age-related epigenetic changes, in part, by maintaining histone H3 in a
hypoacetylated state, and affecting histone and DNA methylation (Eisenberg et al. 2009;
Madeo et al. 2018). Similarly, the histone deactylase inhibitor sodium butyrate increased
lifespan and reverses hypoacetylation of H4K16 in the progeria HGPS mouse model
(Krishnan et al. 2011). Sodium butyrate, a pan-HDAC inhibitor, improves memory
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potentially by reversing age-related decreases in H3K9 and H3K 14 acetylation in aging
mouse brains (Singh and Thakur 2018). Another histone deactylase inhibitor called
suberoylanilide hydroxamic acid (SAHA) improves cognition in aging mice by preventing
deregulated H4K12 acetylation in the brain (Peleg et al. 2010).

Together, these data show that epigenetic changes are preventable by increasing the activity
of caloric restriction mimetics and by directly altering the activity of chromatin modifiers.
Future work should help establish exactly how these approaches work and whether they are
safe enough to be used as broad treatments against age-related decline.

Reprogramming

The reprogramming of cultured cells was first demonstrated by Yamanaka and colleagues
who showed the expression of the transcription factors Oct3/4, Sox2, KIf4 and c-Myc
(OSKM) in mouse fibroblasts induces them to become pluripotent stem cells that can be
differentiated into almost any other cell type (Takahashi and Yamanaka 2006).

Reprogramming of cells with OSKM transcription factors causes epigenetic remodeling over
two phases. First is a stochastic phase in which there is differential cell cycle gene
expression. This is followed by the deterministic phase which involves activation of
pluripotency genes such as Nanog and Oct4. Each of these phases is associated with specific
epigenetic changes including modulation of H3K4me3 and H3K27me3 in phase 1 and
changes in mMiRNA expression and DNA methylation at Nanog and Oct4 in the second stage
(Hansson et al. 2012; Polo et al. 2012; Buganim et al. 2013; Nashun et al. 2015; Ocampo,
Reddy, and Belmonte 2016). Some epigenetic features such as increased H3K27me3 and
HP-1gamma and DNA methylation can reduce the reprogramming efficiency, possibly by
maintaining heterochromatin (Mikkelsen et al. 2008; Mansour et al. 2012; Sridharan et al.
2013).

In cells, molecular markers of aging can apparently be slowed and even reversed by
reprogramming (Table 2) (Mahmoudi and Brunet 2012; Rando and Chang 2012). iPSCs
generated from old mice have elongated telomeres and epigenetic profiles more similar to
embryonic stem cells, including decreased H3K9me3 and H4K20me3 marks (Marion et al.
2009). Aged mouse hematopoietic stem and progenitor cells are also reprogrammed by
OSKM, a treatment that also resets the cell telomere length and gene expression profiles
(Wahlestedt et al. 2013). Human senescent and centenarian fibroblasts can also be
transformed into iPSCs with transfection of the OSKM factors, which restores gene
expression profiles to those of young cells (Lapasset et al. 2011; Yagi et al. 2012).
Additionally, the Horvath methylation clock age is reset in iPSCs to that of embryonic stem
cells (Horvath 2013). Additionally, fibroblasts isolated from patients with HGPS can be
reprogrammed to pluripotency, along with epigenetic changes that include the prevention of
progerin accumulation and a restoration of histone marks including H3K9me3 (Liu et al.
2011). These /n vitro studies provide promising suggestions that reprogramming may be
able to reverse age-related phenotypes /in vivo.

Recent work has shown that Yamanaka factors can seemingly induce /n vivo reprogramming
in mice, but apparently not without side effects (Table 2). Whole-body induction of OSKM
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in an inducible transgenic mouse is associated with Nanog expression in many tissues but
these mice have a high rate of teratomas (Abad et al. 2013; Ohnishi et al. 2014). The direct
injection of OSKM plasmids into adult mice induces pluripotent stem cells markers in liver
within a couple of days (Yilmazer et al. 2013). Local injection of OSKM plasmids into
skeletal muscle of adult mice induces pluripotency markers and improves skeletal muscle
regeneration with less fibrosis and more myofibers (de Lazaro et al. 2019), but the long-term
safety of these treatments is not known beyond 120 days.

Belmonte and colleagues explored the effect of cyclic induction of the OSKM factors in a
lamin A-deficient progeria mouse model (Ocampo et al. 2016). Chronic activation of OSKM
was not possible because it resulted in mouse lethality within a few days, possibly due to gut
toxicity. They hypothesized that cyclic exposure to OSKM would result in partial
reprogramming and avoid teratoma formation. Short-term cyclic exposure to OSKM
reversed age-related phenotypes in the progeroid mice and increased maximal lifespan by
approximately 15% (Ocampo et al. 2016). The treatment restored levels of H3K9me3 and
H4K20me3, improved recovery from muscle injury, and reduced gamma-H2AX foci, and
there was no indication of teratomas (Ocampo et al. 2016).

Interestingly, the long-lived naked mole rat is resistant to iPSC reprogramming (Tan et al.
2017). Fibroblasts from older naked mole rats have a much lower reprogramming efficiency
than mouse fibroblasts, likely due to a more stable epigenome. Naked mole rat cells have
higher levels of the repressive mark H3K27me3 and lower levels of the active mark
H3K27ac than mice, indicating more heterochromatin (Tan et al. 2017).

Conclusion

There are clear patterns of change during aging that occur at the epigenetic level changes
that are conserved from yeast to mammals. It is becoming apparent, however, that there are
tissue, cell and even loci-specific differences in epigenetic aging within organisms. New
technologies such as single-cell analysis (Cheung et al. 2018) and improved visualization
systems (Ren et al. 2017) will increase our understanding of specific, rather than global,
epigenetic changes with age.

Further exciting progress in the field will come as we move from the characterization of
these epigenetic changes, to focus on understanding the degree to which these epigenetic
changes may actually cause aging. There is already evidence that heterochromatin loss,
replacement of canonical histones with histone variants, up or down regulation of
nucleosome remodeling complexes, and the relocalization of chromatin modifying factors
affect lifespan and contribute to the aging process. But what drives these processes? DNA
damage? Environmental influences, or simply information loss in the form of epigenetic
noise stemming from the chaos of life at the molecular scale?

If epigenetic changes do contribute to the aging process, then there is the exciting possibility
that we can prevent or even reverse those changes and intervene in a very upstream cause.
Evidence of the prevention of epigenetic changes with aging can be seen with calorie
restriction, sirtuin activation and small molecules. Amazingly, reprogramming appears to
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reverse age-related epigenetic changes and the effects of aging, both /n vitro and /n vivo.
Clearly, /n vivo reprogramming to address aging and age-related diseases is an early field
but it is growing rapidly and holds considerable promise. There remain a number of
uncertainties, however. What is the optimal dose of and combination of reprogramming
factors? Will reprogramming ever be safe enough to use in humans? Can /in vivo
reprogramming be achieved with small molecules instead of gene therapy? And what
diseases could reprogramming potentially treat? No doubt, the importance of epigenetics to
aging and the potential of epi-genetic reprogramming will only grow in interest in coming
years.
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Figurel.
Age-related changes to chromatin. With increasing age, there are both global and loci-

specific changes to chromatin structure. Young chromatin is characterized by predominantly
tightly packaged heterochromatin, with repressive histone marks and HP1 protein binding.
Nucleosomes are made up of canonical histone proteins and there is an abundance of DNA
cytosine methylation. Chromatin of cells from old individuals is characterized by globally
reduced heterochromatin with specific areas of heterochromatin known as senescence-
associated heterochromatin foci (SAHF). There is a decrease in repressive histone marks and
an increase in active histone marks. Non-canonical histone variants are included in
nucleosomes and there is general nucleo-some loss. Additionally, there is global DNA
hypomethylation except in CpG islands where there is hypermethylation (see the color
version of this figure at www.tandfonline.com/ibmg).
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Figure 2.

Relocalization of chromatin modifying factors. In young cells, chromatin modifying factors
such as SIRT1 (indicated by red circles) are usually located at canonical loci where they act
to modulate transcription. When DNA is damaged these factors are recruited to the site of
DNA damage to assist in repair. Relocalization results in altered gene expression or
activation of retrotransposons. Usually these factors return to where they came from once the
DNA is repaired. After repeated responses to DNA damage, however, not all factors return
to their original sites, resulting in the relocalization of chromatin modifying factors (RCM),
changes to gene expression, and a loss of cell identity during aging (see the color version of
this figure at www.tandfon-line.com/ibmg).
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Figure 3.
Interventions to prevent the stages of aging. Aging has four main stages: A0, when an

organism/cell is young and healthy; A1, when the organism/cell begins to age; A2, when the
organism/cell is aged; and A3, when the organism/cell is senescent. Interventions that delay
or prevent aging can act at each of these stages such as calorie restriction, which prevents the
aging process at A2. Rapamycin can increase lifespan even when started in later life and acts
at A2 and senolytics/senomorphics that act to selectively remove or inhibit the deleterious
effects of senescent cells act at stage A3. Reprogramming, the resetting of the epigenetic
landscape using specific transcription factors, such as Yamanaka factors, can return cells
from the A2 stage to the young AQ stage. Whether or not it is possible to safely reset cells to
Al without risking tumorigenesis is not yet known (see the color version of this figure at
www.tandfonline.com/ibmg).
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