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Abstract
During embryogenesis the establishment of chromatin states permits the implementation of
genetic programs that allow the faithful development of the organism. However, these states are
not fixed and there is much evidence that stochastic or chronic deterioration of chromatin
organization, as correlated by transcriptional alterations and the accumulation of DNA damage in
cells, occurs during the lifespan of the individual. Whether causal or simply a by-product of
macromolecular decay, these changes in chromatin states have emerged as potentially central
conduits of mammalian aging. This review explores the current state of our understanding of the
links between chromatin organization and aging.
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Chromatin as a potential modulator of aging
One of the hallmarks of aging is the loss of homeostatic mechanisms that offset the
macromolecular wear and tear that occurs during a lifetime of exposure to low doses of
extrinsic (ultraviolet and g-irradiation, nutritional input) and intrinsic (reactive oxygen
species, telomere shortening, protein synthesis errors and replication/transcription-coupled
DNA damage) stimuli [1]. Like other macromolecules in the cell, chromatin is subjected to
these stresses that can impinge on its structural integrity and function [Figure 1]. The
nucleosome is the repeat unit of chromatin and consists of a dimer of each core histone
(H2A, H2B, H3 and H4)[2]. The physical addition and removal of the linker histone H1 and
additional non-histone chromatin proteins facilitates transitions between higher order
chromatin states during the cell cycle. These transitions are important for rendering DNA
accessible for transcription, replication, and packaging it into highly condensed metaphase
chromosomes for transmission during mitosis. Chromatin is the template of epigenetic
mechanisms such as DNA methylation and histone modifications including lysine
methylation, lysine acetylation, lysine ubiquitylation and serine/threonine phosphorylation.
By definition, epigenetic modifications do not involve changes in the DNA sequence and
should be heritable but reversible.
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It has been proposed that the aging phenotype is, at least in part, due to the progressive
divergence from a youthful chromatin configuration to one that contributes to the molecular
signatures of aging [3]. In humans, analyses of longevity data on Danish twins and other
populations of related individuals indicate that 20–25% of the variation in adult lifespan can
be attributed to genetic shifts between identical individuals [4]. This might be due to an
increased impact of stochastic somatic mutations as survival extends into old age, including
their influence on cognitive and physical ability. However, chromatin modification patterns
increasingly diverged with age in monozygotic twins [5]. These changes in chromatin might
underlie those subtle phenotypic variations that become more pronounced with extended
survival of twins and other closely related individuals. This seminal observation lent
additional support to the speculation that aging might be largely the remit of chromatin
based epigenetic regulatory mechanisms. How chromatin is altered during aging has been
extensively investigated, perhaps most notably with respect the reshaping of chromatin
during the diverse contexts of cellular senescence. Cellular senescence is an irreversible
state of cell-cycle arrest and is thought to reflect aging. In this review, we discuss recent
developments that elaborate the functional links between chromatin, cellular senescence and
longevity.

Age-associated deregulation of chromatin modifiers
Perhaps the most commonly invoked feature of aging is the increase in stochastic cell-to-cell
variation in gene expression [6]. Additionally, a wide range of changes in the expression of
chromatin modifiers has been identified in senescence and during aging. This can alter the
levels and distribution of chromatin modifications throughout the nucleus and at aging-
associated loci, causing the activation of physiological responses that promote aging [Table
1]. The following candidates might represent paradigms as to how chromatin and epigenetic
mechanisms contribute to the wear and tear of tissues with age.

Epigenetic regulation of p16INK4A expression
p16INK4A (also known as CDKN2a) is an important regulator in the Retinoblastoma, pRb,
tumor suppressor pathway [7]. The primary function of p16INK4A is to stifle proliferation by
attenuating cyclin dependent kinase CDK4/CDK6-mediated phosphorylation of pRb.
Increased expression of p16INK4a maintains pRb in its active hypo-phosphorylated state,
sequestering E2F transcription factors to maintain cell-cycle arrest. The expression of
p16INK4A increases in mammalian cells with senescence and age [8,9] and correlates with
increased levels of cellular stress. As a result, p16INK4A has become indelibly associated
with cellular senescence and was suggested as a biomarker of aging [9]. The link was
recently bolstered in a study where p16INK4A-positive cells were specifically eliminated by
directed programmed cell death (apoptosis) in the murine BubR1 haplo-insufficiency model
of premature aging [10]. Purging p16INK4A-expressing senescent cells profoundly affected
aging and healthspan. Eliminating p16INK4A-positive cells throughout life delayed the onset
of age-related tissue degeneration and led to lifespan extension, but doing so only in aged
adult mice also delayed and improved the manifest traits of aging [10]. These experiments
strongly support the idea that p16INK4A expressing cells reflect aging in vivo.

Epigenetic chromatin modification at the p16INK4A gene participates in the regulation of
senescence and aging. Particularly, the polycomb (PcG) and trithorax (TrxG) proteins
maintain chromatin in 'off' or 'on' states, thereby preventing or promoting expression,
respectively [2]. In young cells, the polycomb repressive complexes PRC1 and PRC2
establish repressive chromatin throughout the p16INK4A locus [11]. The PRC2 complex
consists of embryonic ectoderm development (EED), suppressor of zeste 12 homolog
(SUZ12), and enhancer of zeste 2 (EZH2), catalyzing tri-methylation of H3 at lysine 27
(H3K27me3) [12] and tri-methylation of H1 at lysine 26 (H1K26me3) [13]. This in turn
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recruits the PRC1 complex, comprising polycomb group proteins BMI1, RING1A,
RING1B, MEL18 and chromobox homolog CBX7 [14], which mono-ubiquitylates histone
H2A at lysine 119 (K119) and silences gene expression [15] [Figure 2a]. In fact, ectopic
over-expression of BMI1 and CBX7 extends the proliferative lifespan of cells in vitro by
suppression of p16INK4A [16,17].

This repressive chromatin domain might be reinforced by chromatin looping [18] and by
retention of the long intergenic non-coding RNA (lincRNA) ANRIL [19]. The initial
recruitment of PRC2 can occur by various means. It could involve tethering of PRC2 to
ANRIL [20], or alternatively, BMI1 could recruit PRC2 to the 5’ regulatory domain
(RDINK/ARF) from where PRC2 could then spread downstream to create the repressive
chromatin domain [21]. RDINK/ARF was identified as a master transcriptional regulator of
the p16INK4A locus [22] and recruitment of BMI1 via cell cycle division regulator 6
homolog (CDC6) to RDINK/ARF also appears to regulate the replication timing of the locus,
implying a dual role for PcG in DNA replication and transcription at the p16INK4A locus
[21]. In senescent and aged cells PRC1 and PRC2 dissociate from chromatin. This might be
due to pRb inactivation and the imposition of the G1 checkpoint that negatively regulates
E2F driven expression of EZH2 and BMI1 [23]. As the expression of EZH2 and BMI1
subsides, the expression of the histone lysine demethylase (KDM) Jumonji D3 (JMJD3)
rapidly increases and removes p16INK4A-associated H3K27me3 [24]. This enables the
association of the TrxG protein mixed-lineage leukemia 1 (MLL1), which catalyzes tri-
methyl lysine 4 of histone H3 (H3K4me3) to promote gene expression [25] [Figure 2a]. The
switch from PcG-dependent H3K27me3 to TrxG-mediated H3K4me3 at the p16INK4A gene
could be a central node of a pRb-dependent regulatory loop that drives constitutive
p16INK4A expression and senescence.

It has emerged that deviations in the epigenetic regulation of p16INK4A expression might
influence the aging process by constraining the self-renewal capacity of certain stem cell
compartments. Elevated p16INK4A has been shown to limit the proliferation and self-renewal
of pancreatic β-islet cells, hematopoietic stem cells (HSCs) and neuronal progenitor cells
(NPCs) in mice [26–28]. Likewise, the absence of PcG-enforced gene repression though
BMI1 deficiency severely compromises HSC and NPC self-renewal [29,29,30]. Reduced
expression of EZH2 and BMI1 and diminished levels of H3K27me3 were evident in
pancreatic b-islets [31], coinciding with elevated p16INK4A expression. The inhibitory effect
of p16INK4A on stem cell function is further supported by the observation that senescent
p16INK4A-expressing fibroblasts have proved incompatible for induced pluripotent stem
(IPS) cell reprogramming, and that genetic ablation of p16INK4A significantly improves this
process [32]. Furthermore, inhibition of the core components of the PRC1 and PRC2
including EZH2 markedly reduced reprogramming efficiency [33]. These findings not only
illustrate the role of chromatin modifiers in aging but also suggest that gradual changes in
their expression and activity could influence a given tissues tolerance of stress and capacity
for renewal and regeneration that could diminish healthspan earlier in life.

SIRT1 and SIRT6 in DNA repair and aging
The sirtuin family of NAD+-dependent lysine deacetylases has a long and controversial
relationship with aging [34]. Originally identified in yeast, Sir2 has been shown to
participate in silencing of ribosomal RNA (rRNA) genes and telomeres [35]. This ability
becomes compromised as yeast age due to the progressive loss of Sir2 expression. De-
repression of rRNA expression due to loss of Sir2 resulted in the excision of rDNA arrays
from the genome, creating circular episomal DNAs [36]. Sustained Sir2 expression led to
the suppression of these arrays and extended the proliferative lifespan of yeast [36].
Although Sir2 homologs do not appear to directly influence longevity in Drosophila
melanogaster [37] and Caenorhabditis elegans [38,39], a growing line of evidence indicates
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that the mammalian Sir2 homologues SIRT1 and SIRT6 have crucial roles in directing the
response to DNA damage and cellular stress [40,41].

SIRT1 modifies chromatin through deacetylation of H1K26, H3K9 and H4K16 [42]. In
mouse cells, chromatin immuno-precipitation (ChIP) experiments revealed that SIRT1 binds
to repetitive elements, such as the satellite pericentromeric repeats [40], where it appears to
be involved in the regulation of centromeric heterochromatin by the lysine methyl
transferase (KMT) suppressor of variegation 3–9 homolog 1 (SUV39h1) [43]. Following
oxidative DNA damage SIRT1 undergoes genome-wide redistribution to damage sites,
where it deacetylates H1 to promote DNA repair [40] [Figure 2b]. Though nominally a
histone deacetylase, SIRT1 also deeacetylates and regulates a growing number of non-
histone substrates, including p53 [44]; the longevity modulator forkhead box transcription
factor FOXO; [45] and Ku70, regulating its apoptotic function [46]. The recruitment of
SIRT1 to damage sites requires activation of the ataxia telangiectasia-mutated (ATM)-
dependent pathway, and once recruited it also binds to and deacetylates Nijmegan Breakage
Syndrome protein (NBS1) [47], which modulates downstream steps of the DNA damage
response. However, SIRT1 remobilization leads to damage-dependent transcriptional
deregulation in cell culture and in vivo, particularly in brain tissue [40]. Transcriptional
analyses revealed that ~2/3 of genes that are deregulated during normal aging depend on
intact SIRT1 function for their repression. Thus, SIRT1 remobilization highlights a catch-22
between the immediate need to maintain genomic stability and accelerated tissue wear and
tear during aging. The expression of SIRT1 declines during aging in mice [40]. Though
SIRT1 over-expression does not markedly extend longevity in mice, it does improve
metabolism, prevent diabetes and increase tumor resistance [48].

One of the primary functions of SIRT6 is the transcriptional regulation of the NFΚB-
dependant inflammatory response [49]. SIRT6 directly binds to the NFΚB subunit RELA, to
curtail its transcriptional activating potential by deacetylating H3K9 at NFΚB target gene
promoters [Figure 2c]. SIRT6 depletion induces rampant expression of NFΚB targets,
unleashing the inflammatory response. The link between SIRT6 and NFΚB has been
substantiated by the observation that the premature aging phenotype of SIRT6−/− mice can
be rescued by haplo-insufficiency of RELA, highlighting the proactive role of NFΚB in the
SIRT6-dependent aging phenotype [49]. In addition, SIRT6 over-expressing mice exhibit
lifespan extension [50]; this is most evident in male mice, whose lifespan is ~15% greater
than females. This was associated with the prolonged activation of a youthful transcription
program into later stages of adulthood [50].

SIRT6−/− mice also display an abrogated response to DNA damage, and SIRT6-deficient
human cells have an increased sensitivity to DNA damaging agents [41]. SIRT6 participates
in homologous recombination (HR) through deacetylation of C-terminal binding protein
interacting protein (CtIP) [51]. SIRT6 also regulates the localization of one of the first
responders to DNA damage, Poly [ADP-ribose] polymerase (PARP-1) [52]. SIRT6 might
also contribute to aging by affecting telomere structure [53]. In normal cells, SIRT6
localizes to telomeres in S-phase, where it deacetylates H3K9, promoting the association of
Werner helicase WRN, which unravels telomeric tracts during DNA replication [54].
Depletion of SIRT6 abrogates WRN function, promotes telomere dysfunction and might
influence the replicative lifespan [53].

Given that DNA repair pathways and the stress response are linked with lifespan, the
overlapping functions of SIRT1 and SIRT6 provide evidence that chromatin modifiers can
integrate distinct cellular processes such as transcriptional regulation and the DNA damage
response to influence longevity. Finally, though acting to affect localized changes in
chromatin, the chromatin modifiers that we have discussed here illustrate the cascade of
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consequences that their deregulation can have beyond merely transcription but also
fundamentally altering the structure and physiology of chromatin throughout the cell in
ways that further contribute to aging.

Structural changes to chromatin during aging
Loss of heterochromatin during aging?

One of the earliest examinations of chromatin structure and aging revealed a significant
reorganization of nucleosomes [55], most notably for condensed regions of constitutive
heterochromatin. Constitutive heterochromatin is associated with permanently silent
chromatin domains such as centromeres and other repetitive DNA regions and is
characterized by enrichments of H3K9me3 and Heterochromatin Protein (HP1). Constitutive
heterochromatin is also important in maintaining the integrity of repetitive DNA elements
like rDNA arrays and suppressing the transcription of transposable elements. Such
condensed heterochromatic regions were nearly absent from the nuclei of late passage
diploid human and rodent fibroblasts [55]. The ensuing ‘heterochromatic island hypothesis’
postulated that loss of heterochromatin and nucleosomes instigates transcriptional
deregulation, accelerating aging [56]. Despite the apparent framework for the role of
chromatin in aging and our expanded knowledge of the components of heterochromatin, this
hypothesis been only recently been interrogated. Recent comprehensive single cell and
biochemical analysis of chromatin of cells derived from patients of Hutchison-Gilford
Progeria Syndrome has considerably added to our understanding of this phenomenon.

Lessons from Hutchison-Gilford Progeria Syndrome (HGPS)
Hutchison-Gilford Progeria Syndrome, HGPS, is a rare genetic disease where the symptoms
of aging are very pre-maturely manifested. The symptoms of HGPS are first observed in
infancy and include limited growth and alopecia with accelerated wrinkling of skin and
accelerated tissue degeneration, particularly of the skeleton and heart. Individuals with
HGPS rarely live more than 15 years, often succumbing to heart failure. HGPS is caused by
the deterioration of the nuclear envelope, which is attributed to a point mutation (C1824T)
within the LMNA gene [57]. This activates a cryptic donor splice site, leading to the
production of a prelamin A mRNA that contains an internal deletion of 150 base pairs. This
transcript is translated into a protein known as progerin, which lacks 50 amino acids in the
C-terminal portion of the normal Lamin A protein [57]. Progerin abrogates the structural
role of wild type Lamin A, leading to the characteristic blebbing of the nuclear envelope that
is associated with HGPS. HGPS cells are prone to premature senescence in culture, exhibit
chromosome segregation defects, bi-nucleation, accelerated telomere shortening and
elevated levels of DNA damage [58]. HGPS cells also exhibit loss of heterochromatic
structures, notably reduction in H3K9me3 and H3K27me3, elevated histone acetylation,
downregulation of HP1 and increased transcription of pericentromeric satellite III repeats
[59,60]. The loss of heterochromatin has been attributed to deregulation of the nucleosome
remodeling and histone deacetylase (NuRD) complex [61]. In normal cells NuRD is
physically tethered to lamin A at the nuclear envelope. Progerin abolishes this interaction
and NuRD expression and activity is subsequently deregulated. As a chromatin remodeler,
NuRD participates in the assembly of centromeric histone variant CENPA, and as a
deacetylase it sets the stage for H3K9me3 by removing acetyl at the same lysine [61]. The
targeted depletion of NuRD subunits RBBP4 and RBBP7 in non-HGPS cells recapitulates
the defective heterochromatic phenotype of HGPS [61]. Therefore, HGPS is believed to
reveal the hierarchical role of chromatin over age-dependent changes that are due to DNA
damage and telomere shortening. NuRD also regulates the transcriptional activity of some
genes involved in the NOTCH and WNT dependent developmental pathways [62]. The
evident tissue degeneration and premature aging in HGPS patients is linked to the ablation

O’Sullivan and Karlseder Page 5

Trends Biochem Sci. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of mesenchymal stem cell proliferation and differentiation that is controlled, in part, by both
WNT and NOTCH signaling pathways [62]. Thus, HGPS provides a good example of how
the deregulation of heterochromatin promotes aging by perturbing nuclear structure with
consequences for stem cell differentiation and renewal.

Interestingly, progerin has also been detected in tissues of normal elderly individuals that
exhibit reduced heterochromatic H3K9me3 and HP1 [60,63]. However, the cause-and-effect
relationship between normal physiological aging and progerin production is relatively
unclear. Recent findings suggest that telomere dysfunction could instigate progerin
production through an as yet unidentified mechanism [64]. Morpholino-based gene therapy
reverses the C1824T mutation to permit splicing of the full length LMNA transcript and
establishes the normal pattern of heterochromatin in the cell [65]. A recent study showed
that treating HGPS cells with rapamycin, the inhibitor of mTOR (mammalian target of
rapamycin), eliminated progerin from HGPS cells and enhanced proliferation, likely by
activating a process termed autophagy, which removes excess protein aggregates. Given that
inhibition of the mTOR pathway by rapamycin is strongly associated with promoting
longevity, the intersection of this pathway and HGPS supports the link between pre-mature
aging of HGPS with normal physiological aging.

The case of senescence associated heterochromatic foci (SAHF)
One of the problems in delineating the role of heterochromatin with aging has been that
reports have suggested that heterochromatin can be either reduced or increased during
senescence. This may be due to the equivocation of different forms of senescence, like
replicative senescence and oncogene-induced senescence (OIS), where cell-cycle arrest is
observed but the physiological context and molecular details of each are quite distinct.
Another problem is the dual role for senescence in both promoting aging and suppressing
tumorigenesis. The latter might involve the phenomenon of senescence associated
heterochromatic foci (SAHF). Senescent cells often exhibit the accumulation and
compaction of chromatin, frequently of entire chromosomes, into large sub-nuclear
heterochromatic domains, termed SAHF [66]. These structures contain heterochromatic
features, such as H3K9me3 and HP1γ, the histone variant macroH2A and HMGA (high-
mobility group A) [66,67]. The histone chaperone anti-silencing factor 1a (ASF1a), histone
cell cycle regulator HIRA, and pro-myelocytic leukemia protein (PML), are involved in the
early stages of SAHF formation [68] [Figure 3]. SAHF was initially suggested to participate
in the pRb/p16INK4A tumor suppressive pathway by orchestrating heterochromatinization
and repression of pro-proliferative genes to impose senescence [66]. However, this is
contradicted by the observation that SAHF formation is not a universal feature of cell cycle
arrest. Rather, SAHF appears to be induced primarily following expression of oncogenic
RAS, a potent suppressor of both p16INK4A and p53 tumor suppression pathways [69].
SAHF formation is less prevalent in replicative senescence or quiescence and is highly
variable between cell types. Therefore, SAHF might not be absolutely required for p16INK4A

cell cycle arrest and could be influenced by the origin of the primary stress.

The origin of genomic stress in replicative senescence, where SAHF is less prevalent, is the
chronic attrition of telomeres. Though increased p16INK4A expression is observed, the
induction of senescence is largely p53-dependent [70]. In addition, quantitative mass
spectroscopic analysis of chromatin modification revealed a reduction of total H3K9me3
levels [71]. By contrast, oncogene induced senescence (OIS), which coincides with SAHF
formation, arises from an acute stress at stalled replication forks, leading to irreparable DNA
damage [72]. A recent study has teased apart the relationship between SAHF and OIS [69].
Though the abrogation of the ATM/p53-G1/S-dependent checkpoint in human cells
maintained the expression of pro-proliferative genes and alleviated the oncogene-enforced
cell cycle block, many cells retained SAHF. This indicates that localized repression of pro-
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proliferative genes does not require SAHF or its associated H3K9me3. By contrast, cells
lacking ataxia-telangiectasia and rad3 related kinase (ATR), which regulates the intra-S
phase replicative checkpoint, bore no evidence of SAHF. ATR is a key regulator of DNA
replication and the DNA damage response (DDR), therefore these data strongly suggest that
SAHF is a response to oncogenic stimuli [Figure 3]. But what is SAHF responding to?
Treatment of OIS cells with drugs that inhibit the H3K9me3 KMT SUV39H1 and therefore
disrupt heterochromatin, including SAHF, had the unexpected result of provoking an
enhanced DDR.

This has led to the new hypothesis that the role of SAHF is to curtail the strength of the
DDR and force the cell into senescence rather than apoptosis and suggests that the
heterochromatinization associated with SAHF might be a barrier to tumorigenesis. Indeed,
several cancer cell lines display elevated levels of H3K9me3 and HP1 and suggests that the
inactivation of tumor suppressors, like p53, in cancer cells might allow for the hijacking of
SAHF to maintain a low DDR in cancer cells and maintain their proliferation [69].
Therefore, opposing senescence-associated changes in heterochromatin, here H3K9 and
HP1, occur but represent distinct physiological contexts. As age is a significant risk factor
for cancer a greater understanding of the context that drives changes in chromatin is crucial
to better interpret their relationship with aging and might aid in the effort to stifle both
cancer and other aging associated pathologies.

Histone loss during aging
As mentioned, early EM studies of aged chromatin revealed extended patches of
nucleosome-free regions [55], suggesting extensive remobilization of nucleosomes
throughout the genome and attenuated nucleosome assembly during aging. Restraining the
supply of histones could affect every facet of chromatin structure and chromatin-templated
processes. Recently, age-related histone loss has been observed during aging of budding
yeast and in human cells nearing replicative senescence [71,73] [Figure 4].

Aged wildtype yeast exhibited a significant protein level decline of histones H3 and H2A.
ChIP analysis revealed a ~50–75% reduction in H3 occupancy at the mating type locus,
rDNA and telomere proximal loci [73] [Figure 4a]. This was suggested to be due to age-
related changes in the activity of the histone chaperone ASF1, which regulates histone
metabolism by coordinating histone expression and subsequent exchange into chromatin
[74]. ASF1 and the histone KAT Repressor of Ty 1 transposition 109 (RTT109)
cooperatively regulate H3K56ac in budding yeast[75], which promotes nucleosome
assembly and facilitates histone gene expression. In comparison with wildtype strains, ASF1
and RTT109 single mutants exhibit shortened lifespan, which is exacerbated in ASF1/
RTT109 double mutants[73]. These mutants have reduced levels of H3K56ac, and yeast in
which H3K56ac is blocked by a K-to-R substitution display a similar reduction in lifespan
[76]. This suggested that ASF1/RTT109-dependent H3K56ac might have a role in yeast
aging by altering histone metabolism. However, unlike ASF1 and RTT109 mutants, aged
wildtype yeast show dramatically more histone mRNA levels [73] [Figure 4a]. It has been
proposed that the scarcity of histones causes discrepant nucleosome assembly, which leads
to aberrant ASF1/RTT109/H3K56ac-independent transcription at several genes, including
histone genes themselves [73]. This is corroborated by the observation that nucleosome
depletion by deletion of histone H4 caused the deregulated expression of ~25% of yeast
genes [77]. Deleting the histone regulatory (HIR) complex, which represses histone gene
expression outside of S-phase [78], increased the proportion of chromatin associated
histones and prolonged lifespan. Similarly, in a proof-of-principle, the overexpression of
histones H3 and H4 prolonged lifespan [73].
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In cultured human cells, comparative quantitative analysis of global histone protein
expression between early passage and late passage (hereafter termed young and old)
revealed a ~30% reduction in total histones H3 and H4, and a ~40% decrease in turnover of
H3 and H4 in old cells. In addition, reduced nucleosome occupancy was observed at
telomeres but not at other repetitive elements, such as Alu repeats, indicting non-uniform
changes in nucleosome loss[71]. In humans, the reduced levels of histones H3 and H4 in old
cells might also be linked with the observed reduced expression of stem loop binding protein
(SLBP), the crucial regulator of histone H3.1, H3.2 and H4 mRNA maturation. The
association of SLBP with the 3’loop of histone mRNAs is exquisitely regulated and cellular
stress, particularly during S-phase, significantly reduces the half-life of both SLBP protein
and mRNA as well as histone mRNAs by activating the nonsense mediated decay pathway
in an ATR-dependent manner [79]. Therefore, the DNA damage-induced dissociation of
SLBP from histone mRNAs could have the dual effects of promoting histone mRNA
degradation and blocking their translation, yielding a cumulative reduction in histone H3
and H4 [Figure 4b].

Telomere dysfunction might be a major contributor to some of the chromatin changes that
occur during aging. Though speculative, it is notable that short-lived telomerase-deficient
yeast show significantly reduced histone transcript levels [80]. Nucleosome assembly at
telomeres has been shown to be particularly prone to age-dependant defects in yeast [76].
Telomeres in aged yeast have reduced levels of histone H3 and H3K56ac levels, but
demonstrably higher levels of SAS2-dependent H4K16ac, which renders chromatin into an
accessible configuration that abolishes telomeric silencing [76] [Figure 4a]. In contrast to
ASF1 and RTT109 mutants, SAS2 mutants exhibit prolonged lifespan [76], suggesting that
the switch in the balance from H3K56ac to H4K16ac might converge with telomere
dysfunction to regulate lifespan in yeast.

In humans there are two ASF1 isoforms, ASF1a and ASF1b, with both involved in
regulating the supply and transfer of nucleosomes for chromatin assembly during DNA
replication[81]. ASF1b also regulates a cytosolic pool of histones that are kept in reserve
and utilized during recovery from replication stress and DNA damage [82]. It is not yet
known whether the ASF1b-associated free histone reservoir or the chromatin associated
ASF1-dependent nucleosomes are drained during aging. Like in yeast, ASF1 is absolutely
required for H3K56ac [83]. H3K56ac is present at telomeres but it is not known whether the
levels are altered in old cells. Then again, the localization of SIRT6 to human telomeres,
which can deacetylate H3K56, allows this speculation[84]. Reduced histone occupancy was
observed at telomeres and not at chromatin of internal repetitive elements (Alu repeats)
suggestive of regional changes in nucleosome occupancy during aging [71]. However,
genome wide analysis of nucleosome occupancy and chromatin modification must be
performed to resolve exactly where age-dependent changes in nucleosome assembly occur.
Only then can the consequences of nucleosome loss be directly assessed. The restoration of
telomere length by ectopic expression of the catalytic telomerase subunit hTERT in old cells
increased histone levels and turnover to near that of young cells and somewhat restored
ASF1 and SLBP expression, likely by eliminating DNA damage signaling from short
telomeres [71].

In theory, the restoration of a ‘youthful’ histone supply could provide a powerful mechanism
to restore balance to the epigenome. Despite the regulatory stringency of mammalian histone
biosynthesis, there are hints that modulating ASF1 and SLBP could extend the replicative
lifespan of cells. Depletion of ASF1a from primary cells yields a brief delay in senescence
induction [68]. Similarly, the expression of SLBP restored chromosomal and cell cycle
defects in S-phase, brought about by cessation of histone biosynthesis [85]. Interestingly,
elevated histone transcript have been detected in studies investigating the effects of caloric
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restriction on the transcriptome in C. elegans and mice [86,87]. Finally, histone loss, as we
have discussed here, has not only been observed in yeast and human models of aging, but
also been suggested to occur in mitotic mouse tissues [73]. Therefore, though these
observations might be merely scratching the surface, future studies into histone metabolism
will yield a more complete picture of how perturbations in chromatin metabolism could
affect aging.

Concluding remarks
In this review we have discussed some of the paradigms of chromatin and epigenetic
regulation that have been linked with aging. Their relationship with aging is substantiated by
a certain degree of evolutionary conservation, at least between humans and various model
organisms. For instance, the epigenetic switch between polycomb and trithorax that we
discussed for the mammalian p16INK4A locus has been shown to heritably regulate lifespan
through successive generations of C. elegans. The inactivation of the H3K4 methylase
(set-2/ash-2/wdr-5) or demethylase (rbr-2) in nematodes led to lifespan extension or
shortening of the parental strains, respectively [88,89]. This lifespan extension could be
reverted upon re-establishment of H3K4me3. Inactivating the H3K27me3 demethylase,
ubiquitously transcribed tetratricopeptide on X-chromosome, utx-1, thereby maintaining
elevated H3K27me3, similarly promotes longevity [90]. The H3K4 methylase dependant
lifespan extension was inherited over several generations, providing an elegant example of
epigenetic trans-generational inheritance of longevity [89]. Though suspected, it is still
unclear whether this phenomenon is due to the activation or repression of groups of genes
that are uniquely linked with longevity, and these studies raise important questions
pertaining to the mechanism of trans-generational epigenetic inheritance. Similarly, the loss
of heterochromatic features (H3K9me3 and HP1) that has been observed in HGPS and
during replicative senescence has now been observed in the fruitfly, Drosophila
melanogaster. Reversing the loss of heterochromatin during aging of drosophila promotes
genome stability, improved fitness and longevity of aged flies [91]. Future investigations of
other chromatin modifiers in these genetically tractable model systems will undoubtedly
provide insights as to whether the divergence from ‘youthful’ chromatin occurs as either a
consequence or is a direct cause of aging.

The combination of genetics with regimens that control nutritional intake, like dietary or
caloric restriction, has proven to be one of the most effective means to identify factors that
modulate aging in nematodes, flies, primates and mice [92]. There has been a growing
interest in the direct relationship between metabolism and chromatin. For instance, high
glucose levels have been shown to affect the KMT activity of MLL5, and lowering cellular
levels of NAD+ inhibits global SIRT-mediated deacetylation. Metabolites such as
nicotinamide adenine dinucleotide (NAD+), S-adenosyl methionine (SAM), and acetyl-coA
serve as co-factors in the enzymatic reactions that establish most chromatin modifications.
Fluctuations in the availability of these metabolites due to extrinsic (nutritional input) or
intrinsic constraints (ROS-induced mitochrondrial DNA damage, circadian rhythms) could
compromise the ability of chromatin modifiers to fulfil their functions. This raises the
intriguing question of whether the levels of these metabolites change during aging and
whether this can cause systemic changes in cellular physiology that drive aging. It will be
exciting and technically challenging to address this question, but having fleshed out the
parts-list of factors involved in chromatin regulation and metabolism, it could be the next
great step forward if one identifies where and how these pathways intersect to regulate
human health and lifespan.
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Figure 1. Aging is due to an increased disequilibrium in cellular homeostasis
The decline in metabolic rates and telomere shortening over time can contribute to structural
and gene expression changes that are associated with aging. By contrast, chronic exposure to
reactive oxygen species (ROS), DNA damage and replicative stress can cooperatively cause
elevated stochastic transcriptional noise. Structural changes in chromatin and the regulation
of chromatin modifiers might be common denominators that underlie how these factors
affect chromosomal stability and the cellular processes that drive the aging process.
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Figure 2. Chromatin modifiers linked with age-related transcriptional deregulation
(a) Left: In young cells the repression of the p16INK4A gene is under the purview of the
PRC1 and PRC2 polycomb repressive complexes. PRC2 consists of polycomb group
proteins such as Pc and Enhancer of zeste-2, EZH2. EZH2 methylates chromatin at
H3K27me3 (purple triangle) throughout the locus. PRC2, in turn, recruits the PRC1
complex, consisting of BMI1 and RING1 which ubiquitylate H2AK119 (yellow circle) and
‘lock in’ the inactivate state of the locus. The long non-coding RNA, ANRIL (shown as dark
blue line) and looping between distal PREs might contribute in p16INK4A suppression.
Right: In old cells this repressive domain switches from polycomb-mediated repression to
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trithorax (shown as mixed lineage leukemia 1, MLL1)-dependent transcriptional activation.
First, H3K27me3 is removed by the H3K27me3 specific lysine demethylase, KDM Jumonji
D3, JMJD3, and then MLL1 mediates H3K4me3 (green triangle) at the p16INK4A promoter
to facilitate gene expression (RNA shown as blue lines).
(b) Left: in young cells SIRT1 localizes to repetitive elements (broken DNA line) and genes
to deacetylate H1K26 (blue hexagon); this maintains transcriptional repression and promotes
heterochromatic chromatin modifications such as H3K9me3 (red triangle). Right: following
DNA damage, SIRT1 is mobilized to DNA damage sites to participate in DNA repair. This
leads to activation of SIRT1-regulated genes and transcription of repetitive elements. As the
expression of SIRT1 decreases, elevated transcriptional deregulation and the accumulation
of unrepaired DNA damage lesions can promote aging.
(c) Left: in young cells SIRT6 binds to NFKB and blocks transcriptional activation by de-
acetylating H3K9ac (blue hexagon) at NFKB target promoters. Transcriptional silencing of
NFKB target promoters might be maintained by H3K27me3 (purple triangle)-dependent
repression. Right: in old cells, SIRT6 might be titrated away from NFKB. As a result, the
full transcriptional activation of NFKB and its target genes is unleashed. This is likely to
involve the trithorax complex and MLL1-mediated H3K4me3 (green triangle).
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Figure 3. Senescence associated heterochromatic foci (SAHF)
Senescence associated heterochromatic foci are sub-nuclear structures that consist of DNA,
chromatin and proteins such as histone macroH2A, high-mobility group protein A, HMGA,
Anti-silencing factor 1, ASF1, HIR histone cell cycle regulation defective homolog A,
HIRA, heterochromatin protein 1-γ isoform, HP1γ and H3K9me3 (red triangle), that are
encapsulated in large Pro-Myelocytic leukemia, PML, bodies (shown as large blue circle
with dashed border line). SAHF are formed in response to oncogene-induced hyper-
replication, which and leads to activation of the ATR checkpoint and the up-regulation of
p16INK4A/p53 tumour suppressors. SAHF are postulated to subdue the potency of the DNA
damage response and prevent tumorigenesis.
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Figure 4. Histone loss during aging in S. cerevisiae and human cells
(a) Yeast cells. Left panels: regulation of histone genes. Top: In young yeast cells the
functional cooperation between Regulator of Ty1 transposition protein 109, RTT109 and
Anti-silencing factor 1, ASF1 (green and yellow ovals, respectively) promotes H3K56ac
(blue hexagons) at histone gene promoters to drive histone gene expression. Bottom: in old
yeast cells there are less histone proteins available. This leads to nucleosome loss at histone
genes, permitting increased accessibility for RNA Polymerase II (RNAP) and leading to
increased histone transcription and greater histone mRNA yields. Though the precise
mechanism of histone loss is unclear, it might be due to changes in the expression of
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RTT109 and ASF1 and reduced levels of H3K56ac. Right panels: certain heterochromatic
genomic loci. Top: in young cells, the integrity of genomic loci such as the MAT locus,
rDNA loci and telomeres is maintained by the histone deacetylase SIR2 (blue oval), which
removes H4K16ac and potentially other acetylation chromatin marks (blue hexagons).
Bottom: in the absence of histones, ASF1, and H3K56ac, the KAT SAS2 acetylates
H4K16ac at target loci. This might promote transcription of these loci and inhibit
nucleosome assembly.
(b) Mammalian cells. Left panels: histone genes. Top: In young human cells, histone mRNA
is stabilized by the association of SLBP (yellow oval) and translated to new histone proteins.
Bottom: in old cells, DNA damage might constrain expression and activity of SLBP (red
arrow) leading to the disruption of histone mRNA maturation and translation. Right panels:
genomic loci (telomeres). Top: In young cells, ASF1 might regulate the supply of histones at
genomic loci including telomeres. ASF1 promotes the establishment of chromatin
modifications, H3K56ac (blue hexagon) and H3K9me1 (red triangle) at chromatin. Bottom:
In old cells, in conjunction with diminished levels of histone mRNA, the absence of ASF1
might diminish chromatin assembly dynamics and lead to loss of nucleosomes at telomeres
and potentially other regions. Reduced nucleosome occupancy might promote telomere
dysfunction (red arrow) and accumulation of γH2AX (purple circle).
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