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Abstract

Organismal aging and longevity are influenced by many complex interacting factors. Epigenetics has recently
emerged as another possible determinant of aging. Here, we review some of the epigenetic pathways that
contribute to cellular senescence and age-associated phenotypes. Strategies aimed to reverse age-linked epigenetic alterations may lead to the development of new therapeutic interventions to delay or alleviate some of the
most debilitating age-associated diseases. Antioxid. Redox Signal. 14, 241–259.

Epigenetic Mechanisms

Introduction

I

n the last few years, we have witnessed an outburst of
knowledge on the molecular mechanisms that govern
the aging process. It has become clear that aging is affected
by many complex interacting mechanisms (118). These include, but are not limited to, shortened and dysfunctional
telomeres, oxidative damage of DNA and other cellular
components, accumulation of somatic mutations, hormonal pathways, senescence, apoptosis and altered differentiation in cells of self-renewing tissues (125). Studies of
twins and long-lived families have estimated that only
20%–30% of the variation in human lifespan is determined
by genetic factors. However, these factors become increasingly important for survival at very old ages (95, 150,
178). The remaining 70%–80% of the variation is presumably due to stochastic events, the environment, and other
nongenetic factors. Recently, epigenetics has been recognized as a major contributor to the aging phenotype
(62, 233).
Epigenetics refers to changes in phenotype or gene expression caused by mechanisms other than changes in the
underlying DNA sequence (71). These changes may be retained through cell divisions for the remainder of that cell’s
lineage, and if affecting the germline may also extend for
multiple generations (19). Epigenetic modifications can
result both from stochastic events and environmental factors (60). Although the characterization and functional
analysis of epigenetic modifications involved in cancer
progression has been studied intensely for almost two decades, the role of epigenetics in aging is still an emerging
and promising field (56, 163). In this review, we discuss
recent advances, focusing on establishing the functional
and biological significance of epigenetic alterations that
occur during aging.

Most epigenetic research has converged on the study of
covalent and noncovalent modifications of DNA and histone
proteins as the mechanisms that directly influence chromatin
structure. This is because the local chromatin environment of
a given gene strongly influences its expression. The basic repeating unit of chromatin is the nucleosome. The nucleosome
consists of 146 bp of DNA wrapped around an octamer of
histones (two copies of each of H2A, H2B, H3, and H4
monomers) (136). The linker histone H1 and its isoforms are
involved in chromatin compaction and are located at the base
of the nucleosome near the DNA entry and exit binding to the
linker region of the DNA (242). Chromatin can be functionally
classified into two forms: heterochromatin and euchromatin
(79). Euchromatin is decondensed during interphase, is permissive for transcription, and replicates early during S-phase.
On the other hand, heterochromatin remains condensed
during interphase, is mostly transcriptionally silent, and
replicates late in S-phase. Heterochromatin can be further
subdivided into constitutive and facultative heterochromatin.
Constitutive heterochromatin is typically considered to be
permanently silenced and includes pericentromeric and telomeric DNA. Facultative heterochromatin, in contrast, can be
transcriptionally active at certain times and is typically
formed in association with a change in cellular phenotype as
part of differentiation or development processes (79, 90). An
example of facultative heterochromatin is X chromosome inactivation in female mammals, where one X chromosome is
maintained as facultative heterochromatin and is largely silenced, while the other X chromosome is mostly euchromatic
and abundantly expressed (90).
Despite these basic distinctions between euchromatin and
heterochromatin, it is increasingly recognized that chromatin
is not a fixed entity but instead a highly dynamic system (Fig. 1).
The disruption and reassembly of chromatin structures is
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and extend organismal lifespan. On the other hand, the stochastic, unpredictable component of chromatin structure
might, over time, lead to the break down of nuclear, cell, and
tissue function, contributing to aging and age-associated
diseases. In this respect, the Vijg’s group has recently shown
that variability in expression between individual cardiomyocytes increases with age, suggesting that age-related
chromatin changes impact on gene expression (5).
Known epigenetic mechanisms that regulate chromatin
structure include DNA methylation (72) and histone modifications (120, 200). The control of gene expression by noncoding RNAs (ncRNAs) has been recognized as an epigenetic
mechanism in some organisms (17). Prions have also been
invoked as epigenetic agents capable of inducing a phenotypic change without modifying the genome due to their
ability to catalytically convert the native state of the same
protein to an infectious conformational state (157). Other
mechanisms such as telomere shortening and positioning
of transposable elements also form part of the epigenetic
machinery of many organisms (111).
DNA methylation

FIG. 1. The dynamic nature of chromatin. Chromatin is a
highly dynamic structure able to transition from an uncondensed, loose form (top panel) to a condensed, tight one
(bottom panel). The linker histone H1 and different histonebinding proteins (HBP) aid in the condensation of chromatin.
Different modifications, including DNA methylation and
various histone modifications, regulate the constant remodeling of chromatin.
necessary for many essential processes such as gene transcription, DNA replication, and repair (14, 80). Recent genomewide analyses have shown that essentially all DNA
sequences of the human genome are, at least to some degree,
transcribed into RNA (20, 82, 144). It is also becoming increasingly evident that the formation of heterochromatin
depends in an important way on transcription, which contributes to heterochromatization through the RNA interference pathway, which will be further discussed below (79).
With respect to repair, evidence from the Jeggo’s Laboratory
has tied the ataxia-mutated protein (ATM) to repair of
DNA double-strand break lesions specifically in compacted
heterochromatin. It has been proposed that ATM signaling
enables repair within higher order compacted regions by transiently loosen interaction between heterochromatin-building
factors (75).
By continuously remodeling itself, chromatin can redistribute its states in a random, nondeterministic fashion.
Therefore, chromatin can be considered a stochastic entity,
which explains the aleatory occurrence of some traits in organisms such as the fruit fly (110). In some cases, the dynamic
property of chromatin appears to oppose the aging process

Methylation of DNA is the best-characterized epigenetic
modification. It provides a stable and heritable component of
epigenetic regulation. DNA methylation is essential for normal development and remains indispensable for the survival
of differentiated cells through the organism’s life (104, 170).
DNA methylation plays an important role in the silencing of
repetitive and centromeric sequences from fungi to mammals,
in X chromosome inactivation in female mammals, and in
mammalian imprinting (16). In mammals, nearly all DNA
methylation occurs on cytosine residues of CpG dinucleotides. DNA methylation of CpG islands, regions of the
genome that have a high density of CpGs dinucleotides,
correlates with transcriptional repression (72). Non-CpG
methylation, such as CpA methylation, has only recently been
detected in mammals. Low levels of CpA methylation have
been observed in early mouse embryos and embryonic stem
(ES) cells, but are significantly decreased in somatic cells (84,
182). A recent study in mice implicated CpA methylation as a
mechanism of allelic exclusion in sensory neurons (134).
Methylated cytosines can function to promote or prevent
recruitment of regulatory proteins. They are also involved in
the formation of heterochromatic structures (18, 54, 85). Global DNA methylation patterns are inherited though the
germline with a high degree of fidelity due to the activity of at
least three independent DNA methyltransferases (DNMTs):
DNMT1, DNMT3a, and DNMT3b. Interestingly, the loss of
DNMT activity is lethal in mice (130). DNMT1 performs a
maintenance function by copying parental strand DNA
methylations onto the daughter strand during DNA replication, while DNMT3a and DNMT3b function as the novo
methylases after DNA replication (35, 170–172).
During aging, mammalian cells undergo a DNA methylation drift that changes the 5-methyl-cytosine distribution across the genome. This results in a global DNA
methylation decrease, while some promoters become aberrantly hypermethylated (100–102, 198, 222, 234) (Fig. 2). The
age-associated decline in global DNA methylation occurs predominantly in domains with repetitive sequences and constitutive heterochromatin facilitating the de-heterochromatization
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decrease in ribosomal RNA (rRNA) levels that occur during
aging (44, 167).
It has been proposed that the loss of global DNA methylation during aging is the result of passive demethylation of
heterochromatic DNA as a consequence of a progressive loss
of DNMT1 efficacy and=or erroneous targeting of the enzyme
by other cofactors. Also, the loss of DNA methylation could
cause the overexpression of the de novo DNA methylases
(DNMT3a=b) causing the aberrant hypermethylation of promoter CpG islands that are commonly unmethylated in normal cells (63). In this respect, Casillas et al. analyzed changes
in gene expression, protein production, and enzyme activity of the three major DNMTs in aging and neoplastically
transformed WI-38 human fetal lung fibroblasts. They observed striking changes in gene expression of the DNMTs in
aging cells with the mRNA of DNMTl becoming reduced,
while mRNA of DNMT3b increased steadily in aging cells,
consistent with the protein production and activity of these
enzymes (32).
Histone and protein modifications

FIG. 2. Changes in DNA methylation during aging. Cells
undergo a methlylation drift during aging resulting in a global
DNA methylation decrease and aberrant hypermethylation of
some promoters. Hypermethylated promoters cause reduced
gene expression. Open hexagons denote unmethylated cytosines, whereas close hexagons represent methylated ones.

of these regions (120). Even though genome-wide levels of
methylation decrease with age, the CpG islands of many of
specific promoter regions that are typically unmethylated
become methylated. These include promoters of several tumor suppressor genes such as CDKN2A, LOX, RUNX3, and
TIG1 (201, 222). These observations are consistent with the
notion that age-related methylation changes are associated
with cancer susceptibility in the elderly. Other genes that
become silenced due to promoter hypermethylation during
aging include the estrogen receptor (ER) and the insulin-like
growth factor II (IGF2). The methylation-associated inactivation of the ER gene and the switch from monoallelic to biallelic
methylation in the case of the human IGF2 promoter in colorectal mucosa have been proposed to be early events that
predispose to sporadic colorectal tumorigenesis in aging
populations (101, 102). Other genes with increased promoter
methylation during aging include those encoding collagena1(I), c-Fos, and the myogenic differentiation antigen 1
(25, 37, 204, 237). Interestingly, it has been observed that there
is an increase in 5-methylcytosines within the ribosomal DNA
(rDNA) clusters in livers of old rats, which could explain the

Histone modifications are associated with both gene activation and gene repression. The combination of modifications
within histone tails and globular domains determines the
open-closed chromatin status and thus the degree of gene
activity within a certain DNA region. Therefore, the diverse
arrangements of histone modifications are known as the histone code (120). Histone modifications include covalent and
noncovalent mechanisms (120, 200). Covalent modifications
include methylation of arginine (R) residues; methylation,
acetylation, ubiquitination, ADP-ribosylation, and sumoylation of lysine (K) residues; and phosphorylation of serine (S)
and threonine (T) residues (Fig. 3). Modifications that are associated with active transcription, such as acetylation of histone 3 (H3) and histone 4 (H4), and dimethylation (Me2) or
trimethylation (Me3) of H3K4 and H3K36, are now commonly referred to as euchromatic modifications. Methylations
of H3K9, H3K27, and H4K20 are principally localized to
inactive genes or regions and are thus regarded as heterochromatic marks (187). Noncovalent mechanisms such as
chromatin remodeling by ATP-dependent complexes and
incorporation of specialized histone variants introduce additional variations into the chromatin structure adding yet another layer of epigenetic control (224, 225).
Histone methylation. Differentially methylated forms of
histones show unique association patterns with specific proteins that recognize these marks and thus convey their
silencing or activating effects. Histone methylation regulates
fundamental processes such as heterochromatin formation,
X chromosome inactivation, genomic imprinting, transcriptional regulation, and DNA repair (127, 137). Lysine side
chains may be mono-, di-, or trimethylated, whereas arginine
side chains may be monomethylated, or symmetrically or
asymmetrically dimethylated (7). Histone arginine methylation generally correlates with transcriptional activation, while
histone lysine methylation leads to either activation or repression, which is dependent upon the particular lysine residue (59, 121). The transfer of methyl groups from S-adenosyl
methionine to lysine and arginine residues of histone proteins
is catalyzed by highly specific modifying enzymes known as
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FIG. 3. Histone modifications. This
figure represents some of the potential modifications that histones can
undergo. The aminoacid sequences of
histone H2A, H2B, H3, and H4 are
shown. These modifications include
methylation (M), acetylation (A),
phosphorylation (P), and ubiquitination (U).

histone methyltransferases (HMT). This specificity exists not
only at the level of substrate recognition, namely, which lysine
residue is modified, but also whether the lysine is mono-, di-,
or trimethylated, adding a further level of complexity to the
histone code. The majority of lysine methyltransferases contain a SET domain (suppressor of variegation 3–9 and enhancer of zeste and trithorax) as their catalytic core (165).
Histone arginine methylation is catalyzed by the protein arginine N-methyltransferase class of HMT enzymes. Although
the histone residue specificity of the protein arginine Nmethyltransferase enzymes is not as well characterized as the
lysine methyltransferases, these enzymes are typically more
promiscuous and often target multiple arginine residues on
the N-terminal tails of histone H3 and H4 (10, 165).
Strong evidence supports the heritability of this type of
histone modification in multicellular organisms. H3K27 and
H3K4 methylations, for example, are catalyzed by Polycomb
group (PcG) and Trithorax group complexes, respectively,
which mediate the mitotic inheritance of lineage-specific gene
expression patterns (184, 185). However, the PcG proteins
detach from chromosomes during mitosis, and the mechanisms by which the information is maintained remains to be
elucidated. It has been proposed that a physical interaction between PcG complexes and methylated histones in
chromatin could guide them back to their target sites after cell
division (185).
Interestingly, the total abundance of H4K20 methylation
has been reported to increase with age in rat tissue (189). In
this particular study, mass spectrometric analysis was used
to investigate the methylation pattern of histone H4 in different mammalian organs from animals of various ages. In
rat kidney and liver, the dimethylated form of H4K20
(H4K20Me2) was found to be the predominant species,
whereas the monomethyl derivative (H4K20Me) was present
in much smaller amounts. A trimethylated form of H4K20

(H4K20Me3) was found for the first time in mammalian tissue. A significant increase of this variant was detected in organs of old animals, whereas the amounts of mono- and
dimethylated forms did not significantly change with age
(189). Increases in H4K20Me3 were also found in cells from
patients with Hutchinson-Gilford progeria syndrome (HGPS)
(189). HGPS is a rare syndrome that is characterized by the
early and rapid onset of some debilitating phenotypes such as
severe growth retardation, loss of subcutaneous fat, alopecia,
loss of bone density, and poor muscle development (124). The
increase in H4K20Me3 was accompanied by other histone
modifications such as decreases of H3K27Me3 and H3K9Me3.
The methyltransferase responsible for the methylation of
H3K27, EZH2, was also found to be downregulated in HGPS
cells (196). Interestingly, after passage in culture, cells from
normal old individuals (>80 years) show similar changes in
chromatin structure to those seen in HGPS patients (191).
HGPS is caused by specific mutations in the lamin A gene
(LADelta50). These mutations cause a splicing defect that
generates a truncated dominant gain-of-function lamin A
isoform that leads to nuclear defects. Expression of this mutant protein in normal cells induces changes in chromatin
structure by altering histone methylation in a similar way as
in HGPS cells (61, 196). However, the exact mechanism linking lamin and the factors involved in histone methylation
remains to be elucidated. One theory is that lamin provides a
3D nuclear scaffold that could act as an assembly platform for
chromatin organizing factors. It has been postulated that
during normal aging, sporadic use of cryptic splice sites in the
lamin A gene generates a protein version similar to the one in
HGPS causing changes in chromatin structure and age-related
nuclear defects (191).
Histone acetylation. Acetylation of the lysine residues in
the N-terminal tails of histone proteins neutralizes positive
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charges, thereby weakening charge-based interactions between histones and DNA. This is believed to facilitate decondensation, increasing the access of RNA polymerase
and transcription factors to gene promoters (210). Acetylated
lysines are recognized and targeted by specific factors such as
transcriptional regulators and remodeling enzymes that
contain specific protein domains called bromodomains (30).
In most cases, histone acetylation enhances transcription,
while histone deacetylation represses transcription. Histone
acetylation is catalyzed by histone acetyltransferases (HATs),
while deacetylation is catalyzed by histone deacetylases
(HDACs). Several different families of HATs and HDACs
have been identified (38).
CREB-binding protein (CBP) and p300 are probably the
best studied HATs. They are highly related and are believed
to participate in the regulation of many cellular functions
through interactions with hundreds of different transcription
factors (203). Current models suggest that the binding of
specific coactivators to transcription factor activation domains positions HATs near specific nucleosomes in target
gene promoter regions (203, 220). A few studies have shown a
decline in p300 and CBP levels in tissues of old mammals. By
using immunoprecipitation combined with specific assays for
acetylase activity, Li et al. found that the HAT activity of p300
and CBP was reduced in muscle, liver, and testes of aged mice
compared to the levels present in embryos and young animals
(131). In rat brain, a marked decline in expression of CBP=p300
was observed in motor-neurons of the spinal nucleus of the
bulbocavernosus of old animals (140). Considering that p300
and CBP function in concert with multiple transcription factors,
reduction of their levels could have wide-spread and deleterious consequences on the affected tissues (6).
There are two major HDAC families: the classical family of
HDACs and the family of NADþ-dependent HDACs (Sir2
family) (193). The Sir2 family deserves special attention since
its activity has been linked to the control of lifespan in different organisms. Sir2-like enzymes catalyze a reaction in
which the cleavage of NADþ and histone deacetylation are
coupled to the formation of O-acetyl-ADP-ribose (49). In
yeast, Sir2 establishes and maintains chromatin silencing by
deacetylating histones H3 and H4 and by recruiting other
silencing proteins specifically to heterochromatic regions
located at rDNA, telomeres, and silenced mating-type loci.
Inactivation of Sir2 shortens lifespan, while its activation or
addition of extra copies lengthens lifespan (83, 113, 135). The
antiaging effect of Sir2 is, in part, due to the translocation
of the Sir2 protein from telomeres to rDNA repeats in the
nucleolus (114). These repeats are recombination prone
and can form extrachromosomal rDNA circles (ERCs) that
have deleterious effects and decrease lifespan (77, 83, 114,
135). Histone deacetylation and the consequent heterochromatization by a Sir2-containing protein complex called
regulator of nucleolar silencing and telophase exit (RENT)
prevent the formation of ERCs, extending yeast lifespan (96).
Thus, yeast aging is regulated by the nuclear redistribution
of the Sir2 complex, which changes the chromatin state of
particular genomic regions. In many other species, including
nematodes and flies, orthologs of Sir2 have also been found
to exert antiaging effects. Thus, the ability of Sir2-like proteins to regulate aging seems to be conserved through evolution. However, the antiaging effects in higher organisms
do not appear to involve ERCs (83, 135).
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Recently, a Sir2-mediated aging mechanism distinct from
ERCs accumulation has been suggested. In this respect, results from the Berger Laboratory show that yeast Sir2 regulates replicative lifespan through H4K16 deacetylation at
subtelomeric regions. In replicative old cells, a Sir2 protein
reduction is accompanied with an increase in H4K16 acetylation at subtelomeric regions. The increase in H4K16 acetylation is also due to the activity of the HAT Sas2. In young
cells, Sir2 and Sas2 work antagonistically to establish a silencing boundary. Perturbation of this boundary results in
altered transcription silencing at these loci in old cells (43).
Seven orthologs of the yeast Sir2 protein, known as sirtuin
(SIRT1–7), are found in mammals (128, 199, 205). SIRT1 and
SIRT2 are of particular interest to the biology of aging. A
significant positive correlation between the levels of SIRT1
and proliferation was found in mouse and human fibroblasts
(190). In the mouse, SIRT1 was decreased with age in tissues
in which mitotic activity also declines, such as the thymus and
testis. Interestingly, loss of SIRT1 with age was increased in
mice with accelerated aging, but this was not observed in
long-lived growth hormone receptor knockout mice. Hence,
there seems to be a concomitant decline in the levels of SIRT1
as mitotic activity ceases in old cells (190).
Human SIRT1 promotes heterochromatin formation
through the coordination of several events. SIRT1 preferentially deacetylates H4K16 but also has been shown to deacetylate H3K9 in vitro (215). Hypoacetylation of H3 and H4 tails
correlates with a compacted chromatin structure that is refractory to transcription (126). SIRT1 also directly interacts with
histone H1b and is able to deacetylate it at H1K26. These activities of SIRT1 have a deep effect on chromatin packing by
altering the interaction of H1 with linker DNA (213). Further,
SIRT1 promotes the loss of methylated H3K79 (H3K79Me2), a
mark associated with transcriptionally active chromatin while
inducing the establishment of marks associated with repressed
chromatin such as H3K9Me3 and H4K20Me1. Recent work
from the Reinberg Laboratory has shed light into the mechanism by which SIRT1 affects the levels of histone methylation.
Their work has shown that the mammalian HMT suppressor of
variegation 3–9 homolog 1 (SUV39H1) is targeted by SIRT1
and its activity is regulated by the acetylation al lysine 266 in
the catalytic domain. Deacetylation of SUV39H1 by SIRT1 results increased levels of the H3K9Me3 modification (169, 212).
Using ES cells, the Sinclair’s group has demonstrated that
SIRT1 represses repetitive DNA and a wide variety of genes
across the mouse genome. Interestingly, DNA damage induces redistribution of SIRT1 to DNA breaks to promote efficient repair. This results in transcriptional changes that
parallel those in the aging mouse brain. Activation of SIRT1 in
a mouse model of genomic instability protected animals from
irradiation and suppressed age-dependent transcriptional
changes (169).
A link between p63, a homolog of the p53 tumor suppressor
gene, and SIRT1 has been uncovered using mouse models.
Transgenic mice overexpressing one of the isoforms of p63
displayed an accelerated aging phenotype in the skin characterized by striking wound healing defects, decreased skin
thickness, decreased subcutaneous fat tissue, hair loss, and
decreased cell proliferation. This phenotype was accompanied by a decrease in longevity and correlated with downregulation of SIRT1 (202). However, since SIRT1 knockout
mice rarely survive postnatally, it is unclear whether mice
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with decreased SIRT1 expression would exhibit all or part of
the phenotype seen in p63 transgenic mice (36).
At the molecular level, it has been shown that SIRT1mediated deacetylation can antagonize the activity of several
transcription factors and cofactors, including some involved
in apoptosis, such as p53 and forkhead transcription factors
(Foxo) (29, 153, 218) and in cell differentiation, such as
p300=CBP-associated factor and peroxisome proliferatoractivated receptor gamma (64, 177). More recently, a nutrientsensitive physical interaction was observed between
Foxo3a and p53, which, in turn, regulated SIRT1 levels (162).
Exciting new work by Murayama et al. has revealed that
activation of SIRT1 can silence the rDNA complex energydependent nucleolar silencing complex in response to intracellular energy status. This response represses ribosome
biogenesis and subsequently protein synthesis (155). This
energy-dependent mechanism resembles what occurs during caloric restriction (CR). CR is an intervention that can
extend lifespan in a variety of organisms (197). The role of
SIRTs in the lifespan extension mediated by CR is still not
completely understood, but the SIRT1-energy-dependent
nucleolar silencing complex interaction provides a novel
regulatory mechanism that can impact mammalian aging by
regulating metabolic rates.
SIRT2, the mammalian ortholog of yeast Hst2, is distributed mainly in the cytoplasm (98). SIRT2 colocalizes with
microtubules and deacetylates a-tubulin at lysine 40, thereby
participating in the regulation of microtubule dynamics and
cell cycle progression (166). SIRT2 can transiently migrate to
nuclei in the G2=M transition during mitosis to deacetylate
histone H4K16 (214). SIRT2 plays a role in the control of G2=M
transition with its expression and phosphorylation being increased during G2=M phase. Moreover, its overexpression
leads to prolongation of the mitotic phase (51). Mammalian
SIRT2 responds to CR and oxidative stress deacetylating
FOXO transcription factors and decreasing cellular levels of
reactive oxygen species (223)
ATP-dependent chromatin remodeling. ATP-dependent
chromatin remodeling complexes modulate chromatin accessibility by altering histone–DNA interactions (216). These
complexes use the energy of ATP hydrolysis to move or eject
nucleosomes and increase chromatin fluidity, thereby modulating the access of transcription factors and other regulatory
proteins to DNA (41). Most ATP-dependent chromatin remodeling factors are multisubunit complexes with an ATPase
domain as the catalytic center. The ATPase subunits can be
classified into three families: SWI=SNF, M2=CHD, and the
ISWI ATPases (55). All these ATPases contain a highly conserved catalytic core domain, while the N- and C-terminal
domains differ considerably between families. The complexes
also differ in the number of subunits, ranging from 2 to 11, or
more (117, 219).
There is emerging evidence linking ATP-dependent chromatin remodeling complexes to aging. BRG1, a member of the
SWI=SNF ATPases, induced cellular senescence in a carcinoma-derived human cell line when overexpressed. This response was overcome by cyclin E, an essential cell cycle
regulatory protein required for G1=S transition (195). Furthermore, an in vivo study showed that BRM, another member
of the SWI=SNF family, can regulate aging in the rat liver.
Aging increases levels of BRM, which in turn interacts with
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C=EBPa, a liver transcription factor, and initiates the formation of a high molecular weight complex containing C=EBPa,
pRb, and E2F4. This age-specific complex binds to promoters
regulated by E2F and represses expression of these genes in
livers of old animals (97).
Histone-biding proteins. Histone chaperones are histonebinding proteins that can directly regulate chromatin
structure through their association with core histones. This
regulation is seen in processes as diverse as chromatin assembly, chromosomal decondensation, and transcription (211).
A recent study in Drosophila describing the replicationindependent deposition of the histone variant H3.3 exclusively in particular highly transcribed loci led to the hypothesis that the dynamic exchange of histones by chaperones
might function in epigenetic regulation (2, 3). Therefore, inheritance of nucleosomes carrying the histone variant H3.3
might be a mark for the transcriptional activation of genes that
are silenced by other histone modification. The histone
chaperone histone cell cycle regulation defective homolog A
(HIRA) has been shown in vitro to preferentially deposit histone H3.3 into nucleosomes relative to the canonical histone
H3.1 (78). It has been suggested that deposition of H3.3 by
HIRA may be associated with other major chromatin remodeling events, perhaps as a way to ‘‘re-set’’ histone modifications (1). Interestingly, in baboon dermal fibroblasts, there
is a striking correlation between the level of HIRA expression
and the age of the donor animal (109).
Regulation of gene expression by ncRNAs
A number of ncRNAs play important roles in modifying
expression of mRNAs and their proteins, and therefore are able
to modulate the phenotype of a variety of cells and organisms
(188, 227). ncRNAs, also called small RNAs, function without
being translated into proteins and typically the transcripts are
<300 nucleotides long. The sequences from which ncRNAs are
transcribed are considered RNA genes. ncRNAs have a direct
role in RNA processing and degradation, indirectly regulating
protein synthesis and gene expression (238).
Some ncRNAs may spread directly to other cells or nuclei
by diffusion. A large amount of RNA and protein is contributed to the zygote by the mother during oogenesis or via nurse
cells, resulting in maternal effect phenotypes (183). Even
though only a small quantity of sperm RNA is transmitted
from the father, there is recent evidence suggesting that this
information can lead to visible changes in several generations
of offspring (146).
MicroRNA (miRNA) is a type of ncRNA that has been
implicated in epigenetic regulation in many different organisms (17). miRNAs are small, single-stranded RNAs 18–25
nucleotides long that are complementary to specific proteincoding mRNA transcripts and can inhibit their expression. In
animal cells, miRNA genes encode long primary transcripts
that are then processed into pre-miRNAs stem loops of
around 60 nucleotides. The pre-miRNAs are transported to
the cytoplasm where they are processed by Dicer RNAase III
enzymes into small duplexes. Finally, one strand of the duplex is degraded and the other, as a mature miRNA, enters the
RNA-induced silencing complex (227). Human miRNAs are
typically expressed at high levels (1000–30,000 copies per cell),
and can have profound impact on cellular physiology (161).
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Many studies have shown that miRNA levels change
during the lifespan of several species and can be associated
with age-related disorders (226). In the nematode, knocking
out the miRNA gene lin-4 decreased the lifespan and accelerated tissue aging, while overexpression of this miRNA extended it (23). This effect was mediated by the insulin=IGF1
pathway, a pathway closely involved with aging in many
different organisms.
Recent evidence in mammals suggests that miRNAs might
play a role in age-associated conditions such as neurodegeneration (160, 226). Interestingly, miRNAs are enriched in rodent and human brains: relatively to other organs more
miRNAs are expressed in the brain and at higher level (161).
Expression of brain miRNAs varies during development (149,
159). Wang et al. showed that expression of the miRNA miR107 decreases early in Alzheimer’s disease and may accelerate
disease progression through regulation of the b-site amyliod
precursor protein-cleaving enzyme 1 (BACE1) (226). Kim et al.
showed that miR-133b, an miRNA that is specifically expressed in midbrain dopaminergic neurons, is deficient in
midbrain tissue from patients with Parkinson’s disease. miR133b is involved in regulating the maturation and function of
midbrain dopaminergic neurons within a negative feedback
circuit that includes the paired-like homeodomain transcription factor Pitx3 (116).
Prions
Prions are proteins that have the ability to catalytically
convert native state version of themselves into infectious
conformational states with altered function. These selfreplicating altered proteins act as a template for newly synthesized proteins to acquire the infectious conformation (180).
It is in this sense that they can be viewed as epigenetic agents
capable of inducing a phenotypic change without a modification of the genome.
The missfolded form of the first prion protein discovered
has been implicated as the causative agent of transmissible
spongiform encephalopathies in a variety of mammals, including bovine spongiform encephalopathy (also known as
‘‘mad cow disease’’) in cattle and Creutzfeldt-Jakob disease in
humans (40). These mammalian prion diseases affect the
structure of the brain or other neural tissue, and are currently
untreatable (105, 180). The main pathogenic event of prion
disease is believed to be the conformational conversion of the
a-helical cellular protein (PrPC) into the b-sheet-rich scrapie
isoform (PrPSc). These b-sheet-rich proteins polymerize into
aggregates that are extremely stable. They accumulate in
brain tissue causing damage and cell death (173). It is important to note that the term ‘‘prion’’ is no longer confined to
the infectious agent of transmissible spongiform encephalopathies but is used for any protein that adopts a selfsustaining conformational state.
Several proteins showing prion-type behavior have also
been found in the yeast Saccharomyces cerevisiae. Yeast prions
do not appear to cause disease in their hosts and may even
confer an evolutionary advantage through a form of nonMendelian, protein-based inheritance (132). Yeast prions are
thus believed to represent an epigenetic mechanism able to
regulate several important physiological processes. Due to
their ability to reversibly switch protein conformations, prions
in yeast can impart both gain-of-function and loss-of-function
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phenotypes (208). [PSIþ], [Het-s], and [URE3] are the beststudied prions in yeast. In [PSIþ] cells, the loss of the eRF3protein, which is involved in the termination of translation,
causes ribosomes to have a higher rate of read-through of stop
codons, an effect that results in suppression of nonsense
mutations in other genes (52, 209). The ability of eRF3 to form
prions could confer an adaptive advantage by giving cells the
ability to switch into a [PSIþ] state and express dormant genetic features normally terminated by premature stop codon
mutations. The prion [Het-s] results also in a gain-of-function
phenotype and is involved in preventing mating between
incompatible strains (42). [URE3], on the other hand, results in
the inactivation of its protein component Ure2, and manifests
as an alteration in preference for nitrogen source uptake (229).
In mammals, the normal cellular prion protein (PrPC) is
expressed in many tissues, but mostly in brain cells such as
neurons (122) and glial cells (151). The biological function of
PrPC has not been clearly established, but in vitro studies have
suggested an antioxidant activity and links to signal transduction pathways (28, 154). Several lines of evidence suggest
that prion protein expression changes with age. Interestingly,
in human spongiform encephalopathies, symptoms are generally manifested late in life (87). In Alzheimer’s disease, another
neurodegenerative disease that develops late in life, elevated
levels of PrPC have been found in brain tissue from afflicted
individuals (221). Recent studies have investigated the changes
in expression and the modification patters of prions during
brain aging. Williams et al. have found an age-associated upregulation or reduced turnover of PrPC, in cerebral microvessels
and brain parenchyma, which also occurred in response to increased oxidative stress (232). PrPC is a glycoprotein with two
highly conserved potential N-linked glycosylation sites. Accumulating evidence suggests that N-linked glycans on PrPC are
important in the disease phenotype, and Goh et al. found that
the glycosylation profiles of PrPC vary significantly during aging (70). An increased prevalence of complex oligosaccharides
was found on PrPC of aged tissues. Interestingly, this is also a
feature of PrPSc, suggesting a link between the glycosylation
pattern on PrPC during aging and PrPSc.
Crosstalk between epigenetic pathways
It is becoming increasingly evident that different epigenetic
mechanisms engage in crosstalk to establish the epigenetic
states and expression patterns of many mammalian genes.
Recently, important links between DNA methylation and
other epigenetic regulators have been uncovered (76). It has,
for example, been shown that SUV39H1 HMTase-directed
H3K9 trimethylation is required for recruiting DNMT3bdependent DNA methylation to pericentromeric repeats
(129). In a similar way, the activities of the Polycomb complexes PRC1 and PRC2 appear to be tightly connected to DNA
methylation. In this particular case, the establishment of a
complex network of physiological feedback loops by epigenetic factors, including members of the SWI=SNF family of
remodeling proteins, HDACs and DNMTs, reinforces DNA
methylation and silencing of Polycombs targets (156, 236,
243). miRNAs can also control other epigenetic mechanisms,
for example, miRNAs such as miR-140 in mice can target
HDACs, while others are predicted to target DNA methylation enzymes (181). Interestingly, it has been shown that
miRNA gene transcription can be also epigenetically
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with age in many renewable tissues (123). Cells expressing
senescence markers are also found at sites of chronic agerelated pathologies, such as osteoarthritis and atherosclerosis
(34, 141, 217) (Fig. 5).
Two central signaling pathways leading to the activation of
p53 and retinoblastoma (pRB) tumor suppressors are responsible for initiating and maintaining the senescence state (13).
The p53 pathway exerts its effects through activation of
downstream target genes, including the cyclin-dependent kinase inhibitor p21CIP1, whose expression is increased in senescent cells. The cyclin-dependent kinase inhibitor p16INK4a
activates pRB. The pRB pathway inhibits cell prolifera-

FIG. 4. Crosstalk between epigenetic pathways. DNA
methyltransferases and histone-modifying enzymes work in
concert with miRNA mechanisms to establish a specific
chromatin structure that defines the transcriptional state of
genes. Each of these mechanisms controls and is controlled
by the others creating a complex regulatory machinery.
regulated by DNA methylation and histone acetylation
changes (186) (Fig. 4).
A prime example of complex crosstalk between epigenetic
pathways is the regulation of rRNA genes. DNMTs and histone-modifying enzymes work in concert with chromatinremodeling complexes and miRNA mechanisms to establish a
specific chromatin structure that defines the transcriptional
state of rRNA genes (81).
Telomere attrition is a known contributor to the phenotypes associated with the aging process. However, the molecular mechanisms responsible for telomere homeostasis are
not completely understood. As discussed below, compelling
data indicate that the epigenetic status of telomeric and subtelomeric chromatin and the interaction between epigenetic
pathways play a role in the regulation of telomere biology
(21). Thus, multiple intersecting epigenetic pathways control
cell fate and disease states, including aging, and the outcome
of many critical cellular events is determined by the balance
and timing of epigenetic regulators.
Epigenetic Control of Cellular Senescence
Cellular senescence is defined as an irreversible cell cycle
arrest (31, 88). Because of cellular senescence most normal
somatic cells of higher metazoans have a finite proliferative
lifespan. Repeated cell divisions resulting in telomere shortening can trigger cellular senescence (22, 86). In addition,
many types of stress, including ionizing and UV irradiation,
reactive oxygen species, nutrient imbalances, and even suboptimal culture conditions, can induce some normal cells to
undergo senescence (12). Activation of some oncogenes can
also trigger senescence in normal cells (39, 194). Cellular senescence is widely regarded as a tumor suppressor mechanism. Recent evidence also reinforces the notion that cellular
senescence contributes to organismal aging, in part by limiting the self-renewal of tissues (58). The incidence of cells with
one or more markers of cellular senescence generally increases

FIG. 5. Cellular senescence in aging and cancer. Many
different stresses, including telomere attrition, oncogenic
stress, reactive oxygen species, and UV radiation, activate the
cell cycle arrest proteins p16 and p21, which in turn leads to
the activation of the tumor suppressors pRB and p53, respectively. Both of these pathways participate in establishing
and maintaining cellular senescence. Senescent cells are
growth-arrested and show changes in gene expression that
affect tissue structure contributing to the aging phenotype.
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tion through downstream effectors such as the E2F family of
transcription factors, whose target genes are necessary for
progression through S-phase (94, 164). The p53 pathway is
activated by DNA damage, in response to either short telomeres or activated oncogenes, and induces a DNA damage
response (93). In mouse cells, activated oncogenes also activate
p53 by upregulation of p14ARF. However, this pathway is apparently not conserved in human cells (27, 228). The pRB
pathway is activated by upregulation of p16INK4a. The mechanisms by which expression of p16INK4a is activated are not
completely understood, although regulation by Polycomb
proteins that repress its expression is known to be a component
(15, 68, 103). Manipulation of the cellular signals involved in
senescence, such as telomere shortening or expression p16INK4,
exerts pronounced effects on organismal aging (148, 179, 230).
In mouse, all three proteins of the Ink4b-Arf-Ink4a locus can
regulate cellular senescence. p16INK4a and p15INK4b block the
phosphorylation of pRb, thereby activating it, whereas
p14ARF activates p53 by preventing its ubiquitination and
turnover (69). Interestingly, this locus has recently been
shown to be regulated by histone methylation and demethylation. Expression of p16INK4a and p14ARF is repressed
by H3K27 trimethylation, which serves as a recruitment signal
for Polycomb complexes (26, 107, 115). p15INK4b, on the other
hand, is specifically repressed by the histone demethylase
Jhdm1b that catalyzes the demethylation of H3K36Me3, a
mark associated with active transcription (89, 176). It has been
proposed that the Ink4b-Arf-Ink4a locus acts as a key regulator
of cellular senescence by its ability to sense and integrate
different cues such as telomere erosion, oxidative stress, and
oncogene activation (69).
p16INK4a plays also an important role in the regulation of
stem-cell aging, which in turn contributes to altered tissue
maintenance and repair (108). Older individuals experience
increased bone marrow failure and poorer tolerance to cytotoxic injury due to altered characteristics in hematopoietic
stem cells (HSCs) that include decreased proliferative activity,
reduced homing abilities, altered differentiation, and increased apoptosis. p16INK4a expression in HSCs increases
with age and modulates specific age-associated HSC functions such cell pool size, repopulating potential, and apoptosis. Using a stem-cell-autonomous tissue regeneration model,
Janzen et al. were able to demonstrate that, in the absence of
p16INK4a, HSC repopulating defects and apoptosis were
mitigated improving the survival of animals subjected to
successive transplants (108). It has been proposed that the
Notch pathway may be involved in the effect of p16INK4a on
stem-cell aging (108).
Cellular senescence is associated with dramatic changes in
chromatin structure, characterized by global condensation,
wherein each chromosome is packaged into tightly compact
structures known as senescence-associated heterochomatin
foci (SAHF). When senescent human cells are stained with
fluorescent DNA dyes such as 40 -6-diamidino-2-phenylindole,
SAHF appear as bright foci of high local DNA concentration
(158). Surprisingly, sequences such as telomeres and pericentromeres, which are typically contained in constitutive
heterochromatin, are excluded from the foci. SAHF contain
histone modifications and associated proteins characteristic of
heterochromatin. Some of these modifications include hypoacetylated histones, H3K9 methylation, and incorporation
of heterochromatin protein 1 (HP1). However, SAHF do not
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contain other markers of condensed chromatin found in mitotic and apoptotic cells (1). SAHF are also enriched in at least
to other proteins: the histone variant macroH2A and highmobility group A proteins. Formation of SAHF is a multistep
process (1). Two chromatin regulators, HIRA and antisilencing function1 homolog A (ASF1a), drive chromosome condensation during SAHF assembly (241). Many lines of
evidence confirm the role of these histone chaperone proteins
in SAHF formation. Mouse ES cells lacking HIRA have an
increased pool of loosely bound histones compared to wildtype cells, consistent with a role for HIRA in the generation of
compact, nucleosome-dense, transcriptionally silent heterochromatin (142). In agreement, it has been shown that ectopic
expression of HIRA or ASF1a in primary human cells accelerates the formation of SAHF, while shRNA-mediated knock
down of ASF1a blocks formation of SAHF triggered by
an activated Ras oncogene (142, 239–241). The formation
of SAHF requires an interaction between HIRA and
ASF1a. SAHF have been proposed to silence expression of
proliferation-promoting genes such as cyclin A and other E2Fregulated genes, and thus contribute to the senescenceassociated growth arrest (158). Accumulating in vivo evidence indicates that SAHF are indeed relevant to organismal
aging. Markers of increased heterochromatization, including
activation of the HIRA=ASF1a pathway, have been reported
in skin fibroblasts of aging primates with levels of HIRA expression correlating with animal age (92, 109). These remarkable observations point to a role of the HIRA=ASF1a SAHF
assembly pathway in regulating senescence in vivo, and suggest that cellular senescence correlates with physiological
aging.
Epigenetic regulation of telomeres
As mentioned before, telomere shortening due to the endreplication problem is a rate-limiting step for cellular proliferation and induces cellular senescence. Therefore, the
epigenetic regulation of telomere length would be expected to
have a profound effect on lifespan and to contribute to the
development of age-related pathologies.
Telomeres are nucleoprotein complexes located at the ends
of chromosomes. They protect the chromosomes from degradation and recombination. Telomeres consist of TTAGGG
repeats that are bound by a multiprotein complex called
shelterin (48). In vertebrates, telomeres do not contain genes.
Subtelomeric sequences located adjacent to telomeres are
enriched in repetitive DNA, and contain very few genes (33,
48, 133). Recent studies have shown that mammalian telomeric and subtelomeric regions contain histone modifications
that are commonly found in heterochromatin, and that subtelomeric DNA can be methylated (66, 74). Alterations in these
modifications correlate with telomere length deregulation,
suggesting an important link between epigenetic states and
telomere length maintenance (65, 66, 74).
Mammalian telomeres are unique structures that present
some, but not all of the characteristics of pericentric heterochromatin. Mammalian telomeres and subtelomeres contain
nucleosomes that show a slightly altered spacing compared
with the nontelomeric chromatin (21, 207). They contain many
of the epigenetic marks present in pericentromeric regions
such as trimethylation of H3K9 and H4K20, and binding of
HP1 isoforms (53, 66, 73, 174, 192). The methylations are

250
catalyzed by SUV HMTs (53, 174, 192). Proteins of the pRB
family interact with the methyltransferases to maintain histone methylation (73). Other histone modifications characteristic of telomeres and subtelomeres are low levels of
acetylated histone H3 and H4 (21). Recently, the human SIRT6
protein has been found to be a NADþ-dependent H3K9 deacetylase that specifically associates with telomeres. SIRT6
seems to be required for the stable association of Werner
syndrome protein (WRN), a RecQ helicase that is mutated in
the premature aging (progeroid) disorder Werner’s syndrome. SIRT6 depletion leads to telomere dysfunction and
premature cellular senescence (143). SIRT6-deficient mouse
cells show impaired proliferation, genomic instability, and
increased sensitivity to DNA damage agents such as ionizing
radiation that reflected a deficiency in the base excision repair
pathway. Interestingly, SIRT6 knockout mice develop a progeroid degenerative syndrome and severe metabolic defects
(152). Further, subtelomeric DNA is heavily methylated by
the DNMT1 and DNMT3a=b enzymes, whereas telomeric
repeats remain unmethylated due to their lack of CpG
sequences (35, 170, 172).
Disruptions of histone and DNA modification at telomeric
and subtelomeric regions have been shown to result in loss of
telomere length control. Cells deficient in telomeric histone
methylation due to lack of specific HMTs (SUV39H1 and
SUV39H2) contain aberrantly long telomeres (66). A similar
effect is seen in cells that lack members of the pRB family (65).
Decreases in DNA methylation, both globally and specifically
at subtelomeric regions, are also accompanied by an increase
in telomere length. Interestingly, this effect is independent of
the histone methylation patterns (74). Thus, both histone
methylation and DNA methylation act independently as
negative regulators of telomere length. Subtelomeric DNA
methylation also inhibits telomeric homologous recombination (74). This finding raises the possibility that DNA methylation levels regulate the alternative lengthening of
telomeres, a mechanism that has been shown to involve homologous recombination between telomeric sequences.
On the other hand, telomere shortening, which occurs
normally during cellular replication, affects the epigenetic
status of telomeres and subtelomeres. This in turn influences
telomere position effect (TPE). TPE is a phenomenon that refers to the ability of mammalian telomeres to silence subtelomeric genes. In humans, TPE decreases upon telomere
shortening and, conversely, increases upon telomere elongation (9). TPE was originally defined in yeast, where subtelomeric genes are silenced. Work from many laboratories
has shown that telomeric sequences are necessary but not
sufficient for this effect in yeast, which additionally requires a
host of proteins (206)
In mice deficient in telomerase, the progressive loss of
telomeres leads to a decreased density of heterochromatin
marks in telomeric and subtelomeric regions, and to a concomitant increase in marks characteristic of active chromatin,
such as acetylation of histones H3 and H4 (11). Interestingly,
this suggests that distal changes at telomere ends can influence the epigenetic state of subtelomeric chromatin. In this
respect, it had been previously observed that loss of TPE is
associated with hyperacetylation of H3 and H4 and that the
deacetylase inhibitor trichostatin protein A (TSA) can disrupt
silencing of subtelomeric genes (9, 119). In addition, the loss of
subtelomeric DNA methylation elicited by telomere shorten-
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ing leads to increased telomere instability and recombination.
Another remarkable characteristic of short telomeres is their
ability to attract telomerase for elongation (91). This may indicate that short telomeres have specific marks that can be
recognized by the telomerase complex. In sum, telomeres of
normal length have features of constitutive heterochromatin,
presumably resulting in a closed conformation that makes
them inaccessible to telomerase and that represses recombination among telomeric ends. As a result of ongoing cell division telomeres become shorter, lose heterochromatin marks,
and adopt a more open chromatin conformation, which allows telomerase activity and possibly recombination. Once
telomeres are sufficiently elongated they can again be assembled into heterochromatin.
Normal aging and age-related pathologies have both been
associated with shortened telomeres (4). Short telomeres can
trigger cellular senescence, and alter gene expression by disrupting local (and perhaps genome-wide) heterochromatin
states. The induction of cellular senescence and expression of
previously silenced genes have been proposed to play major
roles in organismal aging phenotypes. Conversely, defects or
changes in the epigenetic factors that control telomere integrity can also exert effects on aging.
Environment-Induced Epigenetics and Aging
In studies using a relatively homogenous group of subjects, a
considerable interindividual variability in age-related methylation has been observed (67, 100, 235). A growing body of
evidence suggests that this interindividual variation is due to
different internal and external environmental factors, including
diet. Monozygotic (MZ) twins are a remarkable example of
interindividual variability. MZ twins share the same genotype
since they are derived from the same zygote. However, they
often present many phenotypic differences such as their susceptibility to disease. Genetic differences between MZ twins
arising from point mutations and chromosomal abnormalities
are very rare. Recent studies, including a large epigenetic study
of MZ twins, have revealed significant variations in epigenetic
modifications of autosomal genes (145, 168, 175, 178). When
global and locus-specific differences in DNA methylation and
histone acetylation were examined in young and old twins, it
was observed that young MZ twin pairs are essentially indistinguishable. In contrast, older MZ twin pairs exhibited major
differences in their overall content as well as distribution of
DNA methylation and histone modifications. This, in turn,
correlated with differential gene expression between the pairs
at a large number of genes (62). Remarkably, the degree of
variation in epigenetic patterns was related to environmental
effects, such as time spent together and lifestyle (62). Besides
genotype and environment, stochastic events can also alter the
phenotype. Stochastic shifts have been postulated to have an
impact on the complex somatic maintenance of epigenetic
patterns (71). Such intrinsic events could explain the differences
in phenotype observed in inbred animals exposed to extremely
similar environments.
It has been proposed that heritable patterns of DNA
methylation and other epigenetic modifications are established during development. These early epigenetic marks can
be influenced by many intrinsic mechanisms, including the
intrauterine environment and even by stochastic events.
The resulting epigenomic patterns determine heritable gene
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expression and thus the phenotype. However, throughout
life, environmental, toxicological, nutritional, and stochastic
factors impact on the somatic maintenance of epigenomic
patterns, and may also actively alter them, ultimately modifying the phenotype (57).
Dietary factors have a profound effect on many aspects of
health, including aging. CR is so far the only dietary intervention shown to increase longevity in many different species
(197). However, many nutrition factors have been shown to
affect the aging phenotype by altering epigenetic pathways
(99, 138). It is now clear that altered intake of many nutrients,
including folate, selenium, some phytochemicals, such as
polyphenols and the contaminant arsenic, can cause changes
in the DNA methylation pattern. Nutrients can also influence
histone modification (46, 47, 106). An interesting example of
such a factor is 4-phenylbutyrate (PBA). Addition of PBA to
the diet of Drosophila increases longevity (112). PBA-fed flies
were shown to have increased acetylation of H3 and H4 accompanied by a dramatically altered gene expression pattern
(231). Butyrate is a known HDAC inhibitor and can be found
in millimolar concentrations in the colonic lumen of mice and
humans as an end-product of fermentation of carbohydrates.
Animal studies indicate that old individuals are deficient in
the production of butyrate (139). This could have potential
implications for epigenetic changes in the mucosa of old individuals. Diallyl sulfide, a compound present in garlic, has
been found to increase histone acetylation by blocking HDAC
activity. This in turn leads to expression of previously silenced
genes and changes in cell proliferation (50).
Conclusions
During the lifespan of an organism, the accumulation of cell
divisions and macromolecular damage can contribute to the
aging phenotype. This phenotype, however, can be further
modified by epigenetic mechanisms that result from both
environmental factors and stochastic events. Epigenetic

FIG. 6. Role of epigenetic modifications on aging. The accumulation of cell divisions and
macromolecular damage contribute
to the aging phenotype. Environmental and stochastic events can
further modify this phenotype
through epigenetic mechanisms
such as DNA methylation, histone
methylation, and histone acetylation. The potential reversibility of
epigenetic modifications makes
them attractive targets for treatment of age-related pathologies.
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modifications include, but are not limited to, DNA methylation, histone methylation, and histone acetelylation (Fig. 6).
Young, healthy cells have an epigenetic setting that promotes the formation of repressive heterochromatin while
allowing expression of housekeeping genes and genes involved in cell cycle control, stress resistance, and DNA repair. During aging, cells acquire epigenetic modifications
that facilitate the de-heterochromatization and de-repression
of many chromosomal regions, whereas the promoters of
genes normally active become silenced. These include some
very important tumor suppressor genes. Pathways involved
in cellular senescence, which has been shown to contribute
to the aging phenotype, can be regulated by epigenetic
modifications.
From the preceding discussion, it is apparent that the effects of chromatin remodeling and other epigenetic mechanisms on aging are complex and even bidirectional. To
clearly define the impact of specific epigenetic determinants
on aging, it is important to first better understand the specific
cell, tissue, and system-wide malfunctions that are responsible for particular aging phenotypes such as cancer, declining immune function, osteoporosis, sarcopenia, and
many others. Then, it will be possible to dissect out the
contribution of the different epigenetic factors discussed
here to each phenotype.
Since epigenetic alterations are more readily reversible than
genetic alterations, interventions aimed to reverse epigenetic
changes may have a great potential to treat age-associated
diseases, including cancer. In this respect, chromatinmodifying agents are currently being tested as novel cancer
therapies (45). Resveratrol, an activator of the HDAC SIRT1,
provides a very exciting example of how chemical agents able
to remodel chromatin structure can prolong healthy lifespan.
Especially interesting is the data showing that resveratrol
treatment of mice subjected to a prolonged high-fat diet increases lifespan, apparently mimicking the well-established
contribution of dietary CR to longevity (8, 24, 147).
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Abbreviations Used
ASF1a ¼ antisilencing function1 homolog A
ATM ¼ ataxia-mutated protein
BACE1 ¼ b-site amyliod precursor proteincleaving enzyme 1
CBP ¼ CREB-binding protein
CR ¼ caloric restriction
DNMT ¼ DNA methyltransferase
ER ¼ estrogen receptor
ERC ¼ extrachromosomal rDNA circles
ES ¼ embryonic stem
Foxo ¼ forkhead transcription factor
HAT ¼ histone acetyl transferase
HBP ¼ histone-binding protein
HDAC ¼ histone deacetylase
HGPS ¼ Hutchinson-Gilford progeria syndrome
HIRA ¼ histone cell cycle regulation defective
homolog A
HMT ¼ histone methyltransferase
HP1 ¼ heterochromatin protein 1
HSC ¼ hematopoietic stem cell
IGF2 ¼ insulin-like growth factor II
miRNA ¼ microRNA
MZ ¼ monozygotic
ncRNA ¼ nonconding RNA
PBA ¼ 4-Phenylbutyrate
PcG ¼ Polycomb group
rDNA ¼ ribosomal DNA
RENT ¼ regulator of nucleolar silencing and
telophase exit
rRNA ¼ ribosomal RNA
SAHF ¼ senescence-associated
heterochomatin
foci
SIRT ¼ sirtuin
SUV39H1 ¼ suppressor of variegation 3–9 homolog
TPE ¼ telomere position effect
TSA ¼ trichostatin protein A
WRN ¼ Werner syndrome protein

