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Epigenetic Control of Aging
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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 epige-
netic 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.

Introduction

In 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 in-
clude, but are not limited to, shortened and dysfunctional
telomeres, oxidative damage of DNA and other cellular
components, accumulation of somatic mutations, hor-
monal pathways, senescence, apoptosis and altered dif-
ferentiation 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 in-
creasingly important for survival at very old ages (95, 150,
178). The remaining 70%–80% of the variation is presum-
ably due to stochastic events, the environment, and other
nongenetic factors. Recently, epigenetics has been recog-
nized as a major contributor to the aging phenotype
(62, 233).

Epigenetics refers to changes in phenotype or gene ex-
pression caused by mechanisms other than changes in the
underlying DNA sequence (71). These changes may be re-
tained 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 fac-
tors (60). Although the characterization and functional
analysis of epigenetic modifications involved in cancer
progression has been studied intensely for almost two de-
cades, 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.

Epigenetic Mechanisms

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 re-
peating 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 per-
missive 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 telo-
meric 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 in-
activation in female mammals, where one X chromosome is
maintained as facultative heterochromatin and is largely si-
lenced, 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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necessary for many essential processes such as gene tran-
scription, DNA replication, and repair (14, 80). Recent genome-
wide 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 in-
creasingly evident that the formation of heterochromatin
depends in an important way on transcription, which con-
tributes to heterochromatization through the RNA interfer-
ence 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 tran-
siently loosen interaction between heterochromatin-building
factors (75).

By continuously remodeling itself, chromatin can redis-
tribute its states in a random, nondeterministic fashion.
Therefore, chromatin can be considered a stochastic entity,
which explains the aleatory occurrence of some traits in or-
ganisms such as the fruit fly (110). In some cases, the dynamic
property of chromatin appears to oppose the aging process

and extend organismal lifespan. On the other hand, the sto-
chastic, 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 cardio-
myocytes 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 modifi-
cations (120, 200). The control of gene expression by non-
coding 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 pheno-
typic 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

Methylation of DNA is the best-characterized epigenetic
modification. It provides a stable and heritable component of
epigenetic regulation. DNA methylation is essential for nor-
mal 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 dinucleo-
tides. 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). Glo-
bal 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 replica-
tion, while DNMT3a and DNMT3b function as the novo
methylases after DNA replication (35, 170–172).

During aging, mammalian cells undergo a DNA methyla-
tion drift that changes the 5-methyl-cytosine distribu-
tion across the genome. This results in a global DNA
methylation decrease, while some promoters become aber-
rantly hypermethylated (100–102, 198, 222, 234) (Fig. 2). The
age-associated decline in global DNA methylation occurs pre-
dominantly in domains with repetitive sequences and constitu-
tive heterochromatin facilitating the de-heterochromatization

FIG. 1. The dynamic nature of chromatin. Chromatin is a
highly dynamic structure able to transition from an un-
condensed, loose form (top panel) to a condensed, tight one
(bottom panel). The linker histone H1 and different histone-
binding proteins (HBP) aid in the condensation of chromatin.
Different modifications, including DNA methylation and
various histone modifications, regulate the constant re-
modeling of chromatin.
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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 tu-
mor 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 inactiva-
tion of the ER gene and the switch from monoallelic to biallelic
methylation in the case of the human IGF2 promoter in colo-
rectal 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 colla-
gena1(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

decrease in ribosomal RNA (rRNA) levels that occur during
aging (44, 167).

It has been proposed that the loss of global DNA methyl-
ation 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 pro-
moter CpG islands that are commonly unmethylated in nor-
mal cells (63). In this respect, Casillas et al. analyzed changes
in gene expression, protein production, and enzyme activ-
ity of the three major DNMTs in aging and neoplastically
transformed WI-38 human fetal lung fibroblasts. They ob-
served 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

Histone modifications are associated with both gene acti-
vation 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 his-
tone 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 sumoyla-
tion of lysine (K) residues; and phosphorylation of serine (S)
and threonine (T) residues (Fig. 3). Modifications that are as-
sociated with active transcription, such as acetylation of his-
tone 3 (H3) and histone 4 (H4), and dimethylation (Me2) or
trimethylation (Me3) of H3K4 and H3K36, are now com-
monly referred to as euchromatic modifications. Methylations
of H3K9, H3K27, and H4K20 are principally localized to
inactive genes or regions and are thus regarded as hetero-
chromatic marks (187). Noncovalent mechanisms such as
chromatin remodeling by ATP-dependent complexes and
incorporation of specialized histone variants introduce addi-
tional variations into the chromatin structure adding yet an-
other layer of epigenetic control (224, 225).

Histone methylation. Differentially methylated forms of
histones show unique association patterns with specific pro-
teins 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, transcrip-
tional 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 methyla-
tion generally correlates with transcriptional activation, while
histone lysine methylation leads to either activation or re-
pression, which is dependent upon the particular lysine resi-
due (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

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 cyto-
sines, whereas close hexagons represent methylated ones.
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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 con-
tain a SET domain (suppressor of variegation 3–9 and en-
hancer of zeste and trithorax) as their catalytic core (165).
Histone arginine methylation is catalyzed by the protein ar-
ginine N-methyltransferase class of HMT enzymes. Although
the histone residue specificity of the protein arginine N-
methyltransferase 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 mecha-
nisms by which the information is maintained remains to be
elucidated. It has been proposed that a physical interac-
tion 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 dif-
ferent 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 tis-
sue. A significant increase of this variant was detected in or-
gans 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 mu-
tant 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 link-
ing 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

FIG. 3. Histone modifications. This
figure represents some of the poten-
tial 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 ubiquitina-
tion (U).
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charges, thereby weakening charge-based interactions be-
tween histones and DNA. This is believed to facilitate de-
condensation, 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 do-
mains 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 deleteri-
ous 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 dif-
ferent 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 hetero-
chromatization 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 pro-
teins to regulate aging seems to be conserved through evo-
lution. However, the antiaging effects in higher organisms
do not appear to involve ERCs (83, 135).

Recently, a Sir2-mediated aging mechanism distinct from
ERCs accumulation has been suggested. In this respect, re-
sults from the Berger Laboratory show that yeast Sir2 regu-
lates replicative lifespan through H4K16 deacetylation at
subtelomeric regions. In replicative old cells, a Sir2 protein
reduction is accompanied with an increase in H4K16 acety-
lation at subtelomeric regions. The increase in H4K16 acety-
lation is also due to the activity of the HAT Sas2. In young
cells, Sir2 and Sas2 work antagonistically to establish a si-
lencing 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 preferen-
tially deacetylates H4K16 but also has been shown to deace-
tylate H3K9 in vitro (215). Hypoacetylation of H3 and H4 tails
correlates with a compacted chromatin structure that is re-
fractory to transcription (126). SIRT1 also directly interacts with
histone H1b and is able to deacetylate it at H1K26. These ac-
tivities 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 mecha-
nism 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 re-
sults 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 in-
duces redistribution of SIRT1 to DNA breaks to promote ef-
ficient 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 char-
acterized by striking wound healing defects, decreased skin
thickness, decreased subcutaneous fat tissue, hair loss, and
decreased cell proliferation. This phenotype was accompa-
nied by a decrease in longevity and correlated with down-
regulation 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 SIRT1-
mediated 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 proliferator-
activated receptor gamma (64, 177). More recently, a nutrient-
sensitive 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 energy-
dependent nucleolar silencing complex in response to in-
tracellular energy status. This response represses ribosome
biogenesis and subsequently protein synthesis (155). This
energy-dependent mechanism resembles what occurs dur-
ing 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 distrib-
uted 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 in-
creased 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 ac-
cessibility by altering histone–DNA interactions (216). These
complexes use the energy of ATP hydrolysis to move or eject
nucleosomes and increase chromatin fluidity, thereby mod-
ulating the access of transcription factors and other regulatory
proteins to DNA (41). Most ATP-dependent chromatin re-
modeling 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 con-
served 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 chro-
matin remodeling complexes to aging. BRG1, a member of the
SWI=SNF ATPases, induced cellular senescence in a carcino-
ma-derived human cell line when overexpressed. This re-
sponse was overcome by cyclin E, an essential cell cycle
regulatory protein required for G1=S transition (195). Fur-
thermore, 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

C=EBPa, a liver transcription factor, and initiates the forma-
tion 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 histone-
binding proteins that can directly regulate chromatin
structure through their association with core histones. This
regulation is seen in processes as diverse as chromatin assem-
bly, chromosomal decondensation, and transcription (211).

A recent study in Drosophila describing the replication-
independent deposition of the histone variant H3.3 exclu-
sively in particular highly transcribed loci led to the hypoth-
esis that the dynamic exchange of histones by chaperones
might function in epigenetic regulation (2, 3). Therefore, in-
heritance 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 his-
tone 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 re-
modeling events, perhaps as a way to ‘‘re-set’’ histone modi-
fications (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 contrib-
uted 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 organ-
isms (17). miRNAs are small, single-stranded RNAs 18–25
nucleotides long that are complementary to specific protein-
coding 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 du-
plex 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 accel-
erated tissue aging, while overexpression of this miRNA ex-
tended 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 neurodegen-
eration (160, 226). Interestingly, miRNAs are enriched in ro-
dent 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 miR-
107 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 ex-
pressed in midbrain dopaminergic neurons, is deficient in
midbrain tissue from patients with Parkinson’s disease. miR-
133b is involved in regulating the maturation and function of
midbrain dopaminergic neurons within a negative feedback
circuit that includes the paired-like homeodomain transcrip-
tion 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 self-
replicating altered proteins act as a template for newly syn-
thesized 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 modifi-
cation 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, in-
cluding 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 im-
portant to note that the term ‘‘prion’’ is no longer confined to
the infectious agent of transmissible spongiform en-
cephalopathies but is used for any protein that adopts a self-
sustaining 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 non-
Mendelian, 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

phenotypes (208). [PSIþ], [Het-s], and [URE3] are the best-
studied prions in yeast. In [PSIþ] cells, the loss of the eRF3-
protein, 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 ge-
netic 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 trans-
duction pathways (28, 154). Several lines of evidence suggest
that prion protein expression changes with age. Interestingly,
in human spongiform encephalopathies, symptoms are gener-
ally 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 up-
regulation or reduced turnover of PrPC, in cerebral microvessels
and brain parenchyma, which also occurred in response to in-
creased oxidative stress (232). PrPC is a glycoprotein with two
highly conserved potential N-linked glycosylation sites. Accu-
mulating 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 ag-
ing (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 DNMT3b-
dependent DNA methylation to pericentromeric repeats
(129). In a similar way, the activities of the Polycomb com-
plexes 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 epige-
netic 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 methyla-
tion enzymes (181). Interestingly, it has been shown that
miRNA gene transcription can be also epigenetically
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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 his-
tone-modifying enzymes work in concert with chromatin-
remodeling 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 pheno-
types associated with the aging process. However, the mo-
lecular mechanisms responsible for telomere homeostasis are
not completely understood. As discussed below, compelling
data indicate that the epigenetic status of telomeric and sub-
telomeric 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 short-
ening can trigger cellular senescence (22, 86). In addition,
many types of stress, including ionizing and UV irradiation,
reactive oxygen species, nutrient imbalances, and even sub-
optimal 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 se-
nescence is widely regarded as a tumor suppressor mecha-
nism. Recent evidence also reinforces the notion that cellular
senescence contributes to organismal aging, in part by limit-
ing the self-renewal of tissues (58). The incidence of cells with
one or more markers of cellular senescence generally increases

with age in many renewable tissues (123). Cells expressing
senescence markers are also found at sites of chronic age-
related 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 respon-
sible for initiating and maintaining the senescence state (13).
The p53 pathway exerts its effects through activation of
downstream target genes, including the cyclin-dependent ki-
nase inhibitor p21CIP1, whose expression is increased in se-
nescent 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.

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, re-
spectively. 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 telo-
meres 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 ap-
parently not conserved in human cells (27, 228). The pRB
pathway is activated by upregulation of p16INK4a. The mech-
anisms 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 de-
methylation. 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 cyto-
toxic injury due to altered characteristics in hematopoietic
stem cells (HSCs) that include decreased proliferative activity,
reduced homing abilities, altered differentiation, and in-
creased apoptosis. p16INK4a expression in HSCs increases
with age and modulates specific age-associated HSC func-
tions such cell pool size, repopulating potential, and apopto-
sis. 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 peri-
centromeres, 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 hy-
poacetylated histones, H3K9 methylation, and incorporation
of heterochromatin protein 1 (HP1). However, SAHF do not

contain other markers of condensed chromatin found in mi-
totic and apoptotic cells (1). SAHF are also enriched in at least
to other proteins: the histone variant macroH2A and high-
mobility group A proteins. Formation of SAHF is a multistep
process (1). Two chromatin regulators, HIRA and antisilen-
cing function1 homolog A (ASF1a), drive chromosome con-
densation 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 wild-
type cells, consistent with a role for HIRA in the generation of
compact, nucleosome-dense, transcriptionally silent hetero-
chromatin (142). In agreement, it has been shown that ectopic
expression of HIRA or ASF1a in primary human cells accel-
erates 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 E2F-
regulated genes, and thus contribute to the senescence-
associated growth arrest (158). Accumulating in vivo evi-
dence 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 ex-
pression correlating with animal age (92, 109). These remark-
able observations point to a role of the HIRA=ASF1a SAHF
assembly pathway in regulating senescence in vivo, and sug-
gest that cellular senescence correlates with physiological
aging.

Epigenetic regulation of telomeres

As mentioned before, telomere shortening due to the end-
replication problem is a rate-limiting step for cellular prolif-
eration 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 deg-
radation 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 telo-
meric and subtelomeric regions contain histone modifications
that are commonly found in heterochromatin, and that sub-
telomeric 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 hetero-
chromatin. 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
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catalyzed by SUV HMTs (53, 174, 192). Proteins of the pRB
family interact with the methyltransferases to maintain his-
tone methylation (73). Other histone modifications charac-
teristic 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 dea-
cetylase 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 syn-
drome. 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 pro-
geroid 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 recombina-
tion (74). This finding raises the possibility that DNA meth-
ylation levels regulate the alternative lengthening of
telomeres, a mechanism that has been shown to involve ho-
mologous 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 re-
fers to the ability of mammalian telomeres to silence sub-
telomeric genes. In humans, TPE decreases upon telomere
shortening and, conversely, increases upon telomere elonga-
tion (9). TPE was originally defined in yeast, where sub-
telomeric 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 con-
comitant 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 influ-
ence 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-

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 in-
dicate 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 recombi-
nation among telomeric ends. As a result of ongoing cell di-
vision telomeres become shorter, lose heterochromatin marks,
and adopt a more open chromatin conformation, which al-
lows telomerase activity and possibly recombination. Once
telomeres are sufficiently elongated they can again be as-
sembled 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 dis-
rupting 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 integ-
rity 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 methyl-
ation 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 sus-
ceptibility 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 indis-
tinguishable. 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 estab-
lished 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 modi-
fying the phenotype (57).

Dietary factors have a profound effect on many aspects of
health, including aging. CR is so far the only dietary inter-
vention 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 ac-
companied 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 in-
dividuals. 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

modifications include, but are not limited to, DNA methyl-
ation, histone methylation, and histone acetelylation (Fig. 6).
Young, healthy cells have an epigenetic setting that pro-
motes the formation of repressive heterochromatin while
allowing expression of housekeeping genes and genes in-
volved in cell cycle control, stress resistance, and DNA re-
pair. 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 ef-
fects of chromatin remodeling and other epigenetic mecha-
nisms 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 respon-
sible for particular aging phenotypes such as cancer, de-
clining 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, chromatin-
modifying 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 in-
creases lifespan, apparently mimicking the well-established
contribution of dietary CR to longevity (8, 24, 147).

FIG. 6. Role of epigenetic modi-
fications on aging. The accumula-
tion of cell divisions and
macromolecular damage contribute
to the aging phenotype. Environ-
mental and stochastic events can
further modify this phenotype
through epigenetic mechanisms
such as DNA methylation, histone
methylation, and histone acetyla-
tion. The potential reversibility of
epigenetic modifications makes
them attractive targets for treat-
ment of age-related pathologies.
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252 MUÑOZ-NAJAR AND SEDIVY



S, Jaffe DB, Chang JL, Lindblad-Toh K, Lander ES, Kor-
iabine M, Nefedov M, Osoegawa K, Yoshinaga Y, Zhu B,
and de Jong PJ. Identification and analysis of functional
elements in 1% of the human genome by the ENCODE
pilot project. Nature 447: 799–816, 2007.

21. Blasco MA. The epigenetic regulation of mammalian telo-
meres. Nat Rev Genet 8: 299–309, 2007.

22. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP,
Morin GB, Harley CB, Shay JW, Lichtsteiner S, and Wright
WE. Extension of life-span by introduction of telomerase
into normal human cells. Science 279: 349–352, 1998.

23. Boehm M and Slack F. A developmental timing microRNA
and its target regulate life span in C. elegans. Science 310:
1954–1957, 2005.

24. Bordone L and Guarente L. Calorie restriction, SIRT1 and
metabolism: understanding longevity. Nat Rev Mol Cell Biol
6: 298–305, 2005.

25. Bornman DM, Mathew S, Alsruhe J, Herman JG, and
Gabrielson E. Methylation of the E-cadherin gene in blad-
der neoplasia and in normal urothelial epithelium from
elderly individuals. Am J Pathol 159: 831–835, 2001.

26. Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini D,
Gargiulo G, Beekman C, Theilgaard-Monch K, Minucci S,
Porse BT, Marine JC, Hansen KH, and Helin K. The Poly-
comb group proteins bind throughout the INK4A-ARF lo-
cus and are disassociated in senescent cells. Genes Dev 21:
525–530, 2007.

27. Brookes S, Rowe J, Ruas M, Llanos S, Clark PA, Lomax M,
James MC, Vatcheva R, Bates S, Vousden KH, Parry D,
Gruis N, Smit N, Bergman W, and Peters G. INK4a-
deficient human diploid fibroblasts are resistant to RAS-
induced senescence. EMBO J. 21: 2936–2945. Write to the
Help Desk NCBI | NLM | NIH Department of Health &
Human Services Privacy Statement | Freedom of In-
formation Act | Disclaimer Aug 7 2006 07:06:54, 2002.

28. Brown DR, Wong BS, Hafiz F, Clive C, Haswell SJ, and
Jones IM. Normal prion protein has an activity like that of
superoxide dismutase. Biochem J 344 Pt 1: 1–5, 1999.

29. Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin
Y, Tran H, Ross SE, Mostoslavsky R, Cohen HY, Hu LS,
Cheng HL, Jedrychowski MP, Gygi SP, Sinclair DA, Alt
FW, and Greenberg ME. Stress-dependent regulation of
FOXO transcription factors by the SIRT1 deacetylase. Sci-
ence 303: 2011–2015, 2004.

30. Calestagne-Morelli A and Ausio J. Long-range histone
acetylation: biological significance, structural implications,
and mechanisms. Biochem Cell Biol 84: 518–527, 2006.

31. Campisi J and d’Adda di Fagagna F. Cellular senescence:
when bad things happen to good cells. Nat Rev Mol Cell Biol
8: 729–740, 2007.

32. Casillas MA, Jr., Lopatina N, Andrews LG, and Tollefsbol
TO. Transcriptional control of the DNA methyltransferases
is altered in aging and neoplastically-transformed human
fibroblasts. Mol Cell Biochem 252: 33–43, 2003.

33. Chan SW and Blackburn EH. New ways not to make ends
meet: telomerase, DNA damage proteins and heterochro-
matin. Oncogene 21: 553–563, 2002.

34. Chang E and Harley CB. Telomere length and replicative
aging in human vascular tissues. Proc Natl Acad Sci U S A
92: 11190–11194, 1995.

35. Chen T, Tsujimoto N, and Li E. The PWWP domain of
Dnmt3a and Dnmt3b is required for directing DNA
methylation to the major satellite repeats at pericentric
heterochromatin. Mol Cell Biol 24: 9048–9058, 2004.

36. Cheng HL, Mostoslavsky R, Saito S, Manis JP, Gu Y, Patel
P, Bronson R, Appella E, Alt FW, and Chua KF. Develop-
mental defects and p53 hyperacetylation in Sir2 homolog
(SIRT1)-deficient mice. Proc Natl Acad Sci U S A 100: 10794–
10799, 2003.

37. Choi EK, Uyeno S, Nishida N, Okumoto T, Fujimura S,
Aoki Y, Nata M, Sagisaka K, Fukuda Y, Nakao K, Yoshi-
moto T, Kim YS, and Ono T. Alterations of c-fos gene
methylation in the processes of aging and tumorigenesis in
human liver. Mutat Res 354: 123–128, 1996.

38. Clayton AL, Hazzalin CA, and Mahadevan LC. Enhanced
histone acetylation and transcription: a dynamic perspec-
tive. Mol Cell 23: 289–296, 2006.

39. Collado M and Serrano M. The power and the promise of
oncogene-induced senescence markers. Nat Rev Cancer 6:
472–476, 2006.

40. Collinge J. Prion diseases of humans and animals: their
causes and molecular basis. Annu Rev Neurosci 24: 519–550,
2001.

41. Corona DF and Tamkun JW. Multiple roles for ISWI in
transcription, chromosome organization and DNA repli-
cation. Biochim Biophys Acta 1677: 113–119, 2004.

42. Coustou V, Deleu C, Saupe S, and Begueret J. The protein
product of the het-s heterokaryon incompatibility gene of
the fungus Podospora anserina behaves as a prion analog.
Proc Natl Acad Sci U S A 94: 9773–9778, 1997.

43. Dang W, Steffen KK, Perry R, Dorsey JA, Johnson FB,
Shilatifard A, Kaeberlein M, Kennedy BK, and Berger SL.
Histone H4 lysine 16 acetylation regulates cellular lifespan.
Nature 459: 802–807, 2009.

44. da Silva AM, Payao SL, Borsatto B, Bertolucci PH, and
Smith MA. Quantitative evaluation of the rRNA in Alz-
heimer’s disease. Mech Ageing Dev 120: 57–64, 2000.

45. Dario LS, Rosa MA, Mariela E, Roberto G, and Caterina C.
Chromatin remodeling agents for cancer therapy. Rev Re-
cent Clin Trials 3: 192–203, 2008.

46. Davis CD, Uthus EO, and Finley JW. Dietary selenium
and arsenic affect DNA methylation in vitro in Caco-2 cells
and in vivo in rat liver and colon. J Nutr 130: 2903–2909,
2000.

47. Day JK, Bauer AM, DesBordes C, Zhuang Y, Kim BE,
Newton LG, Nehra V, Forsee KM, MacDonald RS, Besch-
Williford C, Huang TH, and Lubahn DB. Genistein alters
methylation patterns in mice. J Nutr 132: 2419S–2423S,
2002.

48. de Lange T. Shelterin: the protein complex that shapes and
safeguards human telomeres. Genes Dev 19: 2100–2110,
2005.

49. Denu JM. Linking chromatin function with metabolic net-
works: Sir2 family of NAD(þ)-dependent deacetylases.
Trends Biochem Sci 28: 41–48, 2003.

50. Druesne N, Pagniez A, Mayeur C, Thomas M, Cherbuy C,
Duee PH, Martel P, and Chaumontet C. Diallyl disulfide
(DADS) increases histone acetylation and p21(waf1=cip1)
expression in human colon tumor cell lines. Carcinogenesis
25: 1227–1236, 2004.

51. Dryden SC, Nahhas FA, Nowak JE, Goustin AS, and
Tainsky MA. Role for human SIRT2 NAD-dependent dea-
cetylase activity in control of mitotic exit in the cell cycle.
Mol Cell Biol 23: 3173–3185, 2003.

52. Eaglestone SS, Cox BS, and Tuite MF. Translation termi-
nation efficiency can be regulated in Saccharomyces cerevisiae
by environmental stress through a prion-mediated mecha-
nism. EMBO J 18: 1974–1981, 1999.

EPIGENETIC CONTROL OF AGING 253



53. Ebert A, Schotta G, Lein S, Kubicek S, Krauss V, Jenuwein
T, and Reuter G. Su(var) genes regulate the balance be-
tween euchromatin and heterochromatin in Drosophila.
Genes Dev 18: 2973–2983, 2004.

54. Eden S, Hashimshony T, Keshet I, Cedar H, and Thorne
AW. DNA methylation models histone acetylation. Nature
394: 842, 1998.

55. Eisen JA, Sweder KS, and Hanawalt PC. Evolution of the
SNF2 family of proteins: subfamilies with distinct se-
quences and functions. Nucleic Acids Res 23: 2715–2723,
1995.

56. Esteller M. CpG island hypermethylation and tumor sup-
pressor genes: a booming present, a brighter future. Onco-
gene 21: 5427–5440, 2002.

57. Feil R. Environmental and nutritional effects on the epige-
netic regulation of genes. Mutat Res 600: 46–57, 2006.

58. Finkel T, Serrano M, and Blasco MA. The common biology
of cancer and ageing. Nature 448: 767–774, 2007.

59. Fischle W, Wang Y, and Allis CD. Histone and chromatin
cross-talk. Curr Opin Cell Biol 15: 172–183, 2003.

60. Flanagan JM, Popendikyte V, Pozdniakovaite N, Sobolev
M, Assadzadeh A, Schumacher A, Zangeneh M, Lau L,
Virtanen C, Wang SC, and Petronis A. Intra- and interin-
dividual epigenetic variation in human germ cells. Am J
Hum Genet 79: 67–84, 2006.

61. Fraga MF, Agrelo R, and Esteller M. Cross-talk between
aging and cancer: the epigenetic language. Ann N Y Acad
Sci 1100: 60–74, 2007.

62. Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, Ballestar
ML, Heine-Suner D, Cigudosa JC, Urioste M, Benitez J,
Boix-Chornet M, Sanchez-Aguilera A, Ling C, Carlsson E,
Poulsen P, Vaag A, Stephan Z, Spector TD, Wu YZ, Plass C,
and Esteller M. Epigenetic differences arise during the
lifetime of monozygotic twins. Proc Natl Acad Sci U S A 102:
10604–10609, 2005.

63. Fraga MF and Esteller M. Epigenetics and aging: the targets
and the marks. Trends Genet 23: 413–418, 2007.

64. Fulco M, Schiltz RL, Iezzi S, King MT, Zhao P, Kashiwaya
Y, Hoffman E, Veech RL, and Sartorelli V. Sir2 regulates
skeletal muscle differentiation as a potential sensor of the
redox state. Mol Cell 12: 51–62, 2003.

65. Garcia-Cao M, Gonzalo S, Dean D, and Blasco MA. A role
for the Rb family of proteins in controlling telomere length.
Nat Genet 32: 415–419, 2002.

66. Garcia-Cao M, O’Sullivan R, Peters AH, Jenuwein T, and
Blasco MA. Epigenetic regulation of telomere length in
mammalian cells by the Suv39h1 and Suv39h2 histone
methyltransferases. Nat Genet 36: 94–99, 2004.

67. Gartner K. A third component causing random variability
beside environment and genotype. A reason for the limited
success of a 30 year long effort to standardize laboratory
animals? Lab Anim 24: 71–77, 1990.

68. Gil J, Bernard D, Martinez D, and Beach D. Polycomb CBX7
has a unifying role in cellular lifespan. Nat Cell Biol. 6: 67–
72. Epub 2003 Nov 30. Write to the Help Desk NCBI |
NLM | NIH Department of Health & Human Services
Privacy Statement | Freedom of Information Act | Dis-
claimer Aug 7 2006 07:06:54, 2004.

69. Gil J and Peters G. Regulation of the INK4b-ARF-INK4a
tumour suppressor locus: all for one or one for all. Nat Rev
Mol Cell Biol 7: 667–677, 2006.

70. Goh AX, Li C, Sy MS, and Wong BS. Altered prion protein
glycosylation in the aging mouse brain. J Neurochem 100:
841–854, 2007.

71. Goldberg AD, Allis CD, and Bernstein E. Epigenetics: a
landscape takes shape. Cell 128: 635–638, 2007.

72. Goll MG and Bestor TH. Eukaryotic cytosine methyl-
transferases. Annu Rev Biochem 74: 481–514, 2005.

73. Gonzalo S, Garcia-Cao M, Fraga MF, Schotta G, Peters AH,
Cotter SE, Eguia R, Dean DC, Esteller M, Jenuwein T, and
Blasco MA. Role of the RB1 family in stabilizing histone
methylation at constitutive heterochromatin. Nat Cell Biol 7:
420–428, 2005.

74. Gonzalo S, Jaco I, Fraga MF, Chen T, Li E, Esteller M, and
Blasco MA. DNA methyltransferases control telomere
length and telomere recombination in mammalian cells.
Nat Cell Biol 8: 416–424, 2006.

75. Goodarzi AA, Noon AT, Deckbar D, Ziv Y, Shiloh Y, Lo-
brich M, and Jeggo PA. ATM signaling facilitates repair of
DNA double-strand breaks associated with heterochroma-
tin. Mol Cell 31: 167–177, 2008.

76. Gopalakrishnan S, Van Emburgh BO, and Robertson KD.
DNA methylation in development and human disease.
Mutat Res 647: 30–38, 2008.

77. Gotta M, Strahl-Bolsinger S, Renauld H, Laroche T, Ken-
nedy BK, Grunstein M, and Gasser SM. Localization of
Sir2p: the nucleolus as a compartment for silent informa-
tion regulators. EMBO J 16: 3243–3255, 1997.

78. Green EM, Antczak AJ, Bailey AO, Franco AA, Wu KJ,
Yates JR, 3rd, and Kaufman PD. Replication-independent
histone deposition by the HIR complex and Asf1. Curr Biol
15: 2044–2049, 2005.

79. Grewal SI and Jia S. Heterochromatin revisited. Nat Rev
Genet 8: 35–46, 2007.

80. Groth A, Rocha W, Verreault A, and Almouzni G. Chro-
matin challenges during DNA replication and repair. Cell
128: 721–733, 2007.

81. Grummt I. Different epigenetic layers engage in complex
crosstalk to define the epigenetic state of mammalian rRNA
genes. Hum Mol Genet 16 Spec No 1: R21–R27, 2007.

82. Guenther MG, Levine SS, Boyer LA, Jaenisch R, and
Young RA. A chromatin landmark and transcription ini-
tiation at most promoters in human cells. Cell 130: 77–88,
2007.

83. Haigis MC and Guarente LP. Mammalian sirtuins—
emerging roles in physiology, aging, and calorie restriction.
Genes Dev 20: 2913–2921, 2006.

84. Haines TR, Rodenhiser DI, and Ainsworth PJ. Allele-spe-
cific non-CpG methylation of the Nf1 gene during early
mouse development. Dev Biol 240: 585–598, 2001.

85. Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM,
and Tilghman SM. CTCF mediates methylation-sensitive
enhancer-blocking activity at the H19=Igf2 locus. Nature
405: 486–489, 2000.

86. Harley CB, Futcher AB, and Greider CW. Telomeres
shorten during ageing of human fibroblasts. Nature 345:
458–460, 1990.

87. Harris DA. Cellular biology of prion diseases. Clin Microbiol
Rev 12: 429–444, 1999.

88. Hayflick L. The limited in vitro lifetime of human diploid
cell strains. Exp Cell Res 37: 614–636, 1965.

89. He J, Kallin EM, Tsukada Y, and Zhang Y. The H3K36
demethylase Jhdm1b=Kdm2b regulates cell proliferation
and senescence through p15(Ink4b). Nat Struct Mol Biol 15:
1169–1175, 2008.

90. Heard E. Delving into the diversity of facultative hetero-
chromatin: the epigenetics of the inactive X chromosome.
Curr Opin Genet Dev 15: 482–489, 2005.
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ncRNA¼nonconding RNA
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PcG¼Polycomb group
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rRNA¼ ribosomal RNA
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WRN¼Werner syndrome protein

EPIGENETIC CONTROL OF AGING 259





This article has been cited by:

1. Andrew R. Mendelsohn , James W. Larrick . 2012. Ectopic Expression of Telomerase Safely Increases Health Span and Life
Span. Rejuvenation Research 15:4, 435-438. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

2. Ming-xing Yue, Xiang-wei Fu, Guang-bin Zhou, Yun-peng Hou, Ming DU, Liang Wang, Shi-en Zhu. 2012. Abnormal
DNA methylation in oocytes could be associated with a decrease in reproductive potential in old mice. Journal of Assisted
Reproduction and Genetics 29:7, 643-650. [CrossRef]

3. Covadonga Huidobro, Agustin F. Fernandez, Mario F. Fraga. 2012. Aging epigenetics: Causes and consequences. Molecular
Aspects of Medicine . [CrossRef]

4. Joung-Sun Park, Shin-Hae Lee, Hyun-Jin Na, Jung-Hoon Pyo, Young-Shin Kim, Mi-Ae Yoo. 2012. Age- and oxidative
stress-induced DNA damage in Drosophila intestinal stem cells as marked by Gamma-H2AX. Experimental Gerontology
47:5, 401-405. [CrossRef]

5. Samo Ribari#. 2012. Diet and Aging. Oxidative Medicine and Cellular Longevity 2012, 1-20. [CrossRef]

6. Alexey A. Moskalev, Zeljka Smit-McBride, Mikhail V. Shaposhnikov, Ekaterina N. Plyusnina, Alex Zhavoronkov, Arie
Budovsky, Robi Tacutu, Vadim E. Fraifeld. 2011. Gadd45 proteins: Relevance to aging, longevity and age-related pathologies.
Ageing Research Reviews . [CrossRef]

7. Bruno César Feltes, Joice Faria Poloni, Diego Bonatto. 2011. The developmental aging and origins of health and disease
hypotheses explained by different protein networks. Biogerontology 12:4, 293-308. [CrossRef]

8. K. Bitar, B. Greenwood-Van Meerveld, R. Saad, J. W. Wiley. 2011. Aging and gastrointestinal neuromuscular function:
insights from within and outside the gut. Neurogastroenterology & Motility 23:6, 490-501. [CrossRef]

9. Anett Mueller, Diana Armbruster, Dirk A Moser, Turhan Canli, Klaus-Peter Lesch, Burkhard Brocke, Clemens Kirschbaum.
2011. Interaction of Serotonin Transporter Gene-Linked Polymorphic Region and Stressful Life Events Predicts Cortisol
Stress Response. Neuropsychopharmacology 36:7, 1332-1339. [CrossRef]

10. Rozalyn M. Anderson , Ricki J. Colman . 2011. Prospects and Perspectives in Primate Aging Research. Antioxidants & Redox
Signaling 14:2, 203-205. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

11. Yuanyuan Li, Michael Daniel, Trygve Tollefsbol. 2011. Epigenetic regulation of caloric restriction in aging. BMC Medicine
9:1, 98. [CrossRef]

12. Martin Picard. 2011. Pathways to Aging: The Mitochondrion at the Intersection of Biological and Psychosocial Sciences.
Journal of Aging Research 2011, 1-11. [CrossRef]

http://dx.doi.org/10.1089/rej.2012.1359
http://online.liebertpub.com/doi/full/10.1089/rej.2012.1359
http://online.liebertpub.com/doi/pdf/10.1089/rej.2012.1359
http://online.liebertpub.com/doi/pdfplus/10.1089/rej.2012.1359
http://dx.doi.org/10.1007/s10815-012-9780-4
http://dx.doi.org/10.1016/j.mam.2012.06.006
http://dx.doi.org/10.1016/j.exger.2012.02.007
http://dx.doi.org/10.1155/2012/741468
http://dx.doi.org/10.1016/j.arr.2011.09.003
http://dx.doi.org/10.1007/s10522-011-9325-8
http://dx.doi.org/10.1111/j.1365-2982.2011.01678.x
http://dx.doi.org/10.1038/npp.2011.11
http://dx.doi.org/10.1089/ars.2010.3227
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3227
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3227
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3227
http://dx.doi.org/10.1186/1741-7015-9-98
http://dx.doi.org/10.4061/2011/814096

