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Abstract: The maintenance of genomic integrity requires the precise identification and repair of DNA damage. Since DNA is
packaged and condensed into higher order chromatin, the events associated with DNA damage recognition and repair are
orchestrated within the layers of chromatin. Very similar to transcription, during DNA repair, chromatin remodelling events
and histone modifications act in concert to ‘open’ and relax chromatin structure so that repair proteins can gain access to
DNA damage sites. One such histone mark critical for maintaining chromatin structure is acetylated lysine 16 of histone H4
(AcH4K16), a modification that can disrupt higher order chromatin organization and convert it into a more ‘relaxed’
configuration. We have recently shown that impaired H4K16 acetylation delays the accumulation of repair proteins to
double strand break (DSB) sites which results in defective genome maintenance and accelerated aging in a laminopathy‐
based premature aging mouse model. These results support the idea that epigenetic factors may directly contribute to
genomic instability and aging by regulating the efficiency of DSB repair. In this article, the interplay between epigenetic
misregulation, defective DNA repair and aging is discussed.

Organization of chromatin

is eventually folded into chromosomes has already
undergone compaction by about 10,000 fold. The
packaging of DNA into condensed and often
inaccessible chromatin imposes a significant constraint
for the efficient repair of DNA double strand breaks
(DSBs). Recent efforts have been directed towards
understanding how the DNA repair proteins gain access
to and repair, when DNA damage is embedded within
chromatin fibres.

The genomes of organisms are organized in the form of
a fundamental structure called chromatin in which the
repeating nucleosomes form the basic unit. The
nucleosome consists of 147 bp of DNA wound 1.7
times around an octamer composed of the four core
histones, H2A, H2B, H3 and H4. Multiple nucleosomes
are further linked by DNA stretches that are occupied
by linker histone H1, to form the 10-nm fibre or ‘beads
on a string’ type of arrangement. Chromatin fibres
undergo
compaction
through
intramolecular
nucleosome-nucleosome interactions to form the 30 nM
chromatin fibres. At the next level of organization,
chromatin is further stacked and folded to give rise to
100-400 nm interphase chromatin fibres. The DNA that
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Chromatin structure and DNA repair
Cells utilize two distinct mechanisms to modulate
chromatin dynamics during DNA repair. These
mechanisms include the post translational modifications
of histones and ATP-dependent chromatin remodelling.
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According to the ‘histone code hypothesis’, the
biological outcome of histone modifications is
manifested by providing a signalling platform for the
recruitment of downstream effector and reader protein
or by the physical modulation of chromatin structure
[1]. Accordingly, histones within chromosomes are
subjected to several forms of post translational
modifications such as phosphorylation, ubiquitination,
methylation, and acetylation and these modifications
can either create or eliminate binding sites for nonhistone proteins that mediate DNA repair or modify
chromatin structure [2]. The earliest identified and one
of the most important histone modifications during
DNA repair is the phosphorylation of histone H2AX at
the C-terminal residue corresponding to Ser139 (γH2AX) by the key DNA damage-responsive kinase,
ATM [3]. During DSB repair, phosphorylated H2AX
forms a specialised chromatin compartment capable of
recruiting and retaining DNA repair factors [4]. H2AX
phosphorylation spreads over a 2 Mb domain on each
side of the DSB, and acts as a docking site for several
DNA repair proteins such as the mediator, MDC1.
Thus, H2AX phosphorylation acts as an important cue
for the stable retention of DNA repair proteins which
form microscopically discernible foci, called as
irradiation-induced foci (IRIF) [5]. It is now recognized
that apart from phosphorylation, H2AX is
monoubiquitinated and later di and poly-ubiquitinated
in a DNA damage-dependent manner. According to
current understanding, several ubiquitin ligases
including RNF8, RNF168, RNF2, Bmi1 and Herc2 are
responsible for the completion ubiquitination of γH2AX [6]. In turn, ubiquitinated histones promote the
recruitment of DNA repair proteins, Brca1and 53BP1
which directly participate in the repair of DSBs by
homologous recombination (HR) or non-homologous
end joining mechanisms (NHEJ). Apart from histone
ubiquitination, histone methylation also plays an
important role in DSB repair processes. Trimethylated
H3K9 is known to be an important component of
heterochromatin and the heterochromatin 1 proteins,
HP1 α,β,δ, bind to trimethylated H3K9, contributing to
heterochromatin maintenance. Upon DSB induction,
HP1 β is phosphorylated in a casein kinase-dependent
manner, which promotes HP1 β dissociation and γ H2AX phosphorylation [7]. Following HP1 β
dissociation, the MYST family histone acetyltransferase
(HAT) Tip60, is recruited to trimethylated H3K9
resulting in the stimulation of its HAT activity [8]. In
other examples, constitutive dimethylation of histone
H3K79 by Dot1L and DNA damage-inducible H4K20
dimethylation by MMSET also provide a recruitment
platform for the DSB repair protein, 53BP1 [9,10].
Thus, in general, histone methylation mainly provides
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binding sites for the direct recruitment for downstream
repair proteins.
It is well known that histone acetylation is associated
with a more ‘open’ configuration of DNA, because
histone acetylation imparts a negative charge that
causes the charge repulsion of negatively charged DNA.
The acetylation of H2AX at K5 position by Tip60
regulates the ubiquitination of H2AX at K119 and
enhances chromatin dynamics [11]. Tip60-TRRAP
mediated histone H4 acetylation is also required for
efficient recruitment of repair proteins and HR [12].
Since the requirement of Tip60-TRRAP could be
overridden by forced chromatin relaxation using histone
deacetylases (HDAC) inhibitors, it was proposed that
the main role of histone acetylation was to improve
chromatin accessibility. In a similar mechanism, Mof,
another MYST family HAT, mediates H4K16
acetylation and controls higher order chromatin
configuration to promote repair protein recruitment (as
discussed below). Another example is the acetylation of
H3K14 which increases after irradiation in a HMGN1dependent manner. In this study, H3K14 acetylation
was shown to regulate ATM activation and since the
requirement for HGMN1 could be overcome by
inducing chromatin relaxation using HDAC inhibitors,
it was suggested that HGMN1 regulates higher order
chromatin structure during DNA repair [13]. The
recurring theme in these experiments that forced
chromatin relaxation could bypass the requirement for
histone acetylation, suggests that promoting chromatin
accessibility was likely to be one of the principle role of
histone acetylation in DSB repair.
The direct recruitment of ATP-dependent chromatin
remodelling complexes that enzymatically modulate
chromatin structure is another important mechanism in
DNA repair. Chromatin remodelling complexes use
ATP hydrolysis to increase accessibility of nucleosomal
DNA by repositioning nucleosomes or by altering
nucleosomal composition [14]. There are four main
families of mammalian chromatin remodelling
complexes: the SWI/SNF (switching defective/sucrose
non-fermenting) family, the NuRD (nucleosome
remodelling and deacetylation)/Mi-2/CHD (chromodomain helicase DNA binding family, INO80 (inositol
requiring 80) family and the ISWI (imitation-SWI)
family of complexes. An idea that has emerged in recent
years is that DNA damage-modified histones provide
targeting sites for the recruitment of chromatin
remodelling complexes. Thus, specificity is achieved by
chromatin-interacting domains that bind to modified
histones. In pioneering studies conducted in budding
yeast, γ-H2AX was shown to provide binding sites for
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the recruitment of ATP-dependent INO80, and histone
acetylating NuA4 at the site of a DSB [15,16].
Likewise, both members of SWI/SNF family of
ATPases, BRM and BRG1 directly interact with
acetylated H3 residues in γ-H2AX containing
nucleosomes [17]. This interaction increases the
recruitment of the HAT, GCN5, which promotes further
efficient induction of γ-H2AX after irradiation.
SWI/SNF is targeted to DSBs by interaction with an
early DNA damage responsive protein BRIT1/MCPH1,
which then promote the recruitment of repair factors
such as MDC1, Rad51, Ku70, RPA and NBS1 to DSBs
[18]. The mammalian ISWI remodelling complexes
containing the SNF2H or SNF2L ATPases mediate
nucleosome sliding and histone replacement and are
recruited to DSBs in micro-irradiation experiments [19].
SNF2H promotes DNA repair by HR and its depletion
impairs RPA, Brca1 and Rad51 foci formation [20].
Mammalian INO80 chromatin remodelling complexes
contain the INO80 ATPase and several other subunits
which form a complex with the polycomb transcription
factor YY1. INO80 is recruited to laser-generated DSBs
and the loss of YYI or INO80 leads to chromosome
aberrations and defective repair by HR [21].
Mammalian CHD remodelling complexes slide or eject
histones and several members of this family such as the
CHD1-like protein ALC1 and CHD2 have been
proposed to play a role in the DSB repair by NHEJ
[22,23]. Recent studies have implicated the CHD4
ATPase in multiple stages of the DDR. CHD4 is
recruited to DSB lesions and its depletion led to
reduction
in
DNA
damage-induced
histone
ubiquitination and defective recruitment of Brca1 and
RNF168 [24, 25]. The loss of CDH4 or other NuRD
components also led to structural defects in the
chromatin and increased accumulation of spontaneous
DNA damage [26].

Laminopathy-based premature aging
Amongst the most prominent phenotypes associated
with defective DSB repair in both humans and mice, is
the onset of accelerated aging (progeria). In several
correlative studies, γ -H2AX foci containing senescent
cells increase with age in humans, mice and primates,
leading to the model that inefficient DSB processing
and repair can activate cellular senescence pathways
and initiate premature aging [29-31]. This notion is
strengthened with the observation that knockout-mice
defective for DSB repair often show an accelerated
aging phenotype and conversely, defective DNA repair
is a common phenotype in human patients suffering
from premature aging (progeria) syndromes [32-33].
In our earlier study involving human Hutchinson
Gilford progeria syndrome (HGPS) patient fibroblasts,
defective DNA repair and genomic instability was
demonstrated [34]. Clinical manifestations in HGPS
patients include accelerated aging symptoms like hair
loss and greying, atherosclerosis, short stature, sculpted
nose, reduced subcutaneous fat, decreased bone density
and cardiovascular diseases. HGPS patients die at an
average age of 13 years due to complications related to
atherosclerosis. A single de novo point mutation of
nuclear protein lamin A gene at position 1824 (C to T)
in exon 11, was found to be predominantly responsible
for this syndrome. Lamin A is synthesized as the
precursor protein, prelamin A which is modified at its
carboxyl-terminal through a series of post translational
modifications. The modifications include farnesylation
of the cysteine in the C-terminus CAAX (C-cysteine, Aaliphatic, X-other amino acid)-motif, followed by
proteolytic cleavage of the AAX-peptide, and
methylation of the farnesylated cysteine. The
metalloproteinase, Zmpste24, is responsible for the
sequential proteolytic cleavage of prelamin A into
functional and mature lamin A. The point mutation
identified from HGPS patients results in the activation
of an aberrant cryptic splice site causing the deletion of
a 50 amino acid region from the C-terminal end of
prelamin A [35]. Since the deletion harbours a cleavage
site for the enzyme Zmpste24, prelamin A cannot
undergo complete processing into mature lamin A in
HGPS patients, and a truncated protein that lacks amino
acids 607-656 (called as progerin) accumulates in cells.
Thus, the unprocessed forms of lamin A, progerin and
prelamin A accumulate in HGPS and Zmpste24-null
cells respectively (Figure 1).

In other examples involving chromatin structure and
DNA repair, DSB repair in the heterochromatin requires
specialized mechanisms to promote access to repair
proteins because heterochromatin is structurally
inhibitory to DNA repair owing to its condensed
structure. ATM-dependent phosphorylation of the corepressor Kap1 was shown to allow localized and
transient chromatin relaxation at regions of
heterochromatin and promote the recruitment of DNA
repair proteins [27]. Likewise, it has been shown that
the PWWP domain-containing protein EXPAND1
accumulates in IRIF in a H2AX, MDC1, RNF8 and
53BP1-dependent manner and increases chromatin
accessibility after DNA damage [28]. Thus, DSB
recognition and repair are intimately associated with
chromatin remodelling and histone modification events.
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Remarkably, human HGPS premature aging phenotypes
can be recapitulated in Zmpste24-null mice indicating
that the presence of 18 extra amino acid tail of prelamin
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A is responsible for premature aging [36]. At the cellular
level, accumulation of prelamin A/progerin leads to
phenotypes such as nuclear shape abnormalities, nuclear
blebbing, loss of hetero-chromatin, epigenetic alterations
and early cellular senescence [37-39]. Interestingly,
heterozygosity for lamin A (Zmpste24-/- lmna+/-) largely
ameliorated the progeria-like phenotypes in Zmpste24deficient mice, suggesting that reducing prelamin A
concentration by 50% was enough to reduce accelerated
aging phenotypes [40].

were also found defective for DNA repair, in assays
using DSB repair reporter cassettes. Based on these
observations, HGPS was classified together with other
human progeroid syndromes as a genomic instabilityassociated disorder. At a more molecular level, the
recruitment of DNA repair proteins 53BP1 and Rad51
was significantly delayed after DSB induction in
Zmpste24-null and HGPS fibroblasts. In subsequent
studies, other repair proteins such as MDC1 and Mre11
also showed impaired recruitment, suggesting that the
early response to DNA damage was dramatically
inhibited in the presence of mutant lamin A [41-46].
Together, these data have led to the idea that prelamin
A/progerin accumulation interferes with the loading of
DNA repair proteins to DSB sites and that, as a
consequence, irreparable DNA damage remains which
fuels a cycle of chronic DNA damage response,
premature senescence and aging.
Down regulation of Mof-dependent
acetylation in Zmpste24-null fibroblasts

Lamin A is a structural constituent of a subnuclear
compartment called as the nuclear matrix [47]. The
nuclear matrix is a nuclear subcellular compartment that
is thought to provide a scaffold to facilitate chromatin
organization and transcriptional regulation [48]. The
nuclear matrix is recognized as a distinct subcellular
compartment constituted of detergent and DNaseinsoluble proteins. The observation that lamin A
mutants are defective for DNA repair was surprising
given that there was no precedent of a nuclear matrixassociated structural protein capable of regulating DNA
repair.

Figure 1. Structure of prelamin A, lamin A and progerin.
Lamin A is synthesized as a 74‐kDa precursor, prelamin A. The C‐
terminal CaaX motif of prelamin A undergoes a series of
posttranslational modifications including CaaX processing
(farnesylation, aaX cleavage and carboxylmethylation), followed
by endoproteolytic cleavage by Zmpste24. Zmpste24 is
responsible for the sequential proteolytic cleavage and
processing of prelamin A into mature lamin A (70‐kDa). The
point mutation identified from HGPS patients, results in the
activation of an aberrant cryptic splice site causing the deletion
of a 50 amino acid region from the C‐terminal end of prelamin A.
Hence, prelamin A cannot undergo complete processing into
mature lamin A in HGPS patients, and a truncated protein called
as progerin accumulates in cells.

In a recent study, we have investigated the mechanism
underlying defective DNA repair and premature aging
in Zmpste24-null cells and identified a role for histone
H4K16 hypoacetylation in aging [49]. We hypothesized
that prelamin A accumulation might disrupt DNA repair
if epigenetic histone modifications associated with
DNA repair are misregulated. To test this hypothesis,
early passage mouse embryonic fibroblasts (MEFs)
isolated from Zmpste24 wild-type and null mice were
systematically screened with specific antibodies
directed against histone modifications. In order to
ensure that identified epigenetic differences arose as a
primary consequence of prelamin A expression,
experiments were performed using early passage MEFs
or prelamin A-transfected cell lines. Based on this
analysis, prelamin A-expressing cells were found
defective in the acetylation of H4 at lysine 16 residue
(H4K16). Since the defect in H4K16 acetylation
temporally preceded the onset of cellular senescence, it
was rationalized that H4K16 hypoacetylation might be

The observation that Zmpste24-null and human HGPS
patient cells have genomic instability was important in
understanding the mechanisms contributing to
premature aging [34]. Fibroblasts isolated from HGPS
patients and Zmpste24-null MEFs accumulated γH2AX foci in culture and were sensitive to a variety of
DNA damaging agents. Furthermore, karyotyping
analysis revealed aneuploidy in the bone marrow of
Zmpste24-null mice. HGPS and Zmpste24-null cells
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responsible for the early cellular senescence phenotype
of Zmpste24-null cells.

terminal of H4 tail of one mononucleosome interacted
with the H2A/H2B of an adjacent mononucleosome,
suggesting that this interaction might mediate chromatin
compaction. Using chemical ligation, histone H4 that
uniformly acetylated only at lysine 16 was prepared and
intramolecular chromatin compaction was studied.
Strikingly, these studies revealed that upon H4K16
acetylation, chromatin fibres could not achieve the fully
compacted 30 nm fibre state adopted by unacetylated
arrays.

Using a combination of imaging techniques and
biochemical fractionation, it was found that Mof, the
principle histone H4K16 acetyltransferase localizes to the
nuclear matrix in wild-type cells. However, in prelamin
A-expressing cells, the nuclear matrix association of Mof
was found severely reduced. At the molecular level,
lamin A co-immunoprecipitates with Mof, whereas
prelamin A had several folds lower binding with Mof.
These observations implied that the 18 amino acid extra
C-terminal tail of unprocessable prelamin A that is
lacking in mature lamin A, prevented Mof binding and
resultantly, the association of Mof with the nuclear
matrix was reduced causing histone acetylation defects.

As an extension of this idea, it was rationalised that
global reduction of H4K16 acetylation may result in
genome-wide chromatin compaction in Zmpste24-null
cells, which has to be relieved first before repair
proteins such as 53BP1 gain access to DNA damage
sites. This model was tested by the re-introduction of
Mof, which elevated H4K16 acetylation levels and
dramatically promoted the recruitment of 53BP1 to sites
of DSBs in Zmpste24-null cells. Consistently, as
predicted, Mof knockdown had an opposite effect in
that cellular senescence and accumulation of irreparable
DNA damage exacerbated even further. Thus, an
inverse correlation could be drawn between Mof
function, DNA repair and premature senescence (Model
summarized in Figure 2).

H4K16 acetylation and DSB repair
How do reduced global H4K16 acetylation levels affect
chromatin structure? In elegant work by Shogren-Knaak
et al., the incorporation of acetylated K16 of H4 into
nucleosomal arrays was demonstrated to impede the
ability of chromatin to form cross-fibre interactions and
this converted chromatin into an ‘open’ conformation
[50]. In crystallization studies, it was observed that N-

Figure 2. Model showing the relationship between impaired histone acetylation, defective DSB repair and pre‐
mature aging. H4K16 acetylation impedes the ability of chromatin to form cross‐fibre interactions and this converts
chromatin into a ‘relaxed’ conformation. Mof, a MYST family histone acetyltransferase, is the enzyme mainly involved in
acetylation of H4 at K16 position in mammalian cells. The 18 amino acid C‐terminal tail of prelamin A prevents the proper
association of Mof to the nuclear matrix leading to Mof mislocalization and the hypoacetylation of histone H4K16. Defective
H4K16 acetylation, in turn, results in global chromatin compaction and the inability to assume the chromatin conformation
required for repair process access. Consequently, the delayed recruitment of repair proteins to sites of DSBs causes the
accumulation of irreparable DNA damage, chronic DNA damage response, early cellular senescence and premature aging.
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The relationship between Mof, chromatin structure and
DNA repair has been further expounded in three recent
independent studies. Owing to global compaction of the
genome, the chromatin structure of Mof-null MEFs was
altered in a way such that the cells became refractory to
DNA damage signalling and repair protein recruitment.
In the study by Li et al, severe G(2)/M cell cycle arrest,
massive chromosome aberrations, and defects in
ionizing radiation-induced DNA repair were observed
in Mof-null cells [51]. The recruitment of repair
mediator protein Mdc1, 53BP1 and Brca1 to DNA
damage foci was completely abolished in the absence of
Mof [51]. Importantly, the interaction between Mdc1
and γ-H2AX was shown to require H4K16 acetylation
and an acidic pocket on H2AX, suggesting that inter
and intranucleosomal interaction between H4 and
H2AX was required to establish the chromatin
configuration conducive for MDC1 association with γH2AX. Indeed, H2AX acidic patch mutants could not
interact with acetylated H4K16 and thus failed to
establish the chromatin structure required for MDC1
recruitment. In another study, MOF depletion also
greatly decreased DSB repair by both NHEJ and HR
[52]. A purkinje cell-specific conditional Mof knock out
mouse displayed impaired motor coordination, ataxia, a
backward-walking phenotype, and a reduced life span
and some of these phenotypes were very similar to the
cerebellar dysfunction observed in Ataxia-telangiectasia
(AT) patients [53]. Together, these studies highlight that
Mof is an important mediator of the DNA damage
response.

histone acetylation levels [54]. Based on the rationale
that HDAC inhibitors can promote DNA damage
recognition and repair by promoting global chromatin
relaxation, it was tested whether cellular senescence and
premature aging phenotypes may be attenuated in
Zmpste24-null cells upon HDAC inhibition.
Interestingly, when Zmpste24-null cells were treated
with HDAC inhibitors, sodium butyrate or trichostatin
A, a significant reduction in the accumulation of
unrepaired DSBs and an overall improvement in cell
survival after DNA damage were noticed. Importantly,
when Zmpste24-null mice were fed with sodium
butyrate, a modest extension of life span and
amelioration of premature aging phenotypes was
observed, suggesting that HDAC inhibition might have
a therapeutic potential. It is certainly possible that
HDAC inhibitors may be non-specific in their action
and thus it might be difficult to establish whether the
extension of longevity is due to restoration of histone
acetylation levels or due to other indirect benefits.
Secondly, the dosage of HDAC inhibitors have to be
carefully titrated since an excessive concentration might
lead to toxicity. Despite these caveats, there are now
several studies reporting the beneficial effects of HDAC
inhibitors on aging. Recently, HDAC inhibitors were
shown to improve DNA repair in an oncogene-induced
senescence model by causing chromatin relaxation [55].
In other studies, HDAC inhibitors have been shown to
increase learning ability, delay age-dependent
neurodegeneration,
delay
Alzheimer’s
disease
progression in mouse models, accelerate age-associated
osteogenesis, and increase life span of worms in a
dietary restriction model [56-60]. It still needs to be
established if the therapeutic benefits of HDAC
inhibitors in these model systems are linked to their
ability to directly promote DNA repair by the relaxation
of chromatin structure.

Interestingly, upon careful analysis it is apparent that
H4K16 acetylation levels begin to increase only at
about 60 minutes post-irradiation (our unpublished
observations), while it is known that the recruitment of
repair proteins such as 53BP1 and MDC1 occurs
temporally at earlier time points after irradiation. Since
the recruitment of DNA repair proteins is found
defective in Mof-null cells even at early time points
after irradiation, it indicates that both basal as well as
the DNA damage inducible-H4K16 acetylation levels
are important to create the chromatin structure
conducive for DNA damage recognition, DSB repair
protein recruitment and further signalling.

H4K16 acetylation and physiological aging
Zmpste24-null mice or human HGPS cells have been
considered as segmental progeroid syndromes, in that
they only partially recapitulate the phenotypes
associated with normal aging. Hence, it was believed
that experiments conducted on premature aging
syndromes may not accurately reflect physiological
aging. This view is gradually changing owing to efforts
made to detect progerin or prelamin A accumulation
during normal aging. In the first such report, rare
fibroblasts cultured from elderly individuals were found
to exhibit nuclear abnormalities similar to HGPS cells
[61]. Progerin transcripts and progerin protein could be
detected from cells obtained from healthy individuals
and more importantly the specific knockdown of
progerin rescued age-associated nuclear deformities. In

HDAC inhibition and DNA repair
A simplified view of the above model is that promoting
chromatin accessibility by increasing histone
acetylation levels can improve DNA repair by
increasing the recruitment of DNA repair proteins.
HDAC inhibitors prove useful for this purpose, since
they are well-established as anti-cancer agents and
several pharmacological agents are validated to increase
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another study, the technical difficulty associated with
progerin detection was overcome through the
development of a progerin-specific antibody. Using this
antibody, the progerin-positive fibroblasts were seen to
increase in elderly skin [62]. Both prelamin A and
progerin were also observed to accumulate in human
vascular aging [63]. In a more recent study, a link
between
telomere
dysfunction
and
progerin
accumulation was established during normal aging. It
was suggested that telomere shortening increased the
production of progerin in normal cells and progerin and
telomere dysfunction collaborate to trigger cellular
senescence during normal aging [64].

analysis in ‘old’ wild type mice, H4K16
hypoacetylation could be observed in the liver, heart
and bone marrow, but not in the kidney, for as yet
unknown reasons. Mammalian Sirt1 (mammalian Sir2
homolog) function is itself pleiotropic and cell typespecific. Contradictory reports exist even within studies
using mice as model systems because Sirt1 function was
found pro-longevity in some studies, whereas in others
Sirt1 was observed to induce senescence [69]. Also, our
observation that sodium butyrate, a class I and II HDAC
inhibitor could increase H4K16 acetylation, suggests
that apart from Sirt1 (a class III deacetylase), other
deacetylases also involved in the regulation of H4K16
acetylation levels in mammalian cells. Moreover, in
contrast to yeast, mammalian Sirt1 has multiple
substrates like Foxo3a and p53 [70], and some of these
substrates may be of greater importance than histone H4
in aging. Lastly, similar to DNA methylation, where
global DNA hypomethylation but site-specific
hypermethylation is observed during aging [71], it is
possible that the regulation of H4K16 acetylation might
be more complex than what we currently understand.

The above studies raise the exciting possibility that
Zmpste24-null/HGPS fibroblasts may offer a simple
model to decode the molecular defects contributing to
normal aging. Interestingly, in a study by Sedelnikova
et al, genomic instability associated with normal aging
was found associated with delayed recruitment of repair
proteins to sites of DSBs [65]. Since this observation
similar to what is observed in Zmpste24-null and HGPS
fibroblasts, it is possible that H4K16 hypoacetylation
can alter chromatin structure and reduce the efficiency
of DNA repair during physiological aging as well.
Consistently, global histone H4K16 acetylation depleted
in an age-dependent manner in many tissues isolated
from ‘old’ wild type mice. In another independent
study, H4K16 acetylation levels were found to be
higher in cell lines where life span has been prolonged
by ectopic expression of hTERT [66]. An agedependent reduction in H4K16 acetylation levels was
also demonstrated using human oocytes [67]. Put
together, these observations raise the possibility that
H4K16 hypoacetylation associated with normal aging
can contribute to genomic instability, by reducing the
efficiency of DSB repair. Certainly, further
investigations are required along these lines to address
this hypothesis.

Epigenetic misregulation, DNA repair and aging: an
emerging paradigm
A fundamental manner in which epigenetic misregulation
in the form of DNA methylation and histone
modification alterations can contribute to aging is by
altering gene expression patterns. Since this has been the
topic of discussion elsewhere [72], here we consider
specific examples where epigenetic modifiers
deregulated in aging may be involved in DNA repair.
This point-of-view is especially important since the loss
of DNA repair is a hallmark of aging and it is possible
that epigenetic misregulation can contribute to aging by
disrupting genome maintenance (summarized in Table 1).
Through the use of model systems such as S.cerevisiae,
C.elegans, mice and human cells, alterations in histone
modifications and chromatin remodelling factors during
aging have been studied. For example, S.cerevisiae cells
undergo changes in histone levels and histone
modifications with an increase in replicative age. As
examples, total histone H3, H4 and H2A protein levels
are greatly reduced in aged yeast cells relative to young
cells [73]. Another example is the reduced expression of
H3K56 acetylation with advancing age in S.cerevisiae
cells [73, 74]. In C. elegans, members of the ASH-2
trithorax complex, ASH-2 itself, WDR-5 and the H3K4
methyltransferase SET-2 were found detrimental for
longevity [75]. In another study, the acetylation of
H4K5, but not total H4, was shown to decrease with age
in C.elegans, and longevity could be extended with an
HDAC inhibitor [60]. A global reduction in H4 acetyla-

In contrast to the above model, global H4K16
acetylation levels were found to increase in a Sir2dependent manner during yeast replicative aging. In a
study by Dang et al, ‘old’ yeast cells were found to have
increased amounts of H4K16 acetylation, due to
decreased abundance of Sir2 deacetylase [68]. The
increased levels of H4K16 acetylation correlated with
decreased silencing of reporter genes inserted near
telomere proximal DNA elements. To reconcile the
opposite observations in yeast and mammalian cells,
several explanations can be considered. Firstly,
mammalian aging is a lot more complex than yeast
replicative aging and differences in the rate and
mechanism of aging exist across tissues even within the
same organism. In our studies using H4K16 acetylation
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Table 1. Histone modifications and chromatin remodelling proteins involved in double strand break repair
and aging
Histone
modification/chromatin
remodelling complex
H2AX ser139
phosphorylation
H3K4me3

H3K9me3

H3K14ac

H3K56ac

H4K5ac and H4K12ac

H4K16ac
H4K20me2
SWI/SNF
Histone chaperones Asf1
A/B and CAF-1
CHD4

Bmi-1
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Role in DSB repair

Reference

Correlation with age

Reference

Activation of DNA damage
checkpoint and
accumulation of repair
proteins into IRIF
Promotes DNA repair by
NHEJ

(Ref.4)

Increases (primates and
human)

(Ref.29)

(Ref.85)

Increased H3K4me3
correlated with reduced
longevity (C.elegans)

(Ref.75)

(Ref.7,
Ref.8)

Decreases (human)

(Ref.61)

(Ref.17)

Increases (mouse
oocyte)

(Ref.86)

(Ref.87,
Ref.88,
Ref.89)

Decreases (yeast and
human)

(Ref.74,
Ref.90)

(Ref.12,
Ref.91)

H4K5ac decreases
(C.elegans)
H4K12ac decreases
(mouse brain)
H4K12ac increases
(mouse oocyte)
Increases (yeast)
Decreases (mouse)
Decreases (human
oocyte)
Increases (human)

(Ref.60,
Ref.78,
Ref.86)

Upon DSB induction,
HP1β phosphorylation
leads to dissociation from
H3K9me3 and stimulates
Tip60 recruitment and
activation
Recruitment of SWI/SNF
complex, regulates ATM
activation
After DNA damage, levels
increase according to
Ref.84 and decrease
according to Ref.85.
Lowered levels after DNA
damage promote NHEJ
Recruitment of repair
proteins and promotes HR,
recruitment of SWI/SNF
complex and repair by
NHEJ
Regulates DNA repair
protein recruitment after
IR

(Ref.66,
Ref.51,
Ref.52)

Required for 53BP1
recruitment
Spreading of γH2AX and
recruitment of repair
factors
Chromatin assembly
during DNA repair
Loss of CDH4 or other
NuRD components also led
to structural defects in the
chromatin and increased
accumulation of
spontaneous DNA damage,
stimulates RNF168 and
Brca1 recruitment

(Ref.10)

Regulates H2A
monoubiquitination

950

(Ref.91,
Ref.17)

(Ref.68, Ref.
49, Ref.67)
(Ref.77)

Decreases (mouse
hematopoietic stem
cells)
Decreases (human)

(Ref.79)

(Ref.24,
Ref.25)

Decreases (human)

(Ref.26)

(Ref.82)

Decreased Bmi-1
binding to Ink4a/Arf
locus with increasing

(Ref.93,
Ref.94)

(Ref.92)

(Ref.90)
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tion has also been observed in rat cerebral cortex
neurons and cultured human cells [76]. H4K20
trimethylation levels are found to increase with
increasing age in human tissues and HGPS cells [77].
Recently the misregulation of H4K12 acetylation has
been found to be associated with cognitive decline in
mice models [78]. In a genome-wide expression
analysis using highly purified hematopoietic stem cells
from ‘young’ and ‘old’ mice, a functional deficit in
stem cell function with advancing age was noted.
Interestingly, an age-dependent reduction in the
expression of subunits in the SWI/SNF, and HDAC 1,
5, and 6, were observed in this study [79]. In an
interesting screen, the MRG/MORF family of proteins
that are components of both HATS and HDAC
complexes were identified as being involved in cell
senescence and proposed to be regulators of aging [80].
Another commonly identified hallmark of aging cells is
the loss of H3K9 trimethylation, which leads to loss of
heterochromatin [39, 61]. In a recent study, two histone
binding proteins RBBP4 and RBBP7, were found
reduced in HGPS cells and were reported responsible
for DNA damage accumulation. It was suggested that
declining NURD remodelling complex functions in
aging-associated chromatin defects and accumulation of
DNA damage during aging [26]. The loss of SIRT6, a
H3K9 deacetylase leads to premature aging-like
phenotypes in mice, which was attributed to the ability
of Sirt6 to regulate telomere function, aging-associated
gene expression programs and to mobilize DNA-PK
catalytic subunit (DNA-PKcs) to chromatin in response
to DNA damage [81]. Lastly, Bmi1 belongs to the
polycomb complex of proteins that are required for
H3K27 trimethylation. Although the role of Bmi1 is
associated with aging primarily due to its ability to
repress the Ink4a/Arf locus, it is now come to light that
Bmi1 can also maintain genomic integrity by regulating
H2A ubiquitination in response to DNA damage [82].
In summary, there is sufficient evidence that histone
modifications/chromatin remodelling proteins involved
in the maintenance of genomic integrity are
misregulated during aging. What is not fully understood
is to what extent this altered epigenetic landscape
contributes to defective DNA repair during aging. This
is because aging is complex and multifactorial, and thus
any model assuming a linear relationship between
epigenetic status, DNA repair and accelerated aging
might be too simplistic and difficult to investigate
experimentally. Indeed, just as defective chromatin
modifications may impair DNA repair and cause the
accumulation of DNA damage to trigger premature
aging, the reverse has also been demonstrated. For
example, aging-associated redistribution of chromatin
modifiers such as Sirt1 to sites of DNA damage leads to
changes in gene expression, which can once again alter
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the consequence of DNA repair [83]. Another example
is the age-associated decline in histone chaperone levels
which can alter chromatin structure to cause defective
DNA repair [84]. Thus, the interplay between chromatin
modification, DNA repair and aging is not
straightforward and more studies with better model
systems are required to understand the interrelationships.
Conclusions and future directions
Although it is known that the loss of genomic integrity
is an important hallmark of aging, the molecular
mechanisms are only beginning to be understood.
Through the use of Zmpste24-knock mice as a model to
understand premature aging, interesting insights have
been obtained on how genomic integrity can be
regulated by epigenetic mechanisms such as histone
acetylation. H4K16 hypoacetylation affects global
chromatin structure to impair DNA damage recognition
and repair and this, in turn contributes to genomic
instability during aging. Recent findings have indicated
that the study of Zmpste24-null mice may have broader
relevance in understanding physiological aging.
Therefore, it would be interesting to find out if histone
acetylation levels can also affect genomic integrity
during normal aging. Given the inherent reversibility of
epigenetic modifications, it would then be possible to
manipulate histone acetylation levels and relax
chromosome structure to promote DNA repair during
normal aging and restrain some age-associated
pathologies.
In conclusion, a complete understanding on how exactly
chromatin modifiers modulate DNA repair and aging at
the molecular level is far from complete. Indeed, we are
only beginning to see the ‘tip of the iceberg’, as far as
chromatin, DNA repair and aging are concerned. It is
anticipated that through the use of modern genomewide technologies and mouse genetics, the study of
epigenetics and aging will gain greater momentum.

ACKNOWLEDGEMENTS
The research work in Zhou Z lab is supported by Hong
Kong
Research
Council
(HKU7698/05M,
HKU7655/06M, CRF HKU3/07C), Progeria Research
Foundation and the Ministry of Science and Technology
of CHINA (973 Project 2007CB50740).

CONFLICT OF INTERESTS STATEMENT
The authors of this manuscript have no conflict of
interest to declare.

951

AGING, October 2011, Vol.3 No.10

REFERENCES

16. Downs JA, Allard S, Jobin‐Robitaille O, Javaheri A, Auger A,
Bouchard N, Kron SJ, Jackson SP, Côté J. Binding of chromatin‐
modifying activities to phosphorylated histone H2A at DNA
damage sites. Mol Cell. 2004;16:979‐990.
17. Lee HS, Park JH, Kim SJ, Kwon SJ, Kwon J. A cooperative
activation loop among SWI/SNF, gamma‐H2AX and H3
acetylation for DNA double‐strand break repair. EMBO J.
2010;29:1434‐1445.
18. Peng G, Yim EK, Dai H, Jackson AP, Burgt I, Pan MR, Hu R, Li
K, Lin SY. BRIT1/MCPH1 links chromatin remodelling to DNA
damage response. Nat Cell Biol. 2009;11:865‐872.
19. Erdel F, Schubert T, Marth C, Längst G, Rippe K. Human ISWI
chromatin‐remodeling complexes sample nucleosomes via
transient binding reactions and become immobilized at active
sites. Proc Natl Acad Sci U S A. 2010;107:19873‐19878.
20. Nakamura K, Kato A, Kobayashi J, Yanagihara H, Sakamoto S,
Oliveira DV, Shimada M, Tauchi H, Suzuki H, Tashiro S, Zou L,
Komatsu K. Regulation of homologous recombination by RNF20‐
dependent H2B ubiquitination. Mol Cell. 2011;41:515‐528.
21. Wu S, Shi Y, Mulligan P, Gay F, Landry J, Liu H, Lu J, Qi HH,
Wang W, Nickoloff JA, Wu C, Shi Y. A YY1‐INO80 complex
regulates genomic stability through homologous recombination‐
based repair. Nat Struct Mol Biol. 2007;14:1165‐1172.
22. Gottschalk AJ, Timinszky G, Kong SE, Jin J, Cai Y, Swanson SK,
Washburn MP, Florens L, Ladurner AG, Conaway JW, Conaway
RC. Poly(ADP‐ribosyl)ation directs recruitment and activation of
an ATP‐dependent chromatin remodeler. Proc Natl Acad Sci U S
A. 2009;106:13770‐13774.
23. Nagarajan P, Onami TM, Rajagopalan S, Kania S, Donnell R,
Venkatachalam S. Role of chromodomain helicase DNA‐binding
protein 2 in DNA damage response signaling and tumorigenesis.
Oncogene. 2009 ;28:1053‐1062.
24. Larsen DH, Poinsignon C, Gudjonsson T, Dinant C, Payne MR,
Hari FJ, Danielsen JM, Menard P, Sand JC, Stucki M, Lukas C,
Bartek J, Andersen JS, Lukas J. The chromatin‐remodeling factor
CHD4 coordinates signaling and repair after DNA damage. J Cell
Biol. 2010;190:731‐740.
25. Smeenk G, Wiegant WW, Vrolijk H, Solari AP, Pastink A, van
Attikum H.The NuRD chromatin‐remodeling complex regulates
signaling and repair of DNA damage. J Cell Biol. 2010;190:741‐
749.
26. Pegoraro G, Kubben N, Wickert U, Göhler H, Hoffmann K,
Misteli T. Ageing‐related chromatin defects through loss of the
NURD complex. Nat Cell Biol. 2009;11:1261‐1267.
27. Goodarzi AA, Noon AT, Deckbar D, Ziv Y, Shiloh Y, Löbrich M,
Jeggo PA. ATM signaling facilitates repair of DNA double‐strand
breaks associated with heterochromatin. Mol Cell. 2008;31:167‐
177.
28. Sy SM, Chen J, Huen MS. The 53BP1‐EXPAND1 connection in
chromatin structure regulation. Nucleus. 2010;1:472‐474.
29. Sedelnikova OA, Horikawa I, Zimonjic DB, Popescu NC,
Bonner WM, Barrett JC. Senescing human cells and ageing mice
accumulate DNA lesions with unrepairable double‐strand
breaks. Nat Cell Biol. 2004;6:168‐170.
30. Herbig U, Ferreira M, Condel L, Carey D, Sedivy JM. Cellular
senescence in aging primates. Science. 2006;311:1257.
31. Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U. Accumulation
of senescent cells in mitotic tissues of aging primates. Mech
Ageing Dev. 2007;128:36‐44.

1. Chi P, Allis CD, Wang GG. Covalent histone modifications‐‐
miswritten, misinterpreted and mis‐erased in human cancers.
Nat Rev Cancer. 2010;10:457‐469.
2. Sinha M, Peterson CL. Chromatin dynamics during repair of
chromosomal DNA double‐strand breaks. Epigenomics.
2009;1:371‐385.
3. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA
double‐stranded breaks induce histone H2AX phosphorylation
on serine 139. J Biol Chem. 1998;273:5858‐5868.
4. Celeste A, Petersen S, Romanienko PJ, Fernandez‐Capetillo O,
Chen HT, Sedelnikova OA, Reina‐San‐Martin B, Coppola V,
Meffre E, Difilippantonio MJ, Redon C, Pilch DR, Olaru A, Eckhaus
M, Camerini‐Otero RD, Tessarollo L, Livak F, Manova K, Bonner
WM, Nussenzweig MC, Nussenzweig A. Genomic instability in
mice lacking histone H2AX. Science. 2002;296:922‐927.
5. Polo SE, Jackson SP. Dynamics of DNA damage response
proteins at DNA breaks: a focus on protein modifications. Genes
Dev. 2011;25:409‐433.
6. Luijsterburg MS, van Attikum H. Chromatin and the DNA
damage response: The cancer connection. Mol Oncol.
2011;5:349‐367.
7. Ayoub N, Jeyasekharan AD, Bernal JA, Venkitaraman AR. HP1‐
beta mobilization promotes chromatin changes that initiate the
DNA damage response. Nature. 2008;453:682‐686.
8. Sun Y, Jiang X, Xu Y, Ayrapetov MK, Moreau LA, Whetstine JR,
Price BD. Histone H3 methylation links DNA damage detection to
activation of the tumour suppressor Tip60. Nat Cell Biol.
2009;11:1376‐1382.
9. Huyen Y, Zgheib O, Ditullio RA Jr, Gorgoulis VG, Zacharatos P,
Petty TJ, Sheston EA, Mellert HS, Stavridi ES, Halazonetis TD.
Methylated lysine 79 of histone H3 targets 53BP1 to DNA
double‐strand breaks. Nature. 2004;432:406‐411.
10. Pei H, Zhang L, Luo K, Qin Y, Chesi M, Fei F, Bergsagel PL,
Wang L, You Z, Lou Z. MMSET regulates histone H4K20
methylation and 53BP1 accumulation at DNA damage sites.
Nature. 2011;470:124‐128.
11. I kura T, Tashiro S, Kakino A, Shima H, Jacob N, Amunugama
R, Yoder K, Izumi S, Kuraoka I, Tanaka K, Kimura H, Ikura M,
Nishikubo S, Ito T, Muto A, Miyagawa K, Takeda S, Fishel R,
Igarashi K, Kamiya K. DNA damage‐dependent acetylation and
ubiquitination of H2AX enhances chromatin dynamics. Mol Cell
Biol. 2007;27:7028‐7040.
12. Murr R, Loizou JI, Yang YG, Cuenin C, Li H, Wang ZQ, Herceg
Z. Histone acetylation by Trrap‐Tip60 modulates loading of
repair proteins and repair of DNA double‐strand breaks. Nat Cell
Biol. 2006;8:91‐99.
13. Kim YC, Gerlitz G, Furusawa T, Catez F, Nussenzweig A, Oh
KS, Kraemer KH, Shiloh Y, Bustin M. Activation of ATM depends
on chromatin interactions occurring before induction of DNA
damage. Nat Cell Biol. 2009;11:92‐96.
14. Wang GG, Allis CD, Chi P. Chromatin remodeling and cancer,
Part II: ATP‐dependent chromatin remodeling. Trends Mol Med.
2007;13:373‐380.
15. van Attikum H, Fritsch O, Hohn B, Gasser SM. Recruitment of
the INO80 complex by H2A phosphorylation links ATP‐
dependent chromatin remodeling with DNA double‐strand break
repair. Cell. 2004;119:777‐788.

www.impactaging.com

952

AGING, October 2011, Vol.3 No.10

32. Garinis G, A Van der Horst GT, Vijg J and Hoeijmakers JH.
DNA damage and ageing: new ideas for an age‐old problem. Nat
Cell Biol. 2008;10:1241‐1247.
33. Hasty P, Vijg J Accelerating aging by mouse reverse genetics:
a rational approach to understanding longevity. Aging Cell.
2004;3:55‐65.
34. Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan X, Huang
JD, Li KM, Chau PY, Chen DJ, Pei D, Pendas AM, Cadiñanos J,
López‐Otín C, Tse HF, Hutchison C, Chen J, Cao Y, Cheah KS,
Tryggvason K, Zhou Z. Genomic instability in laminopathy‐based
premature aging. Nat Med. 2005;11:780‐785.
35. Eriksson Brown WT, Gordon LB, Glynn MW, Singer J, Scott L,
Erdos MR, Robbins CM, Moses TY, Berglund P, Dutra A, Pak E,
Durkin S, Csoka AB, Boehnke M, Glover TW, Collins FS. Recurrent
de novo point mutations in lamin A cause Hutchinson‐ Gilford
progeria syndrome. Nature. 2003;423:293‐298.
36. Pendás AM, Zhou Z, Cadiñanos J, Freije JM, Wang J, Hultenby
K, Astudillo A, Wernerson A, Rodríguez F, Tryggvason K, López‐
Otín C. Defective prelamin A processing and muscular and
adipocyte alterations in Zmpste24 metalloproteinase‐deficient
mice. Nat Genet. 2002;31:94‐99.
37. Dahl KN, Scaffidi P, Islam MF, Yodh AG, Wilson KL, Misteli T
KN. Distinct structural and mechanical properties of the nuclear
lamina in Hutchinson‐Gilford progeria syndrome. Proc Natl Acad
Sci U S A. 2006;103:10271‐10276.
38. Shumaker DK, Dechat T, Kohlmaier A, Adam SA, Bozovsky
MR, Erdos MR, Eriksson M, Goldman AE, Khuon S, Collins FS,
Jenuwein T, Goldman RD. Mutant nuclear lamin A leads to
progressive alterations of epigenetic control in premature aging.
Proc Natl Acad Sci U S A. 2006;103:8703‐8708.
39. Goldman RD, Shumaker DK, Erdos MR, Eriksson M, Goldman
AE, Gordon LB, Gruenbaum Y, Khuon S, Mendez M, Varga R,
Collins FS. Accumulation of mutant lamin A causes progressive
changes in nuclear architecture in Hutchinson‐Gilford progeria
syndrome. Proc Natl Acad Sci U S A. 2004;101:8963‐8968.
40. Fong LG, Ng JK, Meta M, Coté N, Yang SH, Stewart CL,
Sullivan T, Burghardt A, Majumdar S, Reue K, Bergo MO, Young
SG. Heterozygosity for Lmna deficiency eliminates the progeria‐
like phenotypes in Zmpste24‐deficient mice. Proc Natl Acad Sci U
S A. 2004;101:18111‐18116.
41. Liu Y, Rusinol A, Sinensky M, Wang Y, Zou Y. DNA damage
responses in progeroid syndromes arise from defective
maturation of prelamin A. J Cell Sci. 2006;119:4644‐4649.
42. Manju K, Muralikrishna B, Parnaik V K Expression of disease‐
causing lamin A mutants impairs the formation of DNA repair
foci. J Cell Sci. 2006;119:2704‐2714.
43. Constantinescu D, Csoka AB, Navara CS, Schatten GP.
Defective DSB repair correlates with abnormal nuclear
morphology and is improved with FTI treatment in Hutchinson‐
Gilford Progeria Syndrome fibroblasts. Exp Cell Res.
2010;316:2747‐2759.
44. Liu B, Zhou Z. Lamin A/C, laminopathies and premature
ageing. Histol Histopathol. 2008;23:747‐763.
45. Musich PR, Zou Y. Genomic instability and DNA damage
responses in progeria arising from defective maturation of
prelamin A. Aging (Albany NY). 2009;1:28‐37.
46. Gonzalez‐Suarez I, Redwood AB, Gonzalo S. Loss of A‐type
lamins and genomic instability. Cell Cycle. 2009;8:3860‐3865.
47. Dechat T, Pfleghaar K, Sengupta K, Shimi T, Shumaker DK,
Solimando L, Goldman RD. Nuclear lamins: major factors in the

www.impactaging.com

structural organization and function of the nucleus and
chromatin. Genes Dev. 2008;22:832‐853.
48. Lever E, Sheer D. The role of nuclear organization in cancer.
The Journal of Pathology. 2010;220:114‐125.
49. Krishnan V, Chow MZ, Wang Z, Zhang L, Liu B, Liu X, Zhou Z.
Histone H4 lysine 16 hypoacetylation is associated with
defective DNA repair and premature senescence in Zmpste24‐
deficient mice. Proc Natl Acad Sci U S A. 2011;108:12325‐12330.
50. Shogren‐Knaak M, Ishii H, Sun JM, Pazin MJ, Davie JR,
Peterson CL. Histone H4‐K16 acetylation controls chromatin
structure and protein interactions. Science. 2006;311:844‐847.
51. Li X, Corsa CA, Pan PW, Wu L, Ferguson D, Yu X, Min J, Dou Y.
MOF and H4 K16 acetylation play important roles in DNA
damage repair by modulating recruitment of DNA damage repair
protein Mdc1. Mol Cell Biol. 2010;30:5335‐5347.
52. Sharma GG, So S, Gupta A, Kumar R, Cayrou C, Avvakumov N,
Bhadra U, Pandita RK, Porteus MH, Chen DJ, Cote J, Pandita TK.
MOF and histone H4 acetylation at lysine 16 are critical for DNA
damage response and double‐strand break repair. Mol Cell Biol.
2010;30:3582‐3595.
53. Kumar R, Hunt CR, Gupta A, Nannepaga S, Pandita RK, Shay
JW, Bachoo R, Ludwig T, Burns DK, Pandita TK. Purkinje cell‐
specific males absent on the first (mMof) gene deletion results in
an ataxia‐telangiectasia‐like neurological phenotype and
backward walking in mice. Proc Natl Acad Sci U S A.
2011;108:3636‐3641.
54. Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of
histone deacetylase inhibitors. Nat Rev Drug Discov. 2006;5:769‐
784.
55. Di Micco R, Sulli G, Dobreva M, Liontos M, Botrugno OA,
Gargiulo G, dal Zuffo R, Matti V, d'Ario G, Montani E, Mercurio C,
Hahn WC, Gorgoulis V, Minucci S, d'Adda di Fagagna F. Interplay
between oncogene‐induced DNA damage response and
heterochromatin in senescence and cancer. Nat Cell Biol.
2011;13:292‐302.
56. Fischer A, Sananbenesi F. Wang, X, Dobbin, M, Tsai, LH.
Recovery of learning and memory is associated with chromatin
remodeling. Nature. 2007;447:178‐182.
57. Ying M, Xu R, Wu X, Zhu H, Zhuang Y, Han M, Xu T. Sodium
butyrate
ameliorates
histone
hypoacetylation
and
neurodegenerative phenotypes in a mouse model for DRPLA. J
Biol Chem. 2007;447:178‐182.
58. Francis YI, Fà M, Ashraf H, Zhang H, Staniszewski A,
Latchman DS, Arancio O. Dysregulation of histone acetylation in
the APP/PS1 mouse model of Alzheimer's disease. Alzheimers
Dis. 2009;18:131‐139.
59. Lee HW, Suh JH, Kim AY, Lee YS, Park SY, Kim JB. Histone
deacetylase‐1 mediated histone modification regulates
osteogenic differentiation. Mol Endocrinology. 2009;20:202432‐
202443.
60. Zhang M, Poplawski M, Yen K, Cheng H, Bloss E, Zhu X, Patel
H, Mobbs CV. Role of CBP and SATB‐1 in aging, dietary
restriction, and insulin‐like signaling. PLoS Biology.
2009;7:e1000245.
61. Scaffidi P, Misteli T. Lamin A‐dependent nuclear defects in
human aging. Science. 2006;312:1059‐1063.
62. McClintock D, Ratner D, Lokuge M, Owens DM, Gordon LB,
Collins FS, Djabali K. The mutant form of lamin A that causes
Hutchinson‐Gilford progeria is a biomarker of cellular aging in
human skin. PLoS One. 2007;2:e1269.

953

AGING, October 2011, Vol.3 No.10

63. Ragnauth CD, Warren DT, Liu Y, McNair R, Tajsic T, Figg N,
Shroff R, Skepper J, Shanahan CM. Prelamin A acts to accelerate
smooth muscle cell senescence and is a novel biomarker of
human vascular aging. Circulation. 2010;121:2200‐2210.
64. Cao K, Blair CD, Faddah DA, Kieckhaefer JE, Olive M, Erdos
MR, Nabel EG, Collins FS. Progerin and telomere dysfunction
collaborate to trigger cellular senescence in normal human
fibroblasts. J Clin Invest. 2011;121(7):2833‐2844.
65. Sedelnikova OA, Horikawa I, Redon C, Nakamura A, Zimonjic
DB, Popescu NC, Bonner WM. Delayed kinetics of DNA double‐
strand break processing in normal and pathological aging. Aging
Cell. 2008;7: 89‐100.
66. Gupta A, Guerin‐Peyrou TG, Sharma GG, Park C, Agarwal M,
Ganju RK, Pandita S, Choi K, Sukumar S, Pandita RK, Ludwig T,
Pandita TK. The Mammalian Ortholog of Drosophila MOF That
Acetylates Histone H4 Lysine 16 Is Essential for Embryogenesis
and Oncogenesis. Mol Cell Biol. 2008;28:397‐409.
67. Aging alters histone H4 acetylation and CDC2A in mouse
germinal vesicle stage oocytes. Manosalva I, González A. Biol
Reprod. 2009;81:1164‐1171.
68. Dang W, Steffen KK, Perry R, Dorsey JA, Johnson FB,
Shilatifard A, Kaeberlein M, Kennedy BK, Berger SL. Histone H4
lysine 16 acetylation regulates cellular life span. Nature.
2009;459:802‐807.
69. Chua KF, Mostoslavsky R, Lombard DB, Pang WW, Saito S,
Franco S, Kaushal D, Cheng HL, Fischer MR, Stokes N, Murphy
MM, Appella E, Alt FW. Mammalian SIRT1 limits replicative life
span in response to chronic genotoxic stress. Cell Metab.
2005;2:67‐76.
70. Donmez G, Guarente L. Aging and disease: connections to
sirtuins. Aging Cell. 2010;9:285‐290.
71. Fraga MF, Agrelo R, Esteller M. Cross‐talk between aging and
cancer: the epigenetic language. Ann N Y Acad Sci.
2007;1100:60‐74.
72. Calvanese V, Lara E, Kahn A, Fraga MF. The role of
epigenetics in aging and age‐related diseases. Ageing Res Rev.
2009;8:268‐276.
73. Feser J, Truong D, Das C, Carson JJ, Kieft J, Harkness T, Tyler
JK. Elevated histone expression promotes life span extension.
Mol Cell. 2010;39:724‐735.
74. Feser J, Tyler J. Chromatin structure as a mediator of aging.
FEBS Lett. 2011;585:2041‐2048.
75. Greer EL, Maures TJ, Hauswirth AG, Green EM, Leeman DS,
Maro GS, Han S, Banko MR, Gozani O, Brunet A. Members of the
H3K4 trimethylation complex regulate lifespan in a germline‐
dependent manner in C. elegans. Nature. 2010;466:383‐387.
76. Ryan JM, Cristofalo VJ. Histone acetylation during aging of
human cells in culture. Biochem Biophys Res Commun.
1972;48:735‐742.
77. Sarg B, Koutzamani E, Helliger W, Rundquist I, Lindner HH.
Postsynthetic trimethylation of histone H4 at lysine 20 in
mammalian tissues is associated with aging. J Biol Chem.
2002;277:39195‐39201.
78. Peleg S, Sananbenesi F, Zovoilis A, Burkhardt S, Bahari‐Javan
S, Agis‐Balboa RC, Cota P, Wittnam JL, Gogol‐Doering A, Opitz L,
Salinas‐Riester G, Dettenhofer M, Kang H, Farinelli L, Chen W,
Fischer A. Altered histone acetylation is associated with age‐
dependent memory impairment in mice. Science. 2010;328:753‐
756.

www.impactaging.com

79. Chambers SM, Boles NC, Lin KY, Tierney MP, Bowman TV,
Bradfute SB, Chen AJ, Merchant AA, Sirin O, Weksberg DC,
Merchant MG, Fisk CJ, Shaw CA, Goodell MA. Hematopoietic
fingerprints: an expression database of stem cells and their
progeny. Cell Stem Cell. 2007;1:578‐591.
80. Chen M, Tominaga K, Pereira‐Smith OM. Emerging role of
the MORF/MRG gene family in various biological processes,
including aging. Ann N Y Acad Sci. 2010 ;1197:134‐141.
81. McCord RA, Michishita E, Hong T, Berber E, Boxer LD,
Kusumoto R, Guan S, Shi X, Gozani O, Burlingame AL, Bohr VA,
Chua KF. SIRT6 stabilizes DNA‐dependent protein kinase at
chromatin for DNA double‐strand break repair. Aging (Albany
NY). 2009;1:109‐121.
82. Ginjala V, Nacerddine K, Kulkarni A, Oza J, Hill SJ, Yao M,
Citterio E, van Lohuizen M, Ganesan S. BMI1 is recruited to DNA
breaks and contributes to DNA damage‐induced H2A
ubiquitination and repair. Mol Cell Biol. 2011;31:1972‐1982.
83. Oberdoerffer P, Michan S, McVay M, Mostoslavsky R, Vann J,
Park SK, Hartlerode A, Stegmuller J, Hafner A, Loerch P, Wright
SM, Mills KD, Bonni A, Yankner BA, Scully R, Prolla TA, Alt FW,
Sinclair DA. SIRT1 redistribution on chromatin promotes
genomic stability but alters gene expression during aging. Cell.
2008;135:907‐918.
84. Das C, Tyler JK. Histone exchange and histone modifications
during transcription and aging. Biochim Biophys Acta. 2011
doi:10.1016/j.bbagrm.2011.08.001.
85. Faucher D, Wellinger RJ. Methylated H3K4, a transcription‐
associated histone modification, is involved in the DNA damage
response pathway. PLoS Genet. 2010;6. pii: e1001082.
86. Huang JC, Yan LY, Lei ZL, Miao YL, Shi LH, Yang JW, Wang Q,
Ouyang YC, Sun QY, Chen DY. Changes in histone acetylation
during postovulatory aging of mouse oocyte. Biol Reprod.
2007;77:666‐670.
87. Vempati RK, Jayani RS, Notani D, Sengupta A, Galande S,
Haldar D. p300‐mediated acetylation of histone H3 lysine 56
functions in DNA damage response in mammals. J Biol Chem.
2010;285:28553‐28564.
88. Tjeertes JV, Miller KM, Jackson SP. Screen for DNA‐damage‐
responsive histone modifications identifies H3K9Ac and
H3K56Ac in human cells. EMBO J. 2009;28:1878‐1889.
89. Yuan J, Pu M, Zhang Z, Lou Z. Histone H3‐K56 acetylation is
important for genomic stability in mammals. Cell Cycle.
2009;8:1747‐1753.
90. O'Sullivan RJ, Kubicek S, Schreiber SL, Karlseder J. Reduced
histone biosynthesis and chromatin changes arising from a
damage signal at telomeres. Nat Struct Mol Biol. 2010;17:1218‐
1225.
91. Ogiwara H, Ui A, Otsuka A, Satoh H, Yokomi I, Nakajima S,
Yasui A, Yokota J, Kohno T. Histone acetylation by CBP and p300
at double‐strand break sites facilitates SWI/SNF chromatin
remodeling and the recruitment of non‐homologous end joining
factors. Oncogene. 2011;30:2135‐2146.
92. Chen CC, Tyler J. Chromatin reassembly signals the end of
DNA repair. Cell Cycle. 2008;7:3792‐3797.
93. Dhawan S, Tschen SI, Bhushan A. Bmi‐1 regulates the
Ink4a/Arf locus to control pancreatic beta‐cell proliferation.
Genes Dev. 2009;23:906‐911.
94. Park IK, Morrison SJ, Clarke MF. Bmi1, stem cells, and
senescence regulation.J Clin Invest. 2004; 113:175‐179.

954

AGING, October 2011, Vol.3 No.10

