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Abstract

Of all the proposed causes of ageing, DNA damage remains a leading, though still debated theory.
Unlike most other types of age-related cellular damage, which can hypothetically be reversed,
mutations in DNA are permanent. Such errors result in the accumulation of changes to RNA and
protein sequences with age, and are tightly linked to cellular senescence and overall organ
dysfunction. Over the past few years, an additional, more global role has emerged for the contribution
of DNA damage and genomic instability to the ageing process. We, and others have found that DNA
damage and the concomitant repair process can induce genome-wide epigenetic changes, which may
promote a variety of age-related transcriptional and functional changes. Here, we discuss the link
between DNA damage, chromatin alterations and ageing, an interplay that explains how seemingly
random DNA damage could manifest in predictable phenotypic changes that define ageing, changes
that may ultimately be reversible.
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Introduction

Ageing affects most eukaryotes, yet it remains unclear whether the causes of ageing are
conserved. At a first glance, ageing in lower organisms seems to have little in common with
ageing in mammals, yet —from an evolutionary perspective —one might not expect conservation
given that ageing is not subject to natural selection. However, most life-forms share common
weak spots that become increasingly susceptible to failure over time. One such “Achilles’ Heel”
is the genome, a fragile and highly conserved structure that accumulates a wide range of
damaging alterations with age, despite continuous surveillance and repair (Garinis et al.
2008; Lombard et al. 2005; Vijg 2004). Recent work extends the impact of genomic defects
to an age-associated deregulation of the epigenome (reviewed in (Oberdoerffer and Sinclair
2007)), suggesting that the accumulation of DNA damage and genomic instability with age
may be a critical contributor to the ageing process, though perhaps in a more indirect and
complex way than first proposed.

The accrual of genomic defects can affect cellular function on many levels. For example,
mutations in coding regions of DNA can cause abnormal protein expression or function, and
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chromosomal translocations and rearrangements can result in apoptosis, tumor formation or
senescence (Campisi 2005). DNA damage and its repair have also been linked to wide-ranging
chromatin alterations that surround the sites of damage and may affect a large number of
genomic loci, including coding regions and structural components (Downs et al. 2007).

Like mutations, epigenomic changes to chromatin are a conserved hallmark of ageing
(Oberdoerffer and Sinclair 2007). A major difference, though, is that epigenetic changes are
theoretically reversible. This is due to the fluid nature of chromatin, a complex packaging
system, in which DNA is wrapped around a protein core of four different histone dimers,
forming the basic building blocks of chromatin called nucleosomes. This highly dynamic form
of nuclear organization influences both DNA stability and gene-expression patterns (Cheutin
et al. 2003; Grewal and Jia 2007) and its level of compaction can be modulated through a
variety of reversible chemical modifications of histones or modifications of DNA itself
(Kouzarides 2007). Amongst the most prominent posttranslational modifications are histone
acetylation and histone or DNA methylation. The enzymes that catalyze those changes are
comprehensively referred to as chromatin modifiers. Histone acetylation renders chromatin
accessible for transcriptional regulators and DNA binding factors, whereas histone and DNA
methylation have the opposite effect, although certain types of histone methylation are linked
to active transcription (Kouzarides 2007). Highly compacted, transcriptionally silent chromatin
is generally referred to as “heterochromatin”, whereas the more accessible chromatin is
“euchromatin”.

The potential of DNA damage to affect cell function both through direct alterations to the DNA
sequence and through indirect, epigenetic changes in chromatin structure puts it at a critical
position to influence the ageing of eukaryotes. In this review we will highlight recent progress
in both fields, focusing on newly discovered links between chromatin, genome instability and
ageing.

Links between genomic intability and ageing

The machinery that keeps our genome stable has to counteract a wide range of potential threats,
including replication errors, DNA repeat instability, telomere shortening and double-strand
breaks (DSBs). DSBs are a natural aspect of lymphocyte development, but can also occur as
a consequence of DNA replication and repair (Finkel et al. 2007; Lombard et al. 2005). The
cell must also contend with chemical damaging agents, with reactive oxygen species (ROS)
being the major source of DNA damage during physiological ageing (Bohr 2002; Bokov et al.
2004; Lu and Finkel 2008). ROS include superoxide anions, hydrogen peroxide and hydroxyl
radicals, the most reactive of ROS species, and are mostly generated from within the cell as a
byproduct of mitochondrial respiration, although ionizing radiation can also result in increased
ROS levels (Bohr 2002).

Consistentwith arole for DNA damage in ageing, a variety of specialized DNA repair pathways
have been linked to the ageing process and have been reviewed extensively (see references
below). A variety of distinct pathways ensure the removal of damaged bases or base adducts
and the repair of the resulting single-stranded (ss) DNA lesions as well as the repair of DNA
double-strand breaks (DSBs). The former is generally mediated by base excision repair (BER)
or nucleotide excision repair (NER), the latter by non-homologous end joining (NHEJ) or
homologous recombination (HR) (Li et al. 2008; Lombard et al. 2005; Schumacher et al.
2008a). BER and NER represent multi-step processes during which a variety of repair factors
recognize, excise and “patch up” sites of damaged bases or nucleotides, respectively (Maynard
et al. 2009; Schumacher et al. 2008a). NER is further divided into two subsets, global genome
(GG) NER, and transcription-coupled (TC) NER. While defects in GG-NER generally result
in DNA mutations, defects in TC-NER can cause cell death as a result of stalled RNA

Ageing Res Rev. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sinclair and Oberdoerffer Page 3

polymerase 1l (Garinis et al. 2009; Niedernhofer et al. 2006). Consequently, defects in GG-
NER are often linked to cancer, whereas defects in TC-NER underlie a variety of progeroid
syndromes, the most prominent examples include mutations in the TC-NER factors Cockayne
Syndrome A and B (CSA/B) and a subset of Xeroderma pigmentosa complementation groups,
such as XPB, XPD and XPF. The function of these enzymes ranges from assembly of the repair
machinery upon RNA polymerase |1 stalling to nucleotide excision (Schumacher et al.
2008a).

With the exception of lesions in promoter regions, sSDNA lesions are generally compatible
with cell division and survival even in the absence of appropriate repair (Garinis et al. 2008;
Garinis et al. 2009). DSBs, on the other hand, are incompatible with DNA replication and lead
to cell cycle arrest or death when unrepaired. Breaks that occur before replication (i.e. during
G1 or in postmitotic cells) are generally repaired by NHEJ, during which the broken
chromosome ends are directly fused. Breaks that are generated during or after DNA replication
(i.e. in S phase or G2) employ the sister chromatid as a template for repair by HR (Branzei and
Foiani 2008; Sung and Klein 2006). Consequently, NHEJ is error-prone and often results in
small deletions or insertions, while HR is generally error-free. Recognition of the break site
involves the Ku70/Ku80 heterodimer during NHEJ and the Mre11/Nbs1/Rad50 (MRN)
complex during HR, although HR components can also participate in direct rejoining of broken
DNA ends (Riballo et al. 2004). Break recognition triggers the activation of Ataxia
Telangiectasia Mutated (ATM) and Ataxia Telangiectasia and Rad3-related (ATR) kinases
during HR and DNA-PK catalytic subunit (DNA-PKcs) during NHEJ. These kinases then
initiate the downstream repair process, which involves initiation of the DNA damage signaling
cascade through phosphorylation of H2AX and other downstream targets including checkpoint
kinases and, in the case of NHEJ, the recruitment of the Ligase IV/XRCC4 complex (Branzei
and Foiani 2008). Deficiencies in any of these factors can delay or impair the DSB repair
efficiency, resulting in unrepaired breaks that may invade other chromosomes and, thereby,
cause chromosomal translocations and other cancer-related aberrations. Defects in DSB repair
have further been linked to senescence and premature aging (see below). In this section, we
will discuss the impact of DNA damage in the form of oxidative stress, DSBs and telomere
instability on cellular senescence and ageing. The complex interplay between DNA lesions,
DNA repair defects and their impact on cell function and physiology is summarized in Table
1.

Oxidative DNA lesions

Inthe “Free Radical Theory of Ageing”, ROS were proposed as a main cause of ageing (Harman
1956). This model has survived the test of time surprisingly well and remains a prominent
theory, particularly with the resurging interest in mitochondria, where the majority of ROS are
formed (Finley and Haigis 2009). Indeed, genetic manipulation of endogenous ROS production
provides a direct link between ROS levels and tissue degeneration, underlining the importance
of ROS during ageing (St-Pierre et al. 2006). ROS target a variety of macromolecules including
lipids and proteins, but it is their effect on DNA that is often considered the most harmful,
resulting in permanent, irreparable changes to gene sequences, the blueprint for protein and
RNA-coding information (Garinis et al. 2008). One of the most common oxidative DNA
lesions is 8-o0xo-Guanine, which is highly mutagenic since it can mispair with adenine during
DNA replication, resulting in frequent GC — TA transversions. 8-oxo-Guanine and related
single-stranded DNA lesions are generally repaired by BER, while bulkier lesions are subject
to NER (Maynard et al. 2009; Schumacher et al. 2008a).

Several lines of evidence link oxidative DNA lesions to ageing or age-associated degenerative
diseases. Mice deficient in SIRT6, a member of the sirtuin family of NAD*-dependent protein
deacetylases, exhibit a defect in the base excision repair of oxidatively damaged bases.

Ageing Res Rev. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sinclair and Oberdoerffer Page 4

SIRT6~/~ mice die shortly after weaning and harbor a variety of symptoms consistent with a
prematurely aged phenotype, including kyphosis, decreased bone density, lymphopenia and
severe metabolic defects (Mostoslavsky et al. 2006).

The repair of oxidized lesions has further been directly implicated in the pathology of
Huntington’s disease, an age-associated neurodegenerative disorder that involves the
expansion of glutamine-encoding CAG repeats within the huntingtin (HTT) gene, resulting in
extensive polyglutamine (polyQ) stretches that impair protein function. The BER enzyme
OGG1 was shown to initiate a process termed “toxic oxidation”, in which the escalating
excision of oxidized lesions located in CAG repeats results in age-dependent repeat expansion
in a mouse model of the disease (Kovtun et al. 2007). Finally, oxidative DNA damage at
promoter elements has been implicated in the repression of genes involved in synaptic
plasticity, memory and inflammation in the ageing brain, as well as a stochastic deregulation
of gene expression in ageing muscle tissue (Bahar et al. 2006; Lu et al. 2004). These studies
suggest that oxidative stress can directly affect gene expression, and thus alter cell function
(see below for a detailed discussion of age-associated gene deregulation). For an in-depth
discussion of oxidative lesions, and BER in particular, in the context of ageing we refer the
reader to a recent review by (Maynard et al. 2009).

DNA double strand breaks

The DNA damaging effect of oxidative stress is not limited to sSSDNA lesions but can also
result in DNA DSBs, either as a result of nearby ssDNA lesions or as a consequence of
replication across the ssDNA lesion (Li et al. 2006). DSBs can further occur as a result of
radiation, during lymphcyte development, DNA replication, or due to intrinsic genomic
instability at repetitive DNA and telomeres (Lombard et al. 2005). Unrepaired DSBs are the
most toxic type of DNA damage. During replication, DSBs can cause stalled replication forks,
which results in cell cycle arrest, cell death or senescence. During mitosis, DSBs can cause
chromosomal translocations and other gross chromosomal rearrangements (GCR) that may
result in cancer and have further been linked to the ageing process (Li et al. 2008).

A causal relationship between DSBs and ageing is supported by a variety of genetic mutants.
A prominent example is a defect in the human WRN protein. WRN is a member of the RecQ
family of DNA helicases and is involved in several aspects of DNA metabolism, including
DNA replication, maintenance of telomeres and DNA repair (Bohr 2008). WRN mutations
cause a dramatic increase in DSB-related genomic instability, resulting in Werner Syndrome
(WS), aprogeria with onset in middle age that mimics many aspects of normal ageing including
atherosclerosis, diabetes, and dramatically aged skin by age 40 (Yu et al. 1996). Interestingly,
adefect in the yeast WRN ortholog SGS1 causes increased genomic instability and accelerated
ageing, highlighting the evolutionarily conserved role of RecQ helicases in genome
maintenance and forestalling ageing (Sinclair et al. 1997).

Recently, it has been found that age-related polyQ disorders can increase DSB formation,
thereby promoting neuronal decline (Qi et al. 2007). Mutant polyQ-containing Huntingtin
(HTT) or ataxin (AT1) proteins sequester and inactivate the high mobility group proteins B1
and B2 (HMGB1/2), which can otherwise recognize damaged DNA and facilitate DNA repair
(Ohndorfetal. 1999; Zhang et al. 2005). Mutant HTT and AT1, as well as depletion of HMGB1,
causes an increase in DSBs in primary neurons, whereas compensatory overexpression of
HMGB represses genotoxic stress and ameliorates polyQ induced pathology both in vitro and
in Drosophila, highlighting the potentially detrimental effect of DSBs in age-related
neuropathologies (Qi et al. 2007).

Consistent with a causal role for DSBs in the ageing process, it was shown that defects in DSB
repair can give rise to symptoms resembling premature ageing (Li et al. 2007; Li et al. 2008).
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Telomeres

Defects in both NHEJ and HR have been suggested to cause symptoms of premature ageing,
including mutations in the HR protein Brcal and the NHEJ factors Ku70, Ku80, Xrcc4 and
DNA-PKcs (reviewed in (Li et al. 2008). While the link between HR and NHEJ repair factors
and ageing is well described, recent work suggests that chromatin modifiers also contribute to
DSB repair and may further impinge on the ageing process (Oberdoerffer and Sinclair 2007;
van Attikum et al. 2004). Consistent with a role for chromatin modifiers in both DNA repair
and degenerative processes, the class I histone deacetylase (HDAC) 1 has recently been shown
to promote DSB repair in neurons in a mouse model of Alzheimer’s disease (AD). Decreased
HDAC1 function, on the other hand, caused an increase in DSB formation, neuronal cell loss
and accelerated neurodegeneration (Kim et al. 2008).

In addition, the class I11 histone deacetlyases (sirtuins) SIRT1 and SIRT6 are also required for
efficient DSB repair (McCord et al. 2009; Oberdoerffer et al. 2008; Wang et al. 2008). Lack
of SIRT1 causes an increase in chromosomal aberrations in response to ROS or ionizing
irradiation and mice with reduced SIRT1 levels were more tumor-prone than littermate
controls, whereas increased SIRT1 levels suppress tumor formation in a mouse model of
genomic instability (Oberdoerffer et al. 2008; Wang et al. 2008). These effects are at least in
part due to inefficient recruitment of DSB repair factors to the DSB site, resulting in defects
in HR and, to some extent in NHEJ (Oberdoerffer et al. 2008). The demonstration of a direct
interaction between SIRT1 and the DSB break-associated HR repair component Nbs1 further
corroborates a role for SIRT1 in DSB repair (Yuan et al. 2007). Recently, SIRT6 was shown
to promote DSB repair by NHEJ, presumably through the direct modification of histones
surrounding the DSB site (McCord et al. 2009). The role for sirtuins in DSB repair is
particularly interesting given that mice lacking SIRT6 exhibit premature ageing phenotypes
and SIRT1 has been implicated as a mediator of the health-promoting effects of caloric
restriction, a dietary regimen that can extend lifespan in a variety of organisms and was shown
to promote genomic stability (Chen et al. 2005; Haigis and Guarente 2006). Together, these
findings suggest a causal link between the DSB repair process and ageing.

Although DNA damage is generally thought to occur in a random fashion, there are certain
chromosomal regions that are highly susceptible to genomic instability —telomeric DNA being
the most prominent example (Deng et al. 2008). Telomeres are composed of TTAGGG repeats
that can expand over >10 kb at the ends of each chromosome. They are maintained by
telomerase, a ribonucleoprotein complex that consists of an RNA template (TERC) and a
reverse transcriptase subunit (TERT). In the absence of telomerase, chromosomes
progressively shorten with each cell division, since DNA polymerase is unable to fully replicate
the lagging DNA strand.

Telomere erosion is tightly linked to the accumulation of DSBs near telomeric DNA (Meier
et al. 2007) and can result in detrimental chromosomal aberrations such as end-to-end fusions
or fragmented chromosomes (Feldser et al. 2003). A decrease in telomere length has also been
directly correlated with a loss of replicative potential in human fibroblasts (Deng et al. 2008).
Given the impact of telomere maintenance on cell proliferation and genomic stability,
telomeres play a central role in both tumor formation and cellular as well as organismal ageing.
In the following, we will focus on recent evidence in support of the latter.

Due to their continued shortening, telomeres are particularly susceptible to DNA damage and,
consequently, defects in DNA repair. It is, therefore, not surprising that individuals with defects
in DNA repair and maintenance factors show pronounced defects in telomere stability as has
been reported for patients with premature ageing syndromes such as WS (Bohr 2008; Multani
and Chang 2007) or Ataxia-Telangiectasia (A-T). A-T patient harbor an inherited defect in the
ATM protein kinase that initiates the DNA repair cascade (Smilenov et al. 1997; Verdun and
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Karlseder 2006). It is of note that the histone deacetylase SIRT6 has recently been shown to
physically bind to human telomeres, where its histone deacetylase activity is required for the
recruitment of WRN and has, thus, been proposed to help maintain telomere integrity. Cells
that lack SIRT6 undergo premature cell cycle arrest and show increased end-to-end fusions
(Michishita et al. 2008). Interestingly, this function of SIRT6 seems to be specific to human
cells and does, therefore, not explain the premature ageing phenotype observed in mice.

One of the mechanisms by which genomic instability at telomeres is thought to promote the
ageing process is by continuously activating the DNA damage response. Recent work by
Rudolph and colleagues provides evidence that both telomeric DNA damage and the cellular
response to telomere instability play a causal role in this process (Choudhury et al. 2007;
Schaetzlein et al. 2007). Mice deficient in TERC have dysfunctional telomeres and show
impaired maintenance of organs with high rates of cell turnover, resulting in symptoms of
premature ageing (Blasco et al. 1997; Lee et al. 1998; Rudolph et al. 1999). Strikingly, this
phenotype is reversed in telomere-deficient mice that lack the 5’-3’ exodonuclease Exol
(Schaetzlein et al. 2007). Exol is a DNA repair factor that is implicated in the processing of
dysfunctional telomeres and the concomitant generation of chromosomal translocations.
Consistently, Exol-deficient cells show a reduction in telomere-associated DNA damage as
well as reduced ATR-mediated DNA damage signaling. Moreover, deletion of Exol in vivo
improved organ maintenance and extended the lifespan of TERC ™/~ mice.

The premature ageing phenotype of TERC™~ mice could also be rescued by deleting a
downstream effector of the DNA damage response, the p53 target and cell cycle inhibitor p21/
CDKN?1a. TERC -, p21~~ mice showed improved organ maintenance, in particular in the
hematopoietic system and intestine, without improving telomere dysfunction (Choudhury et
al. 2007). It is of note that deletion of p21 did not increase chromosomal instability and cancer
formation, whereas deletion of the upstream effector p53 did (Chin et al. 1999), suggesting
that p53 can activate p21-independent check-points that prevent accelerated chromosomal
instability and cancer in these mice. Together, these findings illustrate that the DNA damage
response can have detrimental effects on organ function under conditions of chronic telomeric
DNA damage.

The dramatic functional consequence of telomere defects and concomitant genomic instability
has been highlighted by an analysis of long-term reconstituting of hematopoietic stem cells
(LT-HSCs) in TERC™/~ mice. While TERC deficiency did not affect the frequency of LT-
HSCs in the bone marrow, their functional capacity was severely affected, resulting in
increased DSB formation, diminished self renewal, increased apoptosis and ultimately
functional exhaustion as revealed by competitive stem cell transplantation (Rossi et al. 2007).
Interestingly, mice with defects in DSB repair or nucleotide excision repair showed a similar
phenotype and the frequency of DSBs increased with age in wild-type LT-HSCs. Taken
together, telomere erosion and the resulting genomic instability appears to play a critical role
in the regulation of mammalian lifespan.

In yeast, the situation is more complex. Yeast cells represent both germline and soma, and
therefore, generally maintain telomere length with age. Similar to what has been described in
mammalian cells, yeast cells with defects in telomere maintenance show progressive telomere
shortening and a concomitant increase in the recruitment of DNA repair factors (Hector et al.
2007). However, there is no direct correlation between telomere shortening and lifespan
reduction in budding yeast. In fact, artificially lengthened telomeres shorten lifespan, a
phenomenon that has been attributed to a redistribution of the SIR silencing complex from the
rDNA to telomeres (Austriaco and Guarente 1997), which increases rDNA instability and,
thereby, promotes yeast ageing. The impact of the reorganization of chromatin on ageing in
yeast and mammals is discussed below.
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Cellular senescence is a state of permanent cell cycle arrest that is often referred to as cellular
ageing and can be induced by telomere loss, mitotic oncogenes, or exposure to genotoxic stress.
The complex role of senescence during mammalian ageing has been elegantly discussed in a
recent review by (Campisi and d’Adda di Fagagna 2007). Here, we will highlight recent
observations that underline the impact of genomic instability on senescence and organismal
lifespan.

Given the detrimental effect of telomere shortening on mammalian lifespan, it has been
speculated that increasing telomerase activity in somatic tissues may be beneficial. This line
of thought is complicated by the fact that continuous telomerase activity can immortalize cells
and thereby predisposes them to malignant transformation in vivo (Gonzalez-Suarez et al.
2001). To bypass this limitation, Blasco and colleagues have generated TERT-overexpressing
mice that harbor extra copies of three tumor suppressor genes, p53, p16 and ARF (sp53/ARF)
(Tomas-Loba et al. 2008). In this tumor-resistant background, TERT overexpression was
shown to significantly delay the ageing process, extending the median lifespan by 26%. While
the precise mechanism for this observation is unclear, the authors observed a reduction of
telomere-associated genomic instability and delayed loss of telomeres with age. Somewhat
surprisingly, it was sufficient to overexpress TERT in keratinocytes to achieve this systemic
anti-ageing effect, suggesting a non-cell-autonomous mechanism. In support of this hypothesis,
the authors observed perturbed insulin-like growth factor 1 (IGF-1) serum levels, although it
remains to be determined if and how this finding is related to the observed lifespan extension.
Itis of note, that, while increased telomerase activity in aged TERT transgenic sp53/ARF mice
is consistent with decreased senescence due to more stable telomeres, the observed lifespan
extension strictly depends on elevated levels of p53, p16 and ARF, factors that are known to
promote senescence in wild-type cells (Sharpless and DePinho 2007). To understand if
increased telomere stability indeed functions by delaying cellular senescence, a more detailed
analysis of these animals will be critical.

Similar to telomere erosion, defects in the mitotic spindle assembly checkpoint (SAC) can
result in genomic instability that has been linked to premature cellular senescence. The SAC
ensures faithful chromosome segregation and is triggered by defects in chromosome alignment
or chromosomal DNA breaks during metaphase (Musacchio and Salmon 2007). SAC failure
can result in aneuploidy, a deviation from normal chromosome numbers that is often linked to
tumorigenesis. However, recent reports have shown that defects in the SAC components
BubR1 and Bub3 can also result in premature cellular senescence and cause premature ageing
in mice (Baker et al. 2004; Baker et al. 2006). Mice with a severe reduction in BubR1 (BubR1
hypomorphic mice) show progressive aneuploidy and several symptoms of premature ageing
along with a significantly reduced lifespan. Consistently, aged wild-type mice have reduced
BubR1 expression in multiple tissues (Baker et al. 2004). A reduction in BubR1 levels in mouse
embryonic fibroblasts caused increased aneuploidy and senescence. In agreement with a role
for BubR1 in senescence, BubR1 defects were recently shown to cause increased activation of
the CDKN2a tumor suppressor locus, encoding the DNA damage response genes p16 and p19
(ARF). However, the impact of these genes on the premature ageing phenotype is complex:
p16 seems to function as an effector of premature ageing, whereas p19 attenuated premature
ageing in BubR1 hypomorphic mice (Baker et al. 2008). Mice with a defect in the related SAC
component Bub1 also show increased aneuploidy and premature senescence, yet these animals
die perinatally (Schliekelman et al. 2009). Together, these findings suggest a causal but
complex link between genomic instability, senescence and ageing.
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Links between chromatin and ageing

Much like DNA itself, the eukaryotic system of DNA packaging is not immune to the ravages
of time. All eukaryotes, including humans, experience changes in chromatin organization and
gene-expression patterns as they age. Over a decade ago, it was proposed that changes in
chromatin organization not only underlie age-related changes in gene expression but the ageing
process itself (Imai and Kitano 1998; Villeponteau 1997). This hypothesis was primarily based
on observations in senescent cells, which showed significant transcriptional changes (Goldstein
1990). This phenomenon has also been put forward to explain age-related decline in organ and
tissue function in complex organisms. Indeed, ageing is associated with major alterations in
gene expression patterns, which have been observed in a variety of tissues as well as across
species (Lee et al. 1999a; Lu et al. 2004; Oberdoerffer and Sinclair 2007).

While a causal link between gene expression changes and mammalian ageing has not been
established, it is clear that the long-term maintenance of a high level of chromatin organization,
which is generally referred to as “nuclear architecture”, is vital for the normal functioning of
cells and tissues over a lifetime. The dramatic effect of a perturbed nuclear architecture is
exemplified by the Hutchinson-Gilford Progeria Syndrome (HGPS), in which a mutation that
disrupts a critical component of the nuclear lamina, lamin A, leads to symptoms that resemble
aspects of normal human ageing such as loss of hair, restricted joint mobility, and
atherosclerosis (Hennekam 2006). Changes in chromatin organization were also found in cells
that senesce due to replicative ageing in vitro (Narita et al. 2006), a process that may be
responsible for the secretion of tumorigenic growth factors by these cells (Campisi 2005).
Interestingly, normally aged tissues exhibit similar chromatin alterations (Herbig et al. 2006)
and there are early hints that alterations to the nuclear architecture can contribute to normal
human ageing (Scaffidi and Misteli 2006). For a comprehensive discussion of the role of
nuclear architecture in ageing, we refer the reader to (Oberdoerffer and Sinclair 2007). In the
following section, we present recent evidence linking changes in the epigenome to age-
associated transcriptional deregulation and concomitant cell and organ dysfunction.

Age-associated epigenomic changes

Age-related transcriptional changes have been studied extensively over the past years.
However, it is still unclear if they are a cause or merely a consequence of ageing. New clues
have come from a recent gene expression profiling study in cells from patients with HGPS.
HGPS cells show extensive nuclear defects including abnormal chromatin structure, which are
caused by a mutant splice variant of the lamin A gene. The resulting gene product, progerin,
can evoke HGPS-like changes in the nuclear architecture of human mesenchymal stem cells.
These changes coincide with the transcriptional activation of major downstream effectors of
the Notch signaling cascade (Scaffidi and Misteli 2008). Since upstream effectors are unaltered,
the authors suggest that transcriptional regulators of downstream effectors are sequestered by
the nuclear lamina, a process that may be disrupted in the presence of progerin. While the
precise mechanism is unclear, deregulation of Notch targets was shown to have functional
consequences, as it alters the differentiation potential of mesenchymal stem cells. Progerin can
also be found at low levels during normal ageing, thus raising the possibility that the epigenetic
alteration of Notch signaling may contribute to normal stem cell dysfunction with age (Scaffidi
and Misteli 2006).

Changes in gene expression were also detected in ageing hematopoietic stem cells (LT-HSCs).
Expression profiling revealed a systemic downregulation of genes mediating lymphoid
specification in LT-HSCs from old animals, and these changes correlated with a diminished
capacity of aged LT-HSCs to generate mature lymphocytes (Rossi et al. 2005). It is of note
that the changes in gene expression observed in LT-HSCs are distinct from those previously
reported in HGPS cells or the ageing brain (Lu et al. 2004; Scaffidi and Misteli 2008),
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suggesting that a variety of functionally distinct gene subsets are subject to deregulation with
age, possibly in a cell type dependent manner.

Further evidence for the idea that age-associated deregulation of specific gene subsets may be
a causal factor in ageing comes from a comprehensive analysis of promoter elements that
become deregulated with age. This analysis revealed several cis-regulatory motifs that were
overrepresented in a variety of different, aged tissues, one of the most prominent examples
being NFxB (Adler et al. 2007). Indeed, overexpression of a dominant-negative NF«kB subunit
in mouse skin tissue was able to reverse a large fraction of NFkB-related age-associated gene
expression changes. Interestingly, NF«B target genes related to inflammation and immunity
were not significantly affected, suggesting a more general role for NFkB in age-related gene
expression (Adler et al. 2007). It is of note that NF«B target genes are also significantly
deregulated in prematurely ageing SIRT6-deficient mice and haplo-insufficiency of the
NF«kB subunit RelA was able to rescue early lethality in ~50% of SIRT6-deficient animals
(Kawahara et al. 2009). SIRT6 was found to attenuate NF«B signaling through direct
interaction with Rel A and concomitant histone H3K9 deacetylation at NF«B target promoters,
thus corroborating the link between transcriptional NF«B target gene deregulation and ageing.

Support for the idea that epigenetic deregulation may not be limited to specific gene subsets
but rather reflect a genome-wide phenomenon comes from recent work in the nervous system,
showing that global transcriptional deregulation can modulate neuron function in a mouse
model of Alzheimer’s disease (Fischer et al. 2007; Kim et al. 2008). Inhibition of class | and
Il histone deacetylases was able to reinstate learning behavior and long term memory access
in mice with advanced neurodegeneration. This effect was attributed to increased synapse
formation and dendritic sprouting, although the precise mechanism for these findings is still
unclear. While HDAC inhibition can affect a variety of non-histone HDAC targets, it is of note
that increased histone deacetylation was observed not only upon HDAC inhibition but also in
the context of environmental enrichment, a behavioral protocol that increases synaptic activity
and learning similar to HDAC inhibition (Fischer et al. 2007). It will be interesting to explore
how a decrease in chromatin compaction can result in functional improvement in neurons;
transcription profiling is expected to provide further mechanistic insight into this phenomenon.
Interestingly, using the same transgenic mouse model, HDACL has been shown to repress cell
cycle genes, thereby suppressing aberrant cell cycle activity in neurons, a process that is
generally followed by neuronal cell death (Kim et al. 2008). Consequently, gain of HDAC1
function was able to provide protection from neurotoxicity in vitro and in vivo, highlighting
the complex role of chromatin modifiers during age-related epigenomic changes.

A similar beneficial HDAC effect has been described for the class Il HDAC SIRT1. A neuron-
specific increase in SIRT1 expression was shown to suppress age-associated deregulation of
a significant fraction of SIRT1-regulated genes in mice, suggesting that increasing SIRT1
activity may help maintain youthful gene expression patterns in vivo (Oberdoerffer et al.
2008). Interestingly, age-related gene expression changes could also be suppressed in mice
treated with resveratrol or on a calorically restricted diet, two interventions that increase SIRT1
activity (Barger et al. 2008; Pearson et al. 2008).

SIRT1 has recently been implicated in another aspect of genome maintenance, the regulation
of circadian rhythms through deacetylation of circadian promoters (Asher et al. 2008; Nakahata
et al. 2008). Lack of SIRT1 was shown to result in disturbances in the circadian cycle in vitro
and in a liver-specific SIRT1 knock-out mouse model (Nakahata et al. 2008). A possible
explanation for this observation may be altered acetylation of histone H3 at circadian promoters
as well as BMALL, a core element of the circadian clock machinery. Direct deacetylation of
a negative regulator of BMAL1, PER2, by SIRT1 has also been reported, suggesting multi-
facetted regulation of circadian transcription by SIRT1 (Asher et al. 2008). Interestingly,
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BMAL1 deficiency causes premature ageing and age-related pathologies in mice (Kondratov
et al. 2006).

Together, these results highlight the complex regulation and impact of chromatin structure on
cell and organ function but also reveal the therapeutic potential that lies in manipulating the
epigenome. Unlike DNA damage, changes to chromatin are highly dynamic and, at least
theoretically, reversible.

A mechanistic link between genome stability, chromatin and ageing

Despite the seemingly distinct effects of ageing on genome stability and chromatin
organization, it is tempting to speculate that the two are interconnected, given the intimate
association between DNA and chromatin. In yeast, this connection was made more than a
decade ago, and over the past few years evidence has accumulated that DNA damage can
contribute to age-related epigenetic changes also in higher organisms. In the following we will
summarize findings that, together, indicate that DNA-damage driven reorganization of
chromatin could be an evolutionarily conserved driving force of ageing.

Lessons from yeast

The yeast “SIR” complex was first identified by virtue of its role in silencing the yeast mating
type loci, HMR and HML, which are the repositories of yeast mating type information, and
must be repressed if the yeast is to express only one mating type at a time and, thus, remain
fertile (Klar et al. 1979; Rine and Herskowitz 1987). SIR-mediated silencing is also present at
telomeres and the ribosomal DNA (rDNA). As yeast cells age, recombination between
inherently unstable ribosomal DNA (rDNA) repeats results in the excision of a single circular
molecule of DNA (an extra-chromosomal rDNA circle, or ERC) that is replicated during S-
phase (Sinclair and Guarente 1997). The accumulation of up to 1000 ERCs eventually causes
cell death, presumably by recruiting essential proteins including the SIR complex from the rest
of the genome to the rDNA (Kennedy et al. 1997; Sinclair et al. 1997). The concomitant loss
of SIR-mediated mating type silencing was shown to be a causal event in yeast ageing
(Kaeberlein 1999). In young yeast cells, DNA recombination is kept in check by the SIR
component Sir2, which directly binds to and deacetylates the rDNA resulting in chromatin
compaction and rDNA stabilization. Consistently, deleting the SIR2 gene causes a loss of IDNA
silencing, elevated rDNA recombination and accelerated ageing, whereas integration of an
extra copy of the SIR2 gene increases rDNA silencing, suppresses rDNA recombination,
stabilizes mating type expression and extends lifespan (Kaeberlein et al. 1999).

Genomic instability at the rDNA is not the only process that causes redistribution of the Sir2
containing silencing complex. In 1999, four studies showed that a single DNA break is
sufficient to illicit a DNA-damage response that releases Sir proteins from mating-type loci
and telomeres and relocalizes them to the DNA break, possibly to facilitate the repair process
(Lee et al. 1999b; Martin et al. 1999; McAinsh et al. 1999; Mills et al. 1999). Tyler and
colleagues subsequently showed that Sir2 and other histone deacetylases are recruited to DSBs
and modify chromatin that surrounds the break site in a temporally coordinated manner, a
process that appears to be a prerequisite of efficient DNA repair (Tamburini and Tyler 2005).
Similar to a single DSB, oxidative stress was recently shown to result in Sir2-dependent
chromatin reorganization, causing a loss of mating type silencing, increased rDNA instability
and a concomitant reduction in lifespan, effects that could be counteracted by increased Sir2
expression (Oberdoerffer et al. 2008).

Together, these observations demonstrate a direct link between DNA damage and global
genomic changes that cause yeast ageing. We have previously termed this process the
redistribution of chromatin-modifiers, or RCM response (Oberdoerffer and Sinclair 2007). We
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propose that RCM is a beneficial DNA damage response in young cells, and consistently, both
Sir2 recruitment to DSBs and mating type derepression were shown to contribute to DSB repair
(Lee et al. 1999b; Tamburini and Tyler 2005). In old cells, however, accumulating DNA
damage and increased rDNA instability are chronic RCM triggers, resulting in permanent
epigenomic alterations that eventually cause ageing, which in yeast is manifested as sterility.

DNA damage and the ageing epigenome

A number of recent reports indicate that a link between DNA damage can also generate
chromatin alterations in higher organisms. Deficiency in the DNA repair factor ERCC1
accelerates ageing phenotypes and generates gene expression profiles reminiscent of aged
animals (Niedernhofer et al. 2006), suggesting that the accumulation of DNA damage can
promote global transcriptional changes. Although the mechanism behind these changes is still
unclear, a subset of deregulated genes reflects a non-cell-autonomous protective response that
shifts energy usage from growth to maintenance, which may reflect an attempt to provide
sufficient resources for DNA repair. These changes include a dampening of insulin/IGF1
signaling, which is generally associated with longevity. This observation seems paradoxical at
first, but has been suggested to reflect a “survival” response that is unable to overcome the
severe defects in ERCC1-deficient mice (Garinis et al. 2008; Niedernhofer et al. 2006).

A second line of evidence for a causal link between DNA damage and chromatin reorganization
was recently presented by Vijg and colleagues, who demonstrated that cells damaged by
oxidative stress in vitro undergo stochastic transcriptional changes that parallel those in aged
heart tissue (Bahar et al. 2006). Similarly, oxidative DNA damage at promoters was found to
correlate with gene repression in the ageing human brain (Lu et al. 2004) and has been linked
to both transcriptional and epigenetic changes that may contribute to Alzheimer disease (Wu
et al. 2008). It is of note that systemic transcriptional changes in hematopoietic stem cells are
tightly linked to functional defects in the LT-HSC pool (Rossi et al. 2005). These defects are
further reminiscent of those observed in LT-HSCs from DNA repair deficient mice, although
transcriptional profiling of the latter has yet to be reported (Rossi et al. 2007).

Genotoxic stress has also been implied in the deregulation of gene expression and concomitant
protein secretion during senescence. Using antibody-based detection arrays, senescent cells
were shown to secrete a large and functionally complex set of proteins, an effect that was due
to increased protein production rather than altered secretion efficiency (Coppe et al. 2008).
Remarkably, a similar secretory phenotype could be induced in normal fibroblasts when
exposed to genotoxic stress, corroborating the link between genomic instability and altered
gene and protein expression. It is of note that senescence-associated secreted factors were able
to promote malignancy and invasiveness in premalignant tumor cell lines via a paracrine
mechanism, suggesting that DNA damage-driven transcriptional changes can have non-
cellautonomous effects that may promote age-related diseases such as cancer (Coppe et al.
2008).

Until recently, little was known about the mechanisms by which DNA damage might affect
the expression of ostensibly undamaged genes. In yeast, this crosstalk seems to be achieved
through a global reorganization of chromatin in response to rDNA instability. Given that (DNA
recombination is a yeast-specific cause of ageing, it was unclear if the yeast RCM response
would be relevant for mammalian ageing. However, the finding that DNA damage could cause
an RCM response much like rDNA instability suggested that similar processes may be at work
in higher organisms. Two recent reports provide support for this idea. In the first study, it was
shown that mouse SIRT1 behaves much like its yeast ortholog Sir2 in that is recruited to DSBs
in response to DNA damage (Oberdoerffer et al. 2008). SIRT1 recruitment is necessary for
efficient DSB repair, a process that involves a loss of SIRT1 from other loci across the mouse
genome, including a diverse set of genes and repetitive major satellite DNA. Loss of SIRT1
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from these loci results in the transcriptional deregulation of repetitive DNA and a subset of
genes, a phenomenon paralleled in the ageing mouse brain. Importantly, increasing SIRT1
expression in the nervous system was shown to repress these changes (Oberdoerffer et al.
2008). It is at this point unclear what triggers the redistribution of SIRT1 in mice or Sir2 in
yeast, however, in both cases, recruitment to DSBs seems to depend on DNA damage signaling
through ATM family kinases (Mills et al. 1999; Oberdoerffer et al. 2008). Together these
findings suggest a functional link between age-dependent epigenetic changes, SIRT1
localization and DNA damage, a mechanism that appears to contribute to ageing in organisms
as diverse as yeast and mammals.

The second study shows a similar dual function for the Class | histone deacetylase HDACL1.
Using p25/Cdk5 transgenic mice, which model aspects of Alzheimers disease, Tsai and
colleagues show that p25 directly interferes with HDAC1 activity, resulting in aberrant cell
cycle activity and increased DSB induction (Kim etal. 2008). HDAC1 overexpression provided
protection from these events in vitro and in vivo. The observed cell cycle reentry of post-mitotic
neurons was a result of aberrant expression of cell cycle regulators, including a variety of
cyclins, p21 and E2F1, a phenomenon that has been previously reported to result in neuronal
cell death, thereby contributing to the pathology of many neurodegenerative disorders (Busser
et al. 1998). The authors confirmed previous findings that HDACL can directly suppress cell
cycle genes, an effect that is abrogated in the presence of p25 (Kim et al. 2008). The observation
that HDACL is also linked to DSB repair suggests a mechanism similar to the redistribution
of SIRT1, by which HDAC1 could promote DSB repair in p25 transgenic mice by temporarily
leaving its post at the promoters of cell cycle genes. However, itis unclear how HDACL protects
from DNA damage and if these two processes are functionally linked or independent
consequences of p25-mediated inhibition of HDACL function. Nevertheless, these two studies
identify chromatin modifiers as a mechanistic link between DNA damage and transcriptional
deregulation. Interestingly, the observations that SIRT6 can mediate DSB repair in mice but
is also required to suppress NFkB target genes at the promoter level is consistent with the idea
that DSB-mediated redistribution of SIRT6 may account for the observed age-related changes
in the NFxB gene signature (Kawahara et al. 2009; McCord et al. 2009). Importantly, increased
HDAC activity was able to revert the observed epigenetic changes in all cases, suggesting that
DNA damage-mediated chromatin reorganization is a dynamic process that may be targeted
for therapeutic intervention.

A unifying theory of nuclear ageing

It is tempting to speculate that RCM may, in part, account for the various age-associated
transcriptional changes described above and that it may do so in a tissue or cell-type dependent
manner. The subset of genes affected by the redistribution of chromatin modifiers such as
SIRT1 or HDAC1 is expected to vary between tissues, depending on the silencing status of
individual genes and the chromatin modifiers involved. Thus, a seemingly random distribution
of DNA damage across the genome could result in what appears to be a programmed and cell-
type specific deregulation of gene expression with age. RCM could also provide a mechanistic
basis for the deregulation of ostensibly undamaged genes, whereas until recently, the only
direct link between DNA damage and gene expression was through silencing of damaged
promoter regions (Lu et al. 2004; O’Hagan et al. 2008).

While RCM may explain the epigenetic deregulation of large and functionally diverse gene
sets, there is accumulating evidence for gene-specific transcriptional changes that may be part
of an orchestrated DNA damage driven “survival” response, causing a shift in gene expression
from growth to somatic maintenance (see above, (Garinis et al. 2008)). At this point, little is
known about the mechanism behind this response and it will be interesting to investigate
whether the transcriptional changes that are a part of this “survival” program reflect a
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programmed response that is entirely distinct from RCM. A comparison of gene expression
patterns during both processes should help resolve this question. It is of note that changes in
the IGF-1/insulin signaling axis appear to be limited to DNA repair defects that affect
transcription-coupled nucleotide excision repair, whereas mouse mutants with DSB repair
defects do not show the same transcriptional changes despite displaying symptoms of
premature ageing (Garinis et al. 2008; Li et al. 2007; Niedernhofer et al. 2006).

Reconciling the theories that describe the relationship between (epi)genomic integrity and
ageing will be a challenge for future research (Garinis et al. 2008; Li et al. 2008; Oberdoerffer
and Sinclair 2007; Vijg and Dolle 2007). Given the pleiotropic nature of the ageing process,
it is possible that different DNA repair pathways may result in distinct molecular changes that
can promote ageing independently (Li et al. 2008). Nevertheless, the fundamental role of DNA
damage and the maintenance of chromatin in ageing across species is becoming increasingly
evident and can be held accountable for a variety of ageing phenotypes, including senescence,
loss of proper cell function as well as genomic aberrations (see Figure 1). It is conceivable that
these changes make a cell even more susceptible to DNA damage, thus engaging in a self-
amplifying loop of cellular decline. A number of reports have demonstrated non-
cellautonomous effects of these epigenetic changes, demonstrating the potential for systemic
age-related decline (Coppe et al. 2008; Niedernhofer et al. 2006). However, the reversible
nature of epigenetic modifications provides, at least in theory, an opportunity for therapeutic
intervention, and is in a certain way reminiscent of a “reset button” that may eventually allow
to restore cells and tissues to a more youthful epigenomic profile.
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Figure 1. A “nucleocentric” view of ageing

DNA damage drives chromatin alterations that eventually cause senescence and promote
ageing. Chromatin changes may render cells more susceptible to further cycles of damage and
epigenetic alterations, thereby amplifying the effect. Changes to chromatin that do not
encompass genomic aberrations are theoretically reversible and may allow to “reset” the
epigenome to a more youthful state.
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Molecular and organismal consequences of nuclear lesions
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Nuclear lesions (associated
genetic defects)

Molecular consequences

Phenotypic consequences/Diseases

Refs.

Oxidative DNA lesions(BER)

CAG repeat expansion

Huntington Disease

(Kovtun et al.

DNA mutation Aberrant repair Cancer Segmental Progeria 2007)
Gene repression Age-associated transcriptional (Maynard et al.
changes 2009)
(Mostoslavsky et
al. 2006)
(Bahar et al.
2006; Lu et al.
2004)
Bulky ssDNA lesions, Stalled transcription (TC-NER) Switch from growth- to somatic (Garinis et al.
Interstrand crosslinks(NER) Mutations(GG-NER) maintenance- associated gene 2009;
expression patterns Segmental Niedernhofer et
pogeria al. 2006;
Cancer Segmental progeria Schumacher et al.
2008b)
(Schumacher et
al. 2008a)

DNA DSBs(HR, NHEJ)

Gross chromosomal
rearrangements/genomic
instability

Redistribution of chromatin
modifiers(SIRT1/HDACL1)
Persistent chromatin changes at
DSB sites

Apoptosis Cancer Segmental progeria
Age-associated transcriptional
changes Neurodegenerative Disease
Gene silencing

(Branzei and
Foiani 2008; Li et
al. 2007; Li et al.
2008)

(Kim et al. 2008;
Oberdoerffer et
al. 2008)
(O’Hagan et al.
2008)

Telomere erosion(ATM,
WRN, TERC)

Increased genomic instability
Increased DDR activation

See DSB repair defects
Senescence Segmental progeria Stem
cell exhaustion

(Bohr 2008;
Michishita et al.
2008; Smilenov
et al. 1997)

(Bell and
Sharpless 2007;
Campisi and
d’Adda di
Fagagna 2007;
Choudhury et al.
2007; Rossi et al.
2007; Schaetzlein
et al. 2007;
Tomas-Loba et
al. 2008)

Spindle assembly defect
(BubR1, Bubl, Bub3)

Aneuploidy
Activation of DDR

Cancer
Senescence/Segmental Progeria

(Schliekelman et
al. 2009)

(Baker et al.
2004; Baker et al.
2006; Baker et al.
2008)

Disruption of nuclear lamina
(Lamin A, Zmpste24) structure

Genomic instability

Altered nuclear architecture/
chromatin Segmental progeria
structure

See DSB repair defects
Transcriptional deregulation Stem cell
exhaustion Segmental Progeria

(Liu et al. 2005)
(Eriksson et al.
2003; Scaffidi
and Misteli 2005;
Scaffidi and
Misteli 2006;
Scaffidi and
Misteli 2008;
Varela et al.
2005)
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