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Abstract
Aging brings about numerous cellular defects. Amongst the most prominent are elevated levels of
persistent DNA damage, changes to chromatin structure and epigenetic modifications, and
alterations of global transcription programs. These are not independent events and recent work
begins to shed light on the intricate interplay between these aging-related defects.

Introduction
Aging is a complex process. Long thought of as merely an unprogrammed series of largely
random deleterious events and hence considered experimentally intractable, the
identification of mutations that promote longevity has made it clear that specific cellular
pathways underpin the aging process. While damage to almost any biological molecule has
been implicated in aing-related deterioration, it is notable that most human premature aging
syndromes are caused by defects in genome surveillance, indicating that DNA damage
repair is a central pathway in aging (Freitas et al., 2011; Lombard et al., 2005). This notion
is further supported by the fact that one of the most prominent hallmarks of aging cells is the
accumulation of various types of DNA damage of which DSBs are the most deleterious
(Sedelnikova et al., 2008; Sedelnikova et al., 2004).

In addition to DNA damage, aging brings about dramatic changes in the packaging of DNA
into higher-order chromatin structure. Perhaps the most significant of these changes are the
evolutionarily conserved, global loss of highly condensed, transcriptionally silent chromatin,
or heterochromatin, as well as alterations in histone composition during replicative aging
(Feser et al., 2010; O’Sullivan et al., 2010; Tsurumi and Li, 2012). Aging-related chromatin
defects are pronounced features of cells from patients with premature aging disorders but are
also prominent in aging cell populations in humans, worms and flies (Pegoraro et al., 2009;
Scaffidi and Misteli, 2006). The physiological relevance of aging-associated chromatin
changes is most evident in the brain, where altered chromatin plasticity has been linked to
transcriptional deregulation and concomitant age-related memory impairment (Peleg et al.,
2010)**. Notably, reversal of some of these changes abolishes neurodegeneration-associated
memory impairments in a mouse model (Peleg et al., 2010)** (Graff et al., 2012).

DNA damage, chromatin defects and changes in global gene expression programs associated
with aging are not unrelated events (Fig. 1). We discuss here recent findings highlighting the

3Correspondence to: mistelit@mail.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Cell Biol. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
Curr Opin Cell Biol. 2012 December ; 24(6): 724–730. doi:10.1016/j.ceb.2012.07.005.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



complex interplay between DNA damage, chromatin and transcription as they occur in the
context of aging.

Chromatin context affects DNA damage signaling
The sensing of DNA lesions by the DNA damage response (DDR) machinery occurs in the
context of the highly complex and heterogeneous chromatin environment (Misteli and
Soutoglou, 2009; Shi and Oberdoerffer, 2012). One of the classic hallmarks of the DDR is
the phosphorylation of the histone variant H2AX (γ-H2AX), which is important for
recruitment and retention of downstream DNA repair factors (Polo and Jackson, 2011). γ-
H2AX is primarily generated by the ATM kinase, and subsequent transduction and
amplification of the response results in the spreading of this mark to form megabase
domains surrounding the damage site (Burma et al., 2001; Rogakou et al., 1999). Recent
genome-wide profiling studies have revealed a discontinuous pattern of γ-H2AX spreading,
as well as its depletion from actively-transcribed genes after DNA damage, suggesting that
precisely controlled γ-H2AX propagation might protect the transcriptional status of genes
(Iacovoni et al., 2010). Notably, accumulation of γ-H2AX foci is a characteristic feature of
both aged cells and cells from several premature aging disorders (Sedelnikova et al., 2008;
Sedelnikova et al., 2004), and may contribute to aging-associated transcriptional
deregulation.

The formation of γ-H2AX domains is limited in areas with compact heterochromatin
structure, including senescence-associated heterochromatin foci (SAHF) (Di Micco et al.,
2011; Goodarzi et al., 2010). The simplest interpretation of the reduced levels of γ-H2AX in
heterochromatin is that damage cannot be efficiently recognized in heterochromatin.
However, this might be an oversimplification, as damage is efficiently marked by γ-H2AX
in highly-condensed mitotic chromosomes, but fails to fully activate the DDR (Giunta et al.,
2011)*. An alternative interpretation is that, alterations in chromatin structure, rather than
the DSB itself, may be sensed by the DNA damage machinery (Bakkenist and Kastan, 2003;
Bencokova et al., 2009; Hunt et al., 2007). It is thus possible that the initial signaling of
DNA damage occurs within, and is facilitated by, chromatin structure, and it is instead the
amplification of γ-H2AX and the transmission of a full-scale DDR that is restrained by
compact chromatin (Fig. 2). This is supported by the finding that experimentally-induced
breaks in repetitive heterochromatin move to the periphery of cytologically-detectable
heterochromatin compartments prior to recombinational repair factor recruitment (Chiolo et
al., 2011; De Piccoli et al., 2006)**. Thus, structural features of heterochromatin may
protect, through restraint of the downstream DDR, sequences prone to recombinational
rearrangement. Incidentally, heterochromatin domains are reduced in aged cells where
recombination and checkpoint signaling appear deregulated (Pegoraro et al., 2009; Sinclair
and Guarente, 1997).

Intriguingly, the downstream DDR is also restrained in the context of senescence-associated
heterochromatin, and shifts the outcome of the DDR from apoptosis to survival and
execution of the senescent state (Di Micco et al., 2011), which promotes aging via negative
effects on tissue homeostasis (Campisi, 2005). Thus, current evidence suggests that
chromatin structure is not refractory to damage detection, but rather that heterochromatin
limits and directs the downstream effects of the DDR as a mechanism to protect cells from
unwanted consequences of DDR signaling, such as apoptosis or unregulated recombination
(Fig. 2).

DNA damage signaling and chromatin changes
Following the sensing of DNA lesions, the site of damage has to be made available for the
repair machinery, which requires sequence-level access to the DNA (Heyer et al., 2010;
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Lieber, 2010). This is achieved via the recruitment of multiple ATP-dependent nucleosome
remodeling complexes to DSBs (van Attikum and Gasser, 2009) (Fig. 2). Of particular
interest from an aging perspective is the recruitment of the nucleosome remodeling and
deacetylase (NuRD) complex, including the CHD4 ATPase subunit, the transcriptional co-
repressors MTA1 and MTA2, and the histone deacetylases (HDACs) 1 and 2 (Chou et al.,
2010; Larsen et al., 2010; Polo et al., 2010; Smeenk et al., 2010)*. NuRD has previously
been associated with the formation of repressive chromatin structures and its loss has been
linked to the lack of heterochromatin observed in cells from patients with the premature-
aging disease Hutchinson-Gilford Progeroid Syndrome and during normal aging (Pegoraro
et al., 2009). On the other hand, CHD4 appears to render chromatin accessible possibly
enabling DNA repair factor recruitment (Luijsterburg et al., 2012). Whether these two
opposing functions are mediated by the same or different complexes is unknown.

The sirtuin family of NAD+-dependent deacetylases may play a similar role in aging.
Mammalian SIRT1, like its yeast ortholog Sir2, is recruited to DNA damage sites where it
deacetylates several DNA repair proteins directly and promotes repair (Haigis and Sinclair,
2010). In addition, sirtuins have a role in establishing silent heterochromatin structure in
repetitive rDNA and telomeres both in yeast and mammals, where they prevent gene de-
repression and aberrant recombination of repeat sequences (Haigis and Sinclair, 2010;
Palacios et al., 2010; Tennen et al., 2011). Accordingly, SIRT6 knockout mice show genome
instability and premature aging phenotypes (Mostoslavsky et al., 2006). Sirtuins, thus seem
to have dual functions as they promote DSB repair but protect from aberrant recombination
of repetitive DNA. These properties place NuRD and sirtuins at a potentially central position
in preventing aging-associated DNA and chromatin damage.

DDR-induced chromatin alterations and transcription
A plethora of chromatin modifications have been reported to accumulate at DSBs. Emerging
evidence suggests that these changes affect gene expression globally and locally (Shi and
Oberdoerffer, 2012) (Fig. 2, 3).

Of particular relevance is the ubiquitin landscape in the chromatin regions surrounding the
DSB. Ubiquitination of H2A (Ub-H2A) by the RNF8/RNF168 ubiquitin ligase complex is a
key chromatin feature involved in many aspects of DDR signaling, and is also strongly
associated with transcriptional repression (Bekker-Jensen and Mailand, 2011) (Fig. 3). The
spreading of Ub-H2A from sites of damage is correlated with DSB-proximal transcriptional
repression in cis, a phenomenon dependent upon ATM signaling as well as RNF8 and
RNF168 (Shanbhag et al., 2010)**. Moreover, the ubiquitin ligase subunits of Polycomb
repressive complex 1 (PRC1), RING1 and RING2, accumulate at DNA breaks and
recruitment of Polycomb components such as EZH2 have been linked to exclusion of
transcriptionally active RNA Pol II from sites of damage (Chou et al., 2010; Ginjala et al.,
2011; Ismail et al., 2010). While RNF8/168-dependent polyubiquitination of H2A is
required for the recruitment of downstream repair factors, the exact role of PRC1
recruitment and concomitant H2A-monoubiquitination in DSB repair is less clear. Given
that both modifications have been associated with a DSB-proximal transcriptional silencing,
it will be interesting to determine if, and how, DSB-induced repressive chromatin modulates
DSB repair.

In addition to Ub-H2A, ubiquitinated H2B also accumulates at DSBs (Moyal et al.;
Nakamura et al.). Unlike Ub-H2A, Ub-H2B is normally associated with transcriptional
elongation (Weake and Workman, 2008), which appears to be at odds with the observation
of DSB-associated RNA PolII depletion from DSBs. One possibility is that Ub-H2B creates
a permissive chromatin environment for repair in the immediate vicinity of the break, while
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the ubiquitin-H2A-mediated transcriptional silencing radiates further from the break (Shiloh
et al., 2011). In agreement with the idea of multiple chromatin compartments around a
damage site, longer-range silencing of RNAPII transcription appears to be ATM-mediated,
while expression of RNAPII-transcribed genes suffering from a single internal strand break
appears to be arrested by DNA-PK-dependent mechanisms (Pankotai et al., 2012; Shanbhag
et al., 2010)** (Fig. 2).

Many of the DNA damage-related transcriptional changes to the genome are likely transient
and swiftly restored upon cessation of DDR signaling. Nevertheless, the inability to restore
the original chromatin environment after DDR-enforced chromatin restructuring has the
potential to lead to misregulation of large sets of genes, not limited to those at the site of
damage. A mechanism for such global misregulation may be the redistribution of the histone
deacetylase SIRT1 (Oberdoerffer et al., 2008). Upon DNA damage SIRT1 was found to be
recruited to damage sites to facilitate repair, leading in turn to its depletion elsewhere in the
genome, which can result in derepression of SIRT1-regulated genes, mimicking
transcriptional changes seen in aging cells. This redistribution of a chromatin modifier
appears to be an evolutionarily conserved process, as the Sir proteins in yeast also
redistribute to DNA damage leading to derepression of undamaged loci and an aging
phenotype (Neame, 2009). Similarly, oxidative stress results in the relocalization of
members of the SIRT1-containing Polycomb repressive complex 4 and DNA
methyltransferase 1 and 3B, which was shown to produce persisting epigenetic changes
involving DNA methylation at damaged genes (O’Hagan et al., 2011)**. Notably, DNA
damage was also found to promote transcriptional changes that resemble those seen in aged
heart tissue, although the underlying mechanisms for this observation are not clear (Bahar et
al., 2006).

DNA damage and RNA processing
A novel aspect of DNA break repair has emerged recently that may have significant
consequences for how DNA damage affects gene expression: the involvement of RNA
processing components in DNA repair (Fig. 3). The first hint at this link was the observation
that a member of the SR family of pre-mRNA splicing factors, SRSF1, was required for the
maintenance of genomic stability. Loss of SRSF1 resulted in increased DNA break
formation, a process that was attributed, at least in part, to increased RNA:DNA hybrid, or R
loop, formation (Li and Manley, 2005). Extending these observations, an unbiased, genome-
wide siRNA screen for pathways that mediate genome stability revealed a striking
overrepresentation of genes involved in mRNA processing and pre-mRNA splicing, and
splicing factors were found to be one of the most prominently mis-regulated groups of genes
in response to inhibition of clinically used toposiomerase I inhibitors (Paulsen et al., 2009;
Solier et al., 2010). In addition, proteomic screens for mediators of the DDR showed
enrichment for RNA processing factors and several of them appeared to be targets of DDR-
associated post-translational modifications (Adamson et al., 2012; Beli et al., 2012;
Matsuoka et al., 2007)**. DNA damage also promotes changes in the expression patterns of
RNA processing factors, and several interactions between heterogeneous nuclear
ribonucleoproteins (hnRNPs) and effectors of the DDR have been reported (Haley et al.,
2009). Circumstantial evidence for a role of RNA processing factors in the DNA break
repair process itself came from a recent genome-wide search for mediators of homologous
recombination, which identified RNA post-transcriptional modifiers as the most
significantly overrepresented gene category (Adamson et al., 2012). Together, these findings
link DDR signaling to biochemical, and possibly functional, changes in RNA processing
factors.
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Consistent with a DSB site-specific function of RNA processing factors in the DDR, their
nuclear distribution is affected by DNA damage. For example, the PPM1G phosphatase is
recruited to sites of laser-induced DNA damage, whereas the splicing-associated protein
THRAP3 is depleted (Beli et al., 2012)**, and several factors including NONO and the
hnRNPs RBMX and hnRNPUL-1 and -2 transiently associate with DSBs (Adamson et al.,
2012; Polo et al., 2012; Salton et al., 2010). The only current evidence for functional
relevance of these factors is the finding that the hnRNPUL1 and -2, which act downstream
of the DSB sensor complex MRE11-RAD50-NBS1 (MRN), mediate resection of broken
DNA ends, a process essential for repair by homologous recombination (Polo et al., 2012).
Notably, recruitment of HNRNPUL proteins to sites of damage appears to be independent of
its role in RNA metabolism as it remained unaffected by transcriptional inhibition or RNase
treatment. Similarly, transient recruitment of RBMX to DNA breaks was independent of its
RNA recognition motif (RRM) (Adamson et al., 2012). Clearly, much remains to be learned
about the role of RNA processing factors in DNA repair, but this tentative link has recently
been strengthened, by the observation that site-specific RNA transcripts processed by Dicer
and Drosha into small RNAs are required for effective DSB repair (Francia et al., 2012)**
(Fig. 3).

Conclusions
DNA damage has long been considered a major culprit in aging. However, our view of its
effect has been limited to its role as a driver in the accumulation of mutations. It is becoming
evident that DNA damage can affect nuclear function and aging in many more ways. We
now know that DNA damage can promote global reorganization of chromatin, which in turn
affects susceptibility to DNA damage. DNA damage-induced changes in chromatin structure
may also affect the integrity of the transcriptome both by altering gene expression patterns
and possibly by titrating away RNA binding factors normally needed for accurate pre-
mRNA processing. As if the problem were not complex enough, it now appears that
understanding aging will not only require identification of the multiple pathways involved in
the process, but maybe more importantly, it will be necessary to uncover the intricate
interplay between the various pathways.
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Figure 1. The trinity of DNA damage, chromatin and transcription in aging
Accumulated DNA damage, altered chromatin structure and changes to local and global
gene expression are all hallmarks of aging. These processes are intimately linked. DNA
damage leads to local and global changes in gene expression and alterations in chromatin
structure, aging-related transcriptional changes affect expression of DNA repair factors and
chromatin proteins, and changes in chromatin structure modulate DNA damage responses,
breakage susceptibility and influence transcriptional profiles.
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Figure 2. Chromatin context affects DDR signaling
Double-strand breaks occurring in eu- or hetero-chromatin are sensed by the DDR
surveillance machinery and signaling is initiated. Chromatin remodeling complexes are
recruited and relax chromatin structure (left pathway). This leads to amplification of DDR
signaling and the initiation of downstream effector pathways such as DNA repair, apoptosis,
and cell cycle arrest. In the absence of effective chromatin remodeling, and possibly in
highly condensed heterochromatin, (right pathway), DDR signaling is restrained and
downstream pathways are inhibited. As a result of DDR signaling, global gene expression
programs can be altered through chromatin factor redistribution and DDR-induced local and
global transcriptional changes.
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Figure 3. The ups and downs of transcription at DSBs
DNA damage both promotes and represses transcription. DNA damage stimulates the
(transient) recruitment of some RNA processing factors to DSBs and triggers local
ubiquitination of H2B by RNF20/40. Both processes have been linked to active
transcription, which may aid chromatin relaxation required during the early phases of repair.
DSB site-specific RNA transcripts were found to be processed into small RNAs required for
DSB repair. On the other hand, downstream DDR signaling causes transcriptional repression
at DSBs within genes via DNA-PK and in cis to DSBs over a range of several kb via ATM,
RNF8/168 and Ub-H2A. Depletion of a subset of RNA processing factors from DSBs is
consistent with loss of transcription near DSBs. Notably, small RNAs have been implicated
in gene silencing in several species, suggesting a possible role in DSB-proximal silencing.
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