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Sirtuins and DNA damage repair: SIRT7 comes to play
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ABSTRACT

Aging is characterized by a cumulative loss of genome integrity, which involves chromatin
reorganization, transcriptional dysregulation and the accumulation of DNA damage. Sirtuins
participate in the protection against these aging processes by promoting genome homeostasis in
response to cellular stress. We recently reported that SirT7 '~ mice suffer from partial embryonic
lethality and a progeroid like phenotype. At the cellular level, SIRT7 depletion results in the impaired
repair of DNA double-strand breaks (DSBs), one the most dangerous DNA lesions, leading to
genome instability. SIRT7 is recruited to DSBs, where it specifically deacetylates histone H3 at lysine
18 and affects the focal accumulation of the DNA damage response factor 53BP1, thus influencing
the efficiency of repair. Here, we integrate our findings with the current knowledge on the mode of
action of other sirtuin family members in DNA repair. We emphasize their capacity to regulate
chromatin structure as a response to DNA damage within the constraints imposed by cellular status.
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Sirtuins: Guardians of genome homeostasis

Sirtuins are proteins with multiple enzymatic activities,
including NAD™-dependent deacetylation. Mammals
have 7 sirtuins, denoted SIRT1 to 7. The NAD™" require-
ment for their enzymatic activity makes them sensors of
the redox and metabolic state of the cell and organism."
Thus, sirtuins are major effectors in the cellular response
to metabolic, oxidative and genotoxic stress, acting to
modulate cellular physiology under these conditions. A
key function of nuclear sirtuins is the regulation of
genome homeostasis under these forms of stress. The
loss of sirtuin function is associated with genome insta-
bility and compromised organism viability. The major-
ity of SirTI™'~ mice die in utero due to severe
developmental defects.”* SIRT6-deficient mice are born
at normal Mendelian ratios but die within the first
month after birth with clear signs of accelerated aging.™®
A substantial proportion of SirT7 '~ embryos die at late
stages of embryonic development or during the first
month after birth,” and those that survive to adulthood
suffer from a shortened lifespan.” ® SirT7 '~ mice also
show phenotypic and molecular signs of accelerated
aging” These signs include a premature kyphosis,
reduced weight and fat

content, compromised

haematopoietic stem cell function and leukopenia,
reduced levels of circulating IGF-1 protein, and
increased pl6INK4 expression. In addition, SIRT7
depletion is correlated with multiple organ dysfunc-
tions”"" (Fig, 1).

The phenotypic consequences of SIRT7 depletion
in mammalian cells could be explained by the func-
tional link of SIRT7 with the maintenance of genome
integrity. SIRT7 depletion is associated with an
increased mutation rate, sensitivity to different DNA
damaging agents and abnormal rates of apoptosis.
Indeed, SIRT7 regulates a range of processes that con-
verge on genome stability: transcriptional regulation,
DNA replication and the DNA damage response.

SIRT?7 is a complex transcriptional regulator acting
both as an activator and repressor. This is best exem-
plified by the SIRT7-mediated regulation of ribo-
somal biogenesis: SIRT7 promotes the expression of
rDNA'® but represses ribosomal protein gene tran-
scription.'’ In addition, SIRT7 acts as a transcrip-
tional activator of nuclear-encoded mitochondrial
genes.'® Conversely, SIRT7-mediated transcriptional
repression via H3K18Ac deacetylation is linked to
oncogenic maintenance."
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Figure 1. Summary of SIRT7 knockout phenotypes and the proposed molecular pathways implicated.

Similar to SirT2™/~ cells,'*'® SIRT7 deficiency
leads to replication stress, an important source of
endogenous DNA damage. What the relative contri-
bution of these processes is to the observed SirT7 '~
phenotype and how these processes are functionally
connected are still open questions. Nevertheless, it is
broadly accepted that the accumulation of mutations
and genomic rearrangements arises from the impaired
repair of DNA damage, resulting in devastating conse-
quences for cellular fitness and cumulatively leading
to organism aging.'” Importantly, SIRT7 contributes
to the maintenance of genome stability by participat-
ing in the repair of one of the most dangerous DNA
insults, double-strand breaks (DSBs), stressing the
importance of nuclear sirtuins in DNA damage repair.

Sirtuins and double-strand break repair: What
we learn from SIRT?7

Sirtuins participate in the DNA damage response
(DDR) by regulating cell cycle progression and DNA
repair (for an extended review of the different DNA
repair pathways in which sirtuins are involved
see'®?). Evidence in different organisms strongly

suggests that nuclear sirtuins are particularly relevant
in the signaling pathways that repair DSBs: non-
homologous end joining (NHE]) and homologous
recombination (HR)'” (Fig. 2). The cascade of events
that follow the sensing of a DSB include the activation
of cell cycle checkpoints, the remodeling and modifi-
cation of the chromatin surrounding the DNA break,
and the recruitment of repair proteins.”**' In mam-
malian cells, DSBs are primarily sensed by the MRN
(MRE11-RAD50-NBS1) which
phosphoinositide 3-kinase-related kinases, including
ataxia telangiectasia mutated (ATM). ATM plays a
major role in the activation of the DNA damage

complex, recruits

checkpoint, leading to cell cycle arrest or apoptosis,
and in the initiation of DNA repair. ATM phosphory-
lates a myriad of downstream effectors, including the
histone H2A variant H2AX to generate yH2AX,
which spreads in the chromatin around breaks, form-
ing distinct foci that can be visualized by immunofluo-
rescence. yH2AX is in turn recognized by mediator of
DNA damage checkpoint protein 1 (MDCI1), another
ATM target protein, which initiates a cascade of
events that ends with the ubiquitination of histone
H2A at Lysl3 and/or Lysl5 (H2AK13ub and
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Figure 2. Scheme of the canonical DNA double-strand break (lightning bolt) repair pathways: non-homologous end joining (NHEJ) and
homologous recombination (HR). Sirtuins participate at 3 levels within the DNA repair cascade: (A) Chromatin remodeling; (B) Chroma-
tin-based recruitment of the DNA repair machinery; (C) DNA repair at the broken ends. The contribution of each sirtuin family member

in each of these processes is highlighted. See text for more details.

H2AK15ub). H2AK15ub, together with endogenous
H4K20me2, participates in the recruitment of 53BP1,
one of the drivers that directs DSB repair toward
NHE] by competing with the HR-related protein
breast cancer 1 (BRCA1). The commitment to either
the NHE] or HR pathway is marked at the broken
DNA ends by the presence of the corresponding limit-
ing factors: the NHE] kinase catalytic subunit DNA-
PKcs and the HR recombinase RAD51.%

The prevalence of one or another pathway of repair
is determined by multiple factors. There are cell cycle
constrictions, as NHE] functions throughout the cell
cycle, while HR is restricted to late S/G2 phase, where
a sister chromatid is available for recombinational
repair. The nature of the inflicted DNA damage and
the chromatin environment surrounding the damaged
site also influence the repair dynamics and the extent
of resection of the broken DNA ends, which is a major
factor in the choice of repair pathway.*

SIRT1, SIRT6 and SIRT7 have been shown to be
directly involved in DSB repair. These sirtuins appear
to mostly work at 2 different levels in mediating DNA
repair: promoting chromatin structure alterations that
facilitate the access and recruitment of repair proteins
to the DNA damage sites and directly modulating
repair protein activity. However, the relative contribu-
tion of these sirtuins in the different DSB repair path-
redundant

ways and the and/or

capabilities between them in the DNA repair process

cooperation

is not clear. The evidence discussed here suggests that
the function of sirtuins in DNA repair may be modu-
lated by cell- and development-specific proliferation
rates, which in turn impacts the cell cycle profile, the
type of genotoxic insult and amount of DNA damage,
and the chromatin organization at the DNA damage
site.

An important clue about the role of sirtuins in DSB
repair comes from the distinct dynamics of the
recruitment of nuclear sirtuins to the DNA damage
site. SIRT6 and SIRT1 are recruited with fast kinetics
to DSBs, supporting an initiating role of these sirtuins
in the DDR,?* 2> while SIRT?7 is recruited with slower
kinetics, pointing to a more distal role in the DNA
repair process.” Consistent with this, the depletion of
SIRT1 and SIRT6 affects the initial steps of the DDR
cascade such as ATM-dependent H2AX phosphoryla-
tion,> ** while the phosphorylation of these proteins is
not affected by SIRT?7 depletion.”

A second clue comes from the proteins that recruit
sirtuins to the DNA damage sites. ATM seems to be
crucial for the recruitment of SIRT1 to damage sites in
several cell types, including mouse embryonic stem
(ES) cells®® and primary neurons.”® In primary neu-
rons, SIRT1 further regulates ATM autophosphoryla-
tion and recruitment to an I-Ppol-generated DSB.
This is plausibly facilitated by the interaction of SIRT1
with the MRN complex member NBS1, as the recruit-
ment of NBS1 to DSBs is also reduced in SIRT1-
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depleted neurons.”” Indeed, SIRT1-mediated deacety-
lation of NBS1 is necessary for irradiation-induced
NBS1 phosphorylation,”” and NBS1 is a known
recruiter and activator of ATM.*® The reciprocal regu-
lation of SIRT1/ATM does not seem to occur in
MEFs, because ATM phosphorylation levels do not
change at irradiation-induced foci.> Despite the limita-
tions of comparing different experimental approaches,
it is interesting to note that SIRT1 activity might be
specified by the cell type, which also specifies the prev-
alent DNA repair pathway. Rapidly dividing cells such
as undifferentiated embryonic cells rely more on HR
repair,” while in non-proliferative cells such as neu-
rons, NHE] might be more prevalent. The recruitment
of SIRT7 to chromatin does not seem to be affected by
ATM depletion.” How SIRT6 is recruited to DNA
damaged sites is not clear. It is known, however, that
lamin A binds to SIRT6 and stimulates its accumula-
tion on chromatin upon DNA damage in addition to
enhancing the DNA repair activities of SIRT6.%°

The recruitment of SIRT7 to DNA-damaged chro-
matin is dependent on poly[adenosine diphosphate
(ADP)-ribose] polymerase (PARP).” Consistent with
this, a direct interaction between SIRT7 and PARP1
has been recently reported.’® PARP proteins are
recruited to DNA damage sites where they promote
DNA repair by facilitating the recruitment of chroma-
tin remodelers such as SNF2H and therefore enhance
chromatin accessibility. PARP proteins also poly-
ADP-ribosylate other proteins around DNA damage
sites, facilitating the recruitment of DNA repair fac-
tors.”® The interplay between sirtuins and PARPs has
been long documented, as both families are major
consumers of cellular NAD™’. Under mechanical
stress conditions, the SIRT1-mediated deacetylation of
PARP increases cell survival, although this effect does
not seem to be related to the association of PARP with
DNA.** As stated above, the question of how SIRT®6 is
recruited to DSBs is not known. However, SIRT6-
mediated ADP-ribosylation of PARPI stimulates
PARPI activity and DSB repair under oxidative stress
conditions.>® Consistent with this, SIRT6 is able to res-
cue HR deficiency in a PARP-dependent manner in
senescent cells.’® However, if the action of SIRT6 in
DNA repair occurred exclusively by modifying PARP
activity, we would expect that PARP activation would
change in SIRT6-depleted cells, which does not always
seem to be the case.?* Therefore, the SIRT6-PARP axis
may be more

relevant under oxidative stress

conditions or in senescent or aged cells, in which
PARP activation is increased due to chronic DNA
damage.”” Increased PARP activity could lead to
NAD™" depletion and mitochondrial dysfunction and
therefore increased oxidative stress.”> The activation
and autoPARylation of PARP-1 also results in its
release from chromatin to enable downstream DNA
repair to occur.”® An interesting parallel comes from a
mouse model of Cockayne Syndrome group B (CSB).
In this model, the lack of the CSB protein is correlated
with increased DNA damage due to the lack of CSB-
mediated displacement of active PARP from chroma-
tin. Remarkably, the protein levels of all sirtuins are
decreased in CSB-depleted cells, with the exception of
SIRT6, which is increased.’” It will be interesting to
investigate whether the SIRT6-PARP interplay is in
fact related to the removal of PARP from chromatin
under oxidative stress conditions and whether this
interplay is extended to other sirtuins such as SIRT7.
However, it remains to be determined whether SIRT7
might regulate PARP activity.

In addition to their role in the initiation of the
DDR, sirtuins have the capacity to directly interact
with and regulate the activity of downstream repair
proteins. SIRT6 supports different types of DNA dam-
age repair, including NHE] by interacting with and
stabilizing the DNA-PKcs protein at break sites,” and
HR by deacetylating and enhancing the activity of
CtIP,* an essential protein for the resection of broken
DNA ends. Whether SIRT6 is able to simultaneously
regulate either pathway or whether its function has
cell type and cell cycle restrictions need further inves-
tigation. Interestingly, the overexpression of SIRT6 in
DNA-PKcs-null MEFs stimulates microhomology
end-joining (MHE]) repair, which is also PARPI-
dependent,’® and suggests the ability of SIRT6 to regu-
late alternative repair pathways in the absence of
canonical DSB repair. Similarly, SIRT1 directly binds
to and deacetylates members of core DNA repair com-
plexes, such as the NHE] mediator Ku70*' and mem-
bers of the RecQ DNA and RNA helicase family
(WRN, Werner Syndrome), the exonuclease and heli-
case activity of which is necessary for efficient HR
repair.*> Thus, SIRT1 depletion is correlated with
impaired HR and NHE] in ES cells and MEFs from
the different SIRT1 KO mouse models.»** However,
there are inconsistent reports about the involvement
of SIRT1 in the DDR in immortalized cell lines.
siRNA-mediated SIRT1 depletion does not impair



damage signaling in U20S cells after camptothecin
(CPT) treatment” and, similarly, using an I-SCEI-
induced DNA DSB reporter system, the overexpres-
sion of SIRT1 does not enhance HR or NHE] repair in
human immortalized fibroblasts after paraquat treat-
ment.” It is not clear whether this indicates that the
regulation of DNA repair, mostly of HR, by SIRT1 is
most prominent in undifferentiated cells such as ES
cells and MEFs. Interestingly, in immortalized cells,
SIRT1 has the capacity to promote alternative recom-
binational pathways such as Rad51-independent sin-
gle-strand annealing (SSA),* in which the SIRTI-
interacting protein WRN is involved. SIRT7 modu-
lates NHE] activity by facilitating the recruitment of
53BP1 to DSBs.” A previous report suggested that
SIRT7 may regulate HR repair.”> However, HR does
not seem to be affected in irradiated primary cells
from the SirT7 '~ mice.” Whether this disparity might
be related to the cell type or type of cellular stress
inflicted needs further investigation.

Histone acetylation and DNA repair: SIRT7
and the DSB pathway choice

Chromatin modification at and around the DNA
damaged sites seems to be an important factor in the
DDR.*® Strikingly, upon DNA damage, there is an
increase of chromatin mobility that parallels the
recruitment of chromatin remodelers and nucleosome
eviction. This mobility could facilitate the encounter
of recombinational partners and the anchoring of bro-
ken ends to avoid translocations. This is accompanied
by the modification of chromatin landscapes, includ-
ing histone acetylation profiles.** Several HDACs and
HATSs are recruited to chromatin in response to DNA
damage.”® Indeed, the biphasic regulation of histone
acetylation as a response to DNA damage has long
been documented and is initiated by a rapid (detect-
able within minutes) acetylation increase.*> Histone
acetylation, mostly in the form of H4K16Ac, has been
correlated with an open and more accessible chroma-
tin.'® Intuitively, histone acetylation might favor the
accessibility of the DNA damage site to repair pro-
teins, while at the pan-nuclear level, it might facilitate
the observed increased of chromatin mobility and
remodeling that follows DNA damage. In apparent
contradiction to this view, the global deacetylation of
H3K56, H3K9 and H4K16 is an early event in the
DNA damage response.”*® Whether the acetylation
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wave precedes the deacetylation one or vice versa is
not clear, and this warrants further investigation at
high temporal and spatial resolution in living cells.
Similarly, the functional implications of pan-nuclear
acetylation signals also need further investigation.

A pivotal role of sirtuins in the DDR is the regulation
of discrete histone acetylation levels.”*** Specifically,
studies have demonstrated SIRT1-dependent deacetyla-
tion of H4K16Ac,*” SIRT6-dependent deacetylation of
H3K9Ac and H3K56Ac,**” and SIRT7-dependent
deacetylation of H3K18Ac.” Nevertheless, the role of
sirtuin-dependent histone deacetylation in the DDR is
not known for most cases. At the pan-nuclear level, the
SIRT7 deacetylase activity seems to counterbalance a
first wave of H3K18Ac that occurs soon (minutes) after
the induction of DNA damage. Four hours after ioniz-
ing radiation exposure, most of the DNA damage has
been repaired and the levels of H3K18Ac have already
been restored to near steady-state levels.” At this time
point, SIRT?7 is sequestered in the cytoplasm in a man-
ner dependent on the ribonuclease III enzyme Dicer,
with a concomitant decrease of SIRT7 and an increase
of H3K18Ac in the chromatin fraction.*® Overall, these
results indicate that the regulation of H3K18Ac levels is
fine-tuned in response to DNA damage.

Genome-wide transcriptional silencing is a cellular
response to DNA damage, and the transcriptional
profiles seem to be restored upon DNA repair.*’ Simi-
lar to the role of SIRT1 in transcriptional repression
and heterochromatin formation,”® SIRT1 mediates
gene silencing at DNA damage-flanking genes.*” The
exact role of SIRT6- and SIRT7-dependent pan-
nuclear deacetylation of H3K9Ac, H3K56Ac and
H3K18Ac is not known. This deacetylation might also
be associated with the DDR-related transcriptional
repression and/or the restoration of transcriptional
profiles, considering that these histone modifications
are enriched at transcriptional regulatory regions.”!

SIRT7-mediated deacetylation at the DNA damage
site has a very precise role in DNA repair of facilitating
the recruitment of the 53BP1 protein.7 Indeed, the
importance of histone modifications in DNA damage
repair is exemplified by their role in the recruitment of
53BP1 to damaged sites.”’ 53BP1 forms foci at dam-
aged chromatin through the bivalent recognition of
H2AK15ub and H4K20me2 marks. Upon DNA dam-
age, H2AKI15 is ubiquitinated by the DNA damage-
specific RNF168 ubiquitin ligase. The H4K20me?2 levels
increase at damage sites in an MMSET7-dependent
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manner. In addition, factors that compete with DNA
repair proteins for H4K20me2 binding are ubiquiti-
nated by the ubiquitin ligases RNF8 and RNF168 and
are subsequently degraded, facilitating the accessibility
of preexisting H4K20me2. 53BP1 then accumulates at
foci through the recognition of H4K20me2 and
H2AK15ub by its tudor and UDR domains, respec-
tively. Histone acetylation appears to counteract the
positive effect of these histone modifications by
adversely affecting the binding of 53BP1 to damaged
chromatin.”*>* For instance, the acetylation of H4K16
on H4K20me2-marked histones disrupts a salt bridge
between H4K16 and Glul551 in the 53BP1 tudor
domain, reducing its affinity for H4K20me2>.
H2AK15Ac has also been proposed to counteract
RNF168-dependent H2AK15ub and therefore 53BP1
occupancy at damage sites.”* In agreement with these
observations, SIRT7-mediated H3K18 deacetylation is
important for 53BP1 stabilization at break sites and,
conversely, H3K18 acetylation disrupts the recruitment
of 53BP1 to chromatin.” Given the role of 53BP1 in
inhibiting DNA end resection, it appears that histone
acetylation regulates DSB pathway choice by releasing
53BP1 from chromatin, thus favoring HR repair over
NHE]. Although this model seems to hold true for
H4K16ac and H2AK15ac,”” ** H3K18 acetylation does
not seem to be associated with DSB pathway choice,
because SIRT7 depletion does not correlate with an
increase in HR repair.” Interestingly, H3K18 acetyla-
tion levels can modulate the extent of 53BP1 focal
accumulation at DNA damaged sites. This observation
is reminiscent of a previous report using a mutant
53BP1 protein lacking the “oligomerization” domain,
which impaired NHE] but was still able to repress
CtIP-dependent end resection at dysfunctional telo-
meres and therefore HR repair.” It remains to be
determined whether H3K18 interacts directly with
53BP1, and if so, what is the domain involved. Since
the tudor domain does not interact with the unmodi-
fied H3 tail,>® other domains including the oligomeri-
zation domain could be responsible for the H3K18-
53BP1 interaction. Additionally, a high-throughput
proteomics screen identified 53BP1 as a direct SIRT7
binding partner,”” underscoring the importance of the
SIRT7-H3K18-53BP1 axes in the DDR. Further
research will shed light into the SIRT7-mediated regu-
lation of 53BP1 recruitment to DNA damage sites,
which might involve both epigenetic regulation and
protein-protein functional interactions.

Concluding remarks

In light of the new discovery of SIRT7-mediated regula-
tion of NHE]J repair, it is becoming evident that an
important role of sirtuins in the maintenance of
genome integrity is the promotion of DNA damage
repair. The different reports discussed here emphasized
that sirtuins can act at different levels on the DDR, but
our knowledge of how their relative contributions are
regulated in vivo is in its infancy. Some of the remaining
questions include: What is the level of redundancy and/
or synergy between the different sirtuins in the DDR?
What are the limiting factors that dictate the involve-
ment of a particular sirtuin in one or more DNA repair
pathways? Is the remodeling of chromatin by sirtuins
required for its interaction with downstream repair
proteins? If so, it might imply that sirtuin DNA repair
activity in vivo depends on the pre-existing state of
chromatin, such as histone acetylation levels, which is
determined by cell type, developmental stage and cell
fitness. Most importantly, what are the consequences of
sirtuin activity in DNA repair versus other forms of sir-
tuin-mediated genome regulation, specifically transcrip-
tional regulation? In this regard, it is known that the
genome-wide redistribution of SIRT1 that occurs in
response to genotoxic stress is associated with the acti-
vation of heterochromatic repetitive DNA as well as of
individual genes.*® Moreover, the re-localization of
SIRT7 from the nucleolus to DNA damage sites affects
the SIRT7-mediated regulation of ribosomal gene
expression.”'* This suggests that under chronic DNA
damage situations, sirtuin-mediated DNA repair might
have genome-wide transcriptional consequences. On
the other hand, sirtuin-mediated chromatin regulation
in the DDR is correlated with acute transcriptional
repression”” and plausibly also with the restoration of
transcriptional profiles following DNA repair. Overall,
the modulation of sirtuins in different cellular contexts
can have a range of outcomes with potentially distinct
mutagenic consequences, which should be taken into
consideration before any therapeutic intervention
involving the modification of sirtuin activity.
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