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Summary

DNA damage is linked to multiple human diseases, such as cancer, neurodegeneration and
senescence. Little is known about the role of chromatin accessibility in DNA repair. Here, we find
that the histone deacetylase SIRT6 is one of the earliest factors recruited to sites of Double-Strand
Breaks (DSBs). SIRT6 recruits the ISWI-chromatin remodeler SNF2H to DSBs, and deacetylates
focally histone H3K56. Lack of SIRT6 and SNF2H impairs chromatin remodeling, increasing
sensitivity to genotoxic damage and recruitment of downstream factors, such as 53BP1, BRCA1
and RPA. Remarkably, SIRT6 deficient mice exhibit lower levels of chromatin-associated SNF2H
in specific tissues, a phenotype accompanied by increased DNA damage. We demonstrate that
SIRTS is critical for recruitment of a chromatin remodeler as an early step in the DNA damage
response, indicating that proper unfolding of chromatin plays a rate-limiting role. We present a
novel crosstalk between a histone modifier and a chromatin remodeler, regulating a coordinated
response to prevent DNA damage.

Introduction

Preservation of DNA integrity is critical to ensure accurate inheritance of the genetic
material, as well as proper cellular and organismal function. Intrinsic and extrinsic processes
such as DNA transcription and replication, cellular metabolism and environmental
challenges, represent persistent genotoxic threats. Indeed, unrepaired DNA damage can
frequently lead to cell senescence, apoptosis or tumorigenesis, and thus jeopardize
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organismal well-being (Papamichos-Chronakis and Peterson, 2012). Multiple mechanisms
have thus evolved to protect and repair damaged DNA. Probably the most critical DNA
lesions are double-strand breaks (DSBs), which can result in loss of genetic material,
mutations and deleterious translocations. Consequently, cells have evolved two primary
DSB repair mechanisms: Non-Homologous End Joining (NHEJ), a mutation-prone pathway
that repairs DSBs by joining two ends together, and the error-free Homologous
Recombination (HR) pathway, which operates only when sister chromatids are paired
together (Chapman et al., 2012). A number of factors are involved in the recognition,
amplification and repair cascade that is triggered by DSBs, a process known as the DNA
Damage Response (DDR) (Ciccia and Elledge, 2010). In this orchestrated response that is
set in motion, breaks are “sensed” by members of the PARP family, which activates PI3K-
related kinases including ATM, ATR and DNA-PK. These proteins in turn recruit sensors
that amplify the signal, including the MRN complex and multiple histone modifiers (such as
Tip60, RNF8 and RNF168), which orchestrate a broad spectrum of histone post-translational
modifications, including methylation, acetylation, ubiquitylation, and phosphorylation. In
turn, these modifications work in concert to recruit DNA repair factors, such as 53BP1,
Rad51 and DNA ligases to faithfully repair the broken DNA (Lukas et al., 2011).

Eukaryotic DNA is packaged within nucleosomes, which represents an additional physical
barrier for DDR factors to access damaged DNA. Only in recent years the role of chromatin
accessibility in DNA repair has begun to emerge. Various chromatin remodelers, including
INO8O (Gospodinov et al., 2011; Kashiwaba et al., 2010; Neumann et al., 2012;
Papamichos-Chronakis et al., 2011), SMARCADL (Fun 30 in yeast) (Chen et al., 2012;
Costelloe et al., 2012); (Lee et al., 2010), p400 (Xu et al., 2012; Xu et al., 2010), CHD4
(Larsen et al., 2010; Polo et al., 2010), and the NuRD complex (Smeenk et al., 2010) were
shown to be recruited to sites of damage, suggesting the need of chromatin relaxation and
remodeling in order to allow repair (Papamichos-Chronakis and Peterson, 2012). Of note,
most of the above factors have been mainly characterized in yeast, and whether mammalian
cells exhibit alterations in chromatin structure during DSB repair as well as the precise
mechanisms regulating chromatin dynamics in the context of DNA repair remain poorly
understood. Interestingly, the ISWI family member SNF2H, an ATP-dependent chromatin
remodeler with roles in transcription and replication (Erdel and Rippe, 2011), has been
proposed to be recruited to sites of DNA damage downstream of the ubiquitin ligase RNF20
(Erdel et al., 2010; Lan et al., 2010; Nakamura et al., 2011; Smeenk et al., 2010). However,
the specific signals recognized by SNF2H for its targeting to DNA damage sites remain
unknown.

In this study, we have uncovered a new role for the histone deacetylase SIRT6 as a scaffold
protein in DDR. SIRT6 is a chromatin-bound protein that belongs to the highly conserved
sirtuin family of NAD(+)-dependent deacetylases with various roles in DNA damage,
metabolism and cancer (Finkel et al., 2009; Mostoslavsky et al., 2006; Toiber et al., 2011,
Zhong et al., 2010). Following DNA damage, SIRT6 is recruited to sites of DSBs within
seconds, specifically recruiting the chromatin remodeler SNF2H to open up condensed
chromatin, and deacetylating H3K56, both critical steps required for proper recruitment of
downstream DDR factors and efficient DNA repair.

SIRT6 interacts with the chromatin remodeler SNF2H

In previous studies, we have shown that SIRT6 deficient cells accumulate genomic
instability (Mostoslavsky et al., 2006), yet the precise molecular mechanism behind this
defect remained unclear. In order to gain further insights into the molecular functions of
SIRT6, we employed affinity purification to identify associated proteins. Flag-tagged SIRT6
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was expressed in human embryonal kidney 293T cells and was used as a bait to identify
interacting proteins by mass spectrometry. One of the top 5 most abundant SIRT6-
interacting proteins was the ISWI-family member SNF2H (Figure 1A; see also Methods).
We first confirmed this interaction by reciprocal immunoprecipitation (IP) following Flag-
SIRT6 expression in 293T cells (Figure 1B), which demonstrates clear interaction between
these proteins. To determine whether such interaction is physiologically relevant, we
performed reciprocal co-1P assays with endogenous proteins. Figure 1C shows that
endogenous SIRT6 associated with SNF2H in mouse embryonic stem (ES) cells, indicating
that these two proteins interact under physiological conditions. To interrogate the specific
domains in SIRT6 that were required for this interaction, we expressed SIRT6 lacking the
amino-terminus (N), carboxyl-terminus (C) or both domains (Tennen et al., 2010). As
shown in Figure 1D, lack of the C-terminus completely abolished the interaction, indicating
that this domain was necessary for SNF2H binding. To further confirm whether SIRT6
interacts directly with SNF2H, we generated bacterial recombinant, purified GST-SIRT6
proteins encompassing the full-length protein (334 amino acids), the C-terminus, the
catalytic core or the N-terminus of SIRT6, and measured interaction with purified-
recombinant SNF2H. /n vitro binding assays indicated that GST-SIRT6 interacts directly
with SNF2H, and confirmed that SNF2H binds preferentially to the C-terminus of SIRT6
(Figure 1E and S1). Notably, SIRT6 also interacted with multiple proteins described earlier
as SNF2H partners (Figure S2A), including ACF1 and WSTF, two-additional subunits of
SNF2H-containing chromatin remodeling complexes (Figure S2A-B), indicating that SIRT6
may associate with one of these complexes. Indeed, glycerol-gradient fractionation clearly
showed that SNF2H and SIRT6 co-purified in the same molecular weight (MW) fractions
(Fractions 7-9, 11 and 12, Figure 1F). Notably, SNF2H was absent in the higher MW
fractions of SIRT6-deficient samples (fractions 7-9, Figure 1G), indicating that SIRT6 is
required for the association of SNF2H into these higher-molecular weight complexes.

SIRT6 enhances SNF2H nucleosome binding

Given the interaction of SIRT6 and SNF2H, we evaluated whether SIRT6 may modulate
SNF2H activity and nucleosome binding /n vitro. We first measured SNF2H remodeling
activity through the Restriction Enzyme Accessibility assay. No differences in SNF2H-
dependent chromatin remodeling were observed in the presence or absence of SIRT6 (data
not shown), indicating that SIRT6 does not modulate SNF2H remodeling activity. We then
tested whether SIRT6 may modulate SNF2H nucleosome binding /n vitro. First, we found
that SIRT6 binds to nucleosomes even at nM concentrations, and when added together,
SIRT6 and SNF2H are able to bind to the same nucleosome, resulting in a different
nucleosome shift compared to the shift observed with the individual enzymes. Importantly,
in the presence of SIRT6, SNF2H bound nucleosomes at lower concentrations than when
incubated alone (Figure 1H). When we quantified levels of free nucleosomes and
nucleosomes bound under the different conditions (Figure S1B) SIRT6 reduced the levels of
free nucleosomes in the presence of SNF2H by at least 2-fold, indicating that, even in vitro,
the presence of SIRT6 increased the ability of SNF2H to bind nucleosomes.

SIRT6 recruits SNF2H to chromatin

Given the disappearance of SNF2H from the glycerol gradient heavier fractions in SIRT6
deficient cells, we first evaluated whether SIRT6 could modulate SNF2H stability or
expression. We did not observe any difference in total SNF2H protein levels in whole-cell
extracts (WCE) from SIRT6-deficient mouse ES cells (Figure 2A). Thus, SIRT6 does not
affect total SNF2H protein levels. Given their tighter interaction with nucleosomes (Figure
1H), a second possibility would be that SIRT6 and SNF2H interact specifically on
chromatin, and lack of SIRT6 might affect chromatin binding of SNF2H. Indeed,
biochemical fractionation assays revealed a striking reduction of SNF2H in SIRT6-deficient
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chromatin fractions (Figure 2A). In order to validate these results, we silenced SIRT6 in two
other cell types, U20S and 293T cells. Again, SNF2H was significantly reduced in
chromatin following SIRT6 RNAi-mediated knockdown in these cells (Figure S2D, E). In
addition, we took advantage of a catalytic domain mutant form of SIRT6, SIRT6-HY, which
remains mainly in the cytoplasm, but still interacts with SNF2H. When SIRT6-HY was
overexpressed, SNF2H was significantly decreased in the chromatin fraction, further
supporting the conclusion that SIRT6 is required to recruit SNF2H to chromatin (Figure
2B). Finally, we tested whether inhibition of the catalytic activity of chromatin-bound
SIRT6 could impair SNF2H recruitment. For this purpose we treated wildtype (WT) cells
with nicotinamide (NAM), a sirtuin inhibitor. Inhibition of SIRT6 was confirmed, as H3K56
acetylation (a SIRT6 substrate) was clearly elevated. However, SNF2H recruitment to
chromatin was unaffected (Figure 2C), indicating that SIRT6 catalytic activity and H3K56
acetylation are not required for SNF2H recruitment when SIRTG6 is already present on
chromatin. Together, the above studies clearly demonstrate that SIRT6 is required both /n
vitro and in mammalian cells to recruit and maintain SNF2H on chromatin.

SIRT6 and SNF2H act as epistatic genes

Previous studies have indicated that SNF2H may play a role in promoting genome integrity
(Lan et al., 2010). Interestingly, we found that the interaction between SIRT6 and SNF2H
increased rapidly upon ionizing radiation (IR) treatment (Figure 2D), suggesting that SIRT6
may recruit SNF2H to sites of DNA damage. To test whether these proteins may act in
concert to maintain proper DNA repair, we silenced SNF2H in both WT and SIRT6-
deficient ES cells (Figure 2E), and measured survival rates in clonogenic assays. As we
showed previously (Mostoslavsky et al., 2006), SIRT6-deficient cells exhibited
hypersensitivity to IR. The same phenotype was observed in WT cells in which SNF2H was
silenced. However, when SNF2H was silenced in SIRT6 deficient cells, there was no
additive effect on survival (Figure 2F). In this context, SIRT6-deficient cells exhibited
increased basal levels of phosphorylated p53, a marker of DNA-damage checkpoint
activation. SNF2H silencing in these cells did not cause any further increase in p53
phosphorylation, whereas SNF2H silencing in WT cells causes elevated p53
phosphorylation (Figure S2F). Together with the repair assays discussed below, these results
indicate that SIRT6 and SNF2H may work through a common pathway.

SIRT6 recruits SNF2H to the sites of DNA damage

Several lines of evidence suggest that SNF2H might be recruited specifically to DSBs
through its interaction with SIRT6: (i) Both SIRT6 and SNF2H are chromatin-bound
proteins, and under basal conditions SIRT6 enhanced SNF2H binding to chromatin (Figure
1H, 2A-D). (ii) SIRT6 is mobilized to sites of DNA damage (Kaidi et al., 2010; McCord et
al., 2009). (iii) Interaction between SIRT6 and SNF2H was enhanced upon IR (Figure 2D).
To further explore this possibility, we measured the recruitment kinetics of SNF2H to sites
of DNA breaks, taking advantage of a laser-induced DNA breaks assay. Specifically, we
scored for cells with staining for both the DSB marker yH2AX and SNF2H, and measure
which proportion of yH2AX-stained cells exhibit SNF2H staining. Notably, SNF2H readily
accumulated at sites of DNA damage within 5 minutes in control cells, while such
recruitment in SIRT6 down-regulated (shSIRT6) cells was less efficient, and clearly
diminished over time (Figure 3B), pointing to a defect in recruitment and/or stabilization of
SNF2H at DNA damage sites.

To further characterize SIRT6 and SNF2H kinetics upon DNA damage in real-time, we took
advantage of an RFP-SIRT6/SNF2H-GFP system analyzed with live-cell microscopy.
Consistent with previous publications (Kaidi et al., 2010; McCord et al., 2009), we observed
recruitment of SIRT6 to DNA breaks, however with much faster kinetics than previously
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reported, arriving at breaks five seconds after DNA damage, and reaching a plateau after 30
seconds. This finding places SIRT6 within the fastest enzymes recruited to sites of DNA
damage (Figure 3C, D). SNF2H mobilization to DNA damage sites, although rapid,
occurred after SIRT6 recruitment (Figure 3C, D). The time-course plot shows that the time
constant for reaching 50% of the plateau value is ~ 40 seconds lower for SIRT6 with respect
to SNF2H, indicating a recruitment rate ~5-times faster for RFP-SIRT6 than for SNF2H-
GFP. As noted, RFP-SIRT®6 recruitment starts earlier after damage induction than that of
SNF2H-GFP, consistent with SIRT6 bringing SNF2H to sites of breaks.

SIRT6 accelerates SNF2H binding to DSBs

Our results suggest that SIRT6 brings SNF2H to sites of damage. In order to further dissect
this process, we generated shSIRT6 or scramble shRNA-control (shCtrl) cell lines stably
expressing a SNF2H-GFP protein (Figure 3E S4A) (Erdel et al., 2010). In this system, we
measured SNF2H-GFP recruitment to sites of damage induced by BrdU presensitization and
UV laser irradiation (a treatment that primarily generates DSBs). While shCitrl cells
exhibited a clear biphasic SNF2H recruitment (i.e. rapid recruitment within seconds,
followed by a slower phase of accumulation starting around 7 min), shSIRT6 cells were
monophasic, presenting only the early SNF2H recruitment phase (Figure 3C, D). These
results indicate that the second phase of SNF2H recruitment is dependent on SIRT6 (Figure
3C, D). To distinguish between active recruitment versus stabilization of SNF2H by SIRTS6,
we used Fluorescence Loss in Photobleaching (FLIP) experiments -where the decay of
SNF2H-GFP signal was measured during both early and late phases- and Fluorescence
Recovery After Bleaching (FRAP) experiment -where damage sites were bleached and the
SNF2H-GFP recovery was measured-. In these assays, the decay and the recovery of
SNF2H-GFP were identical in shCtrl and shSIRT6 U20S cells at both time points (early and
late) (Figure S4B), indicating that stability of SNF2H binding is independent of SIRT6.
Interestingly, our FLIP and FRAP results revealed that SNF2H turnover during the early
accumulation phase was fast, indicating labile SNF2H binding at the site of breaks in this
phase. On the contrary, during the late accumulation phase, SNF2H-GFP remained bound at
DNA damage sites for a longer period of time. Since no differences in the SNF2H
dissociation kinetics were observed between shCtrl and shSIRT6 cells, we concluded that
SIRT6 does not stabilize chromatin-bound SNF2H (i.e. it does not reduces its Kinetics
dissociation rate), but rather accelerates SNF2H association to sites of damage.

To evaluate whether the SIRT6-independent recruitment (rapid and unstable) of SNF2H
occurs at double-strand breaks or else at other types of DNA lesions, we used non-
presensitized cells (UV-irradiation only), a treatment that causes mainly pyrimidine dimers,
abasic sites and single-strand breaks (resembling oxidative damage) (Kielbassa et al., 1997;
Pierce et al., 2001). In this experiment, both shCtrl and shSIRT6 cells exhibited the early
SNF2H recruitment phase (Figure S4C), while the late SNF2H recruitment phase was
absent, and this unstable SNF2H signal decayed early in both cell types (Figure S4D).
Overall, these results strongly suggest that DNA single-strand breaks and other non-DSB
lesions cause a brief and unstable SNF2H recruitment that is independent of SIRT6. On the
other hand, stable SNF2H recruitment, specific to DSBs, occurs in a SIRT6-dependent
fashion.

SIRT6 and SNF2H are required for efficient DNA repair

To confirm that SIRT6-dependent SNF2H recruitment is essential for DSB repair, we took
advantage of U20S cells that were engineered to induce a unique DNA cut upon expression
of the I-Scel endonuclease (Pierce et al., 2001)(Figure 4A). First, we measured SIRT6
recruitment to sites of damage, confirming its enrichment after DSB induction (Figure 4B).
Next, we stably knocked down SIRT6 in these cells and performed chromatin
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immunoprecipitation (ChlP) of SNF2H to analyze its enrichment at the DNA break site
using specific primers. In shCtrl cells, SNF2H was clearly recruited to the I-Scel break
(Figure 4B). Strikingly, SNF2H recruitment was completely abolished in SIRT6 knockdown
cells (Figure 4B). In order to confirm that SIRT6 is required to bring SNF2H to sites of
breaks, we performed a sequential ChlP-ReChlIP assay following I-Scel induction. In this
assay, the SIRT6-chipped chromatin exhibited more than ~25 fold-enrichment for SNF2H
binding following induction of the break (Figure 4B). These studies are consistent with our
immunofluorescence and live-imaging results, and further demonstrate that SIRT6 is
necessary for SNF2H recruitment to specific DSBs.

Additionally, the I-Scel system allowed us to analyze homologous recombination (HR)
efficiency (Figure 4A). In these cells, a truncated GFP protein is restored to its functional
form when DSBs are repaired. A fraction of ~4—7% of control cells was GFP positive after
induction of DNA breaks, while in the absence of SIRT6 such repair activity was completely
lost (Figure 4C). Similar results were observed when SIRT6 activity was inhibited by
nicotinamide (NAM) (Fig 4D). Re-expression of WT SIRT6 in shSIRT6 cells rescued the
repair phenotype, whereas neither the SIRT6-HY nor the SIRT6- C (catalytically active but
unable to bind SNF2H) rescued the defects in DNA repair (Figure 4E). Overall, these results
indicate that both SIRT6-dependent SNF2H recruitment and SIRTG6 catalytic activity are
necessary for DNA repair.

To further investigate the roles of SIRT6 and SNF2H in DNA repair, we used a transient
DR-GFP/I-Scel system where both HR and NHEJ could be tested, following silencing of
SIRT6, SNF2H or both. As previously shown, shSIRT6 completely abolished HR, and
similar results were observed in the shSNF2H or double-knock-down cells (Figure S4A-B).
Notably, we also observed a significant defect in NHEJ repair (Figure S4C), indicating that
chromatin remodeling is required for both HR and NHEJ pathways.

Chromatin relaxation is necessary for proper DSB repair

Previous studies have shown that defects in DNA damage repair in SNF2H knockdown cells
could be rescued with chloroquine treatment, a drug that causes chromatin relaxation (Murr
et al., 2006; Nakamura et al., 2011). Strikingly, DNA damage repair was fully rescued when
we treated shSIRT6 cells with chloroquine (Figure 4F), suggesting that SIRT6 and SNF2H
open chromatin at sites of DNA damage, and opening of chromatin by chemical means was
sufficient to bypass the requirement for either SIRT6 or SNF2H.

We predicted that SIRT6-dependent SNF2H recruitment was required in order to catalyze
nucleosome remodeling, and therefore chromatin would remain compacted at DSBs in the
absence of SIRT6. To test this hypothesis, we developed an assay using a similar system to
the 1-Scel system described above. Following I-Scel induction, DNA was digested with
Micrococcal Nuclease (MNase), and the digested DNA was resolved on an agarose gel to
separate nucleosomal fragments (Figure 4G). Enrichment for DSBs was measured by gPCR
near the site of damage using specific primers. shCtrl cells exhibited a clear increase in
chromatin relaxation following DNA damage, as reflected by the enrichment of the I-Scel
locus in the mononucleosome fraction and its concomitant depletion from dinucleosomes
(Figure 4H). In contrast, the amount of DSBs in mononucleosomes did not increase in
shSIRT®6 cells upon DNA damage, indicating that the chromatin flanking the breaks
remained less accessible to MNase digestion following DNA damage in these cells (Figure
4H). No difference was observed when we measured accessibility at a downstream region
located 2kb from the 1-Scel site (Figure S4D), indicating that opening of chromatin occurs
only locally at the DSB site. Consistent with these results, radial expansion of SNF2H at the
sites of damage was moderate and did not change in SIRT6 deficient cells (Figure S4F). As
in our previous experiment, chloroquine treatment rescued the chromatin relaxation defect in
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SIRT6 knockdown cells, (Figure SAE), further confirming our conclusion that increased
local chromatin accessibility is required for proper DNA repair.

SIRT6 deacetylates histone H3K56 at DNA damage sites

SIRT6 is known to function as a histone H3K56 deacetylase (Michishita et al., 2009; Yang
et al., 2009). In addition, previous studies have indicated that H3K56 is actively deacetylated
at sites of DNA breaks (Miller et al., 2010; Tjeertes et al., 2009; Yuan et al., 2009).
Therefore we tested whether SIRT6 functions as a H3K56 deacetylase at sites of damage.
ChIP with an anti-H3K56Ac antibody showed increased overall levels of H3K56 acetylation
in shSIRT6 cells at sites of damage (data not shown). Thus, we took advantage of our laser-
induced DNA damage approach to determine whether SIRT6 was required to deacetylate
H3K56 at sites of breaks. We observed that H3K56Ac was clearly reduced in control cells
within 7 minutes following laser-induced damage (Figure 5A), confirming previously
published results (Miller et al., 2010; Tjeertes et al., 2009; Yuan et al., 2009). In contrast,
such H3K56 deacetylation was barely observed in shSIRTG6 cells (Figure 5A). To evaluate
the impact of this modification on DSB repair, we transfected U20S DR-GFP cells with a
vector expressing a mutant form of histone H3 (H3K56Q) where the K56 lysine residue was
mutated to glutamine, an acetyl mimetic, and measured HR efficiency. Expression of the
H3K56Q mutant impaired repair compared to WT H3K56-transfected cells (Figure 5B).
These results suggest that SNF2H is unable to open chromatin when H3K56 cannot be
deacetylated, highlighting a critical role for SIRT6 activity at sites of damage, both as a
recruiter of SNF2H and as a histone H3K56 deacetylase.

Lack of SIRT6 impairs downstream DDR signaling

SIRT6 recruitment of SNF2H and H3K56 deacetylation appear to represent very early
events in the DSBs repair process. To evaluate downstream effects of SIRT6 deficiency, we
analyzed recruitment of known DNA repair factors, taking advantage of a high-throughput
microscope kinetic analysis of foci number (Figure S5). Recruitment kinetics were measured
in shCtrl and shSIRT®6 cells by immunostaining DNA repair signaling factors, including
53BP1, yH2AX and RPA, at different time points after damage induction by IR. In U20S
shSIRT®6 cells, formation of 53BP1 and -yH2AX foci was impaired starting at 5 min, while a
reduced number of RPA-foci appeared at a later time-point (30 min) (Figure 5C, D). In
addition, we performed a comet assay in non-alkaline conditions (to measure double-strand
break repair), and followed repair kinetics. In this assay, we observed a statistically
significant increase in the tail length following damage in SIRT6 deficient cells at every
time-point we measured (Figure 5F), supporting our previous results demonstrating
decreased DNA repair in shSIRT6 cells. Further, these results indicate that the reduced foci
formation in these cells is not due to less damage but rather reflects inefficient signaling at
DSB.

Using the laser-induced DNA damage assay, we showed that shSIRT6 cells exhibit a clear
reduction in recruitment of RPA, 53BP1 and BRCAL1 to laser-induced breaks, consistent
with the above results (Figure 6A-D), and the few positive cells denoted significantly less
recruitment. As a control, no changes were seen for ATM phosphorylation at sites of breaks
(Figure 6A). Notably, shSNF2H cells showed a similar decrease in DDR factor recruitment,
a phenotype that was not further reduced when both proteins were silenced (Figure 6A-D).
Overall, these results indicate that lack of SIRT6 profoundly impacts downstream
recruitment of DNA repair factors, suggesting that both H3K56 deacetylation and SNF2H
chromatin remodeling play critical roles in the DSB DNA repair pathway.
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Lack of SIRT6 increases DNA damage in vivo in a SNF2H dependent manner

In order to test whether the effect of SIRT6 on DNA repair was physiologically relevant, we
analyzed SNF2H and DNA damage responses in SIRT6-deficient mice. For this purpose, we
isolated chromatin fractions from different tissues, including liver, heart, pancreas and brain.
Remarkably, we observed significantly decreased SNF2H chromatin localization in SIRT6-
deficient brain and pancreas (Figure 6A and Figure S7A), but not liver or heart (Figure
S7B-C). Thus, SIRT6-dependent recruitment of SNF2H to chromatin appears to be tissue-
specific. To determine the importance of SIRT6 in DNA damage repair in vivo, we focused
on brain, where DNA damage may accumulate in post-mitotic neurons. In addition, previous
studies reported that brain-specific SIRT6KO mice exhibit growth defects (Schwer et al.,
2010), indicating that SIRT6 appears to play an important role in brain function. Notably,
SIRT6-deficient brains (and pancreas) exhibited increased caspase-3 cleavage, p53
phosphorylation, PARP cleavage, ATM phosphorylation and, consistently, increased
H3K56Ac levels (Figure 7A, B and S7A-C). We then generated primary brain cultures from
WT and SIRT6KO mice, and measured the presence of RPA and 53BP1 foci following
irradiation. Primary brain cultures from SIRT6-KO mice had reduced 53BP1 and RPA foci
at 30 minutes (Figure 7C-E), similar to the effect observed in shSIRT6 U20S cells (Figure
5C,D and 6B,C). In summary, these results indicate that SIRT6-deficient animals experience
increased DNA damage in brain, a phenotype strongly correlated with defective H3K56
deacetylation and recruitment of SNF2H to chromatin.

DISCUSSION

SIRT6 is a chromatin-bound enzyme that was first described as a suppressor of genomic
instability by regulating base excision DNA repair (BER) (Mostoslavsky et al., 2006).
Recent studies have demonstrated that SIRT6 is involved in DNA double-strand break
resection through deacetylation of C-terminal binding protein (CtBP) interacting protein
(CtIP) (Kaidi et al., 2010), increase in repair capacity under oxidative stress through
poly[adenosine diphosphate (ADP)-ribose] polymerase 1 (PARP1) (Mao et al., 2011), and
stabilization of DNA-dependent Protein Kinase (DNA-PK) at sites of damage (McCord et
al., 2009). Here, we demonstrate that SIRT6 is one of the most rapidly recruited factors to
sites of DNA damage. Such fast recruitment may allow SIRT6 to coordinate proper DNA
repair through a complex and step-wise response (model Figure 7F). Our results extend
previously proposed roles for SIRT6 in DDR, and reveal that SIRT6 plays a critical role in
regulating chromatin accessibility as a very early event during the DNA damage response.
This activity involves direct recruitment of the ATP-dependent chromatin remodeler SNF2H
to sites of DNA breaks and in parallel rapid histone deacetylation at histone H3K56, to
allow recruitment of downstream DNA repair factors. To the best of our knowledge, our
results represent the first example of a sirtuin deacetylase functioning as a specific scaffold
for recruiting a chromatin remodeler to sites of DNA damage, to open chromatin and repair
DNA breaks in a coordinated manner.

SIRT6 and SNF2H are recruited early to DNA damage sites to modulate chromatin
accessibility

Our results show that the interaction between SNF2H and SIRT6 is important to bind
SNF2H to chromatin, even at basal levels (Fig 2A). It has been previously proposed that
SNF2H “probes” the chromatin through continuous sampling, until it “recognizes” an
anchoring signal which in turn increases SNF2H binding affinity (Erdel and Rippe, 2011).
We believe that SIRT6 is one of those signals, as it increases SNF2H binding to
nucleosomes (Figure 1H), and this chromatin-bound complex might have additional
functions beyond DNA repair. However, the interaction of both proteins and thus the
abundance of this complex are clearly increased upon DNA damage. Our results indicate
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that SNF2H and SIRT6 work in an epistatic manner to prevent genomic instability (Figure
2F-G and Figure 6A-D). Remarkably, recruitment of SIRT6 appears extremely early (~5
sec with ~30 sec plateau), positioning SIRT6 as one of the earliest factors to accumulate at
DNA damage sites, followed by SNF2H, which is only recruited to DSBs in the presence of
SIRT6 (Figure 3A-E, 4B). Our experiments in living cells demonstrate that SIRT6 and
SNF2H are both recruited very early, where SIRT6 appears to modulate the second, more
stable phase of SNF2H binding specifically at DSBs. Early, transient binding of SNF2H
occurs independently of SIRT6, and may represent SNF2H recruitment to other types of
DNA lesions.

SIRT6 activity is required for proper DNA repair

Although SIRT6 activity is not required to bring SNF2H to chromatin (Figure 2C), nor to
control SNF2H remodeling activity /in vitro, both SIRT6 deacetylase activity and
recruitment of SNF2H were required for efficient DNA repair (Figure 4D,E). The role of
H3K56 acetylation in DNA damage has been controversial, with some studies reporting
hypoacetylation of H3K56 at sites of breaks (Miller et al., 2010; Tjeertes et al., 2009)
whereas others showed hyperacetylation following DNA damage (Das et al., 2009). In
addition, both class I HDACs and sirtuins are capable of deacetylating H3K56 (Michishita et
al., 2009; Miller et al., 2010; Yang et al., 2009). Our results indicate that SIRT6 is critical
for proper deacetylation of H3K56 at sites of damage in our experimental conditions (Figure
5A). Some of the discrepancies may be due to the time scale of the measurement, type of
DNA damage, and specific cells tested. In our system, we observed clear hypoacetylation at
early time-points (~7 min.), but detected bulk H3K56 hyperacetylation at very late time
points (6-8 hr., data not shown), a potential requirement for proper refolding of chromatin
following repair, as seen in yeast (Chen et al., 2008). Of note, several HDACs have been
shown to play roles in DNA repair. Notably, we observed increase H3K56Ac following
TSA treatment, however this increase did not influence recruitment of SNF2H to chromatin
(data not shown). These results indicate that SNF2H recruitment specifically depends on
SIRT6, and is not regulated by other HDACs or the H3K56Ac modification per se.
Furthermore, the fact that we observe a clear repair defect in the absence of SIRT6 strongly
suggests non-overlapping or redundant functions with other HDACs.

SIRT6 affects downstream DDR signaling

Our results show that lack of SIRT6 influences recruitment of downstream repair factors
such as 53BP1, yH2AX, RPA and BRCAL. In our shCtrl and shSIRT6 cells this was
independent of the cell cycle stage, in agreement with previous findings by Kaidi et al
(Kaidi et al., 2010). Taken together, our results indicate that chromatin remodeling and early
histone modifications have a profound impact on recruitment of downstream effectors.
Previous work has shown that lack of 53BP1 increases end-resection and RPA foci (Bunting
et al., 2010), therefore one may hypothesize that decreased 53BP1 foci in SIRT6-deficient
cells should increase RPA foci. However, given the previous published effect of SIRT6 on
CtIP (Kaidi et al., 2010), it is likely that end-resection is inhibited in the absence of SIRTS,
and thus both RPA and 53BP1 cannot be recruited. Consistently, cells deficient in the
remodelers INO80 and SMARCADL1 exhibited defective DNA end resection and
concomitant lack of both RPA and 53BP1 foci (Costelloe et al., 2012). Previous studies have
shown that SNF2H recruitment occurs downstream of histone H2B K120 ubiquitylation
(H2B K120Ub) by RNF20 (Nakamura et al., 2011). Interestingly, in SIRT6 KO cells and
tissues, RNF20 recruitment to chromatin was clearly impaired. Further, H2B K120Ub was
severely diminished in SIRT6-deficient cells (Figure S6 A, B), suggesting that these events
occur downstream of SIRT6. Of note, Smeenk et al showed that SNF2H spreading on
chromatin was dependent on PARP1 activity (Smeenk et al., 2012), and SIRT6 was recently
shown to activate PARP1 under oxidative damage conditions (Mao et al., 2011). These
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results suggest that SNF2H spreading could be affected also by lack of SIRT6 through a
PARP1-dependent mechanism. However, in our system, we did not observe defects in
SNF2H spreading (Figure S4F), nor on PAR levels at sites of DNA damage (Figure S6D, E)
in the absence of SIRT6, indicating that the previously published role for SIRT6 in
modulating PARP1 activity might be specific for oxidative DNA damage.

Lack of SIRT6 increases vulnerability to DNA damage in a tissue-specific manner

The roles of SIRT6 in DNA damage repair are physiologically relevant, since SIRT6-
deficient brains exhibited a clear decrease in chromatin-localized SNF2H and increased
DNA damage (Fig 7A-E), a phenotype also observed in other tissues such as pancreas
(Figure S7A). Proper DNA repair is critical to prevent neurodegeneration, cancer and
premature aging. Indeed, recent studies have shown that SIRT6 overexpression extends
lifespan (Kanfi et al., 2012), and deleting SIRTG6 specifically in the brain causes metabolic
abnormalities (Schwer et al., 2010). Further, recent studies indicate that SIRT6 can function
as a tumor suppressor, at least in part through modulation of metabolism (Sebastian et al.,
2012). Intriguingly, SIRT6 protein levels in these different tissues do not correlate with the
DNA damage phenotype (Liszt et al., 2005; Mostoslavsky et al., 2006), suggesting that
tissue specificity is not based on SIRT6 levels, but rather on either as yet unknown co-
factors or redundancy with other proteins able to recruit SNF2H. Based on the results
presented here, we conclude that the SIRT6 chromatin scaffolding function is essential for
preventing genomic instability, and may explain several of the phenotypes previously
associated to SIRT®6.

Experimental Procedure

Immunoprecipitation (IP)

Cells were lysed and sonicated for 15 minutes (with intervals of 1 second ON- 3 seconds
OFF) in Lysis buffer (10mMTris pH7.9, 150 mM KCL, and protease, deacetylase and
phosphatase inhibitors). Protein was precleared for 2 hr. with beads at 4°C, and left
overnight with blocked beads (5% BSA) and the desired antibody. Beads were washed 2
times with 150mM KCL, 2 times with 300mM KCL and 1 time with 150 mM KCL, and
proteins were eluted either by flag peptide/or boiling.

MNase Assay-qPCR

Nuclear IP

2x106 shControl or shSIRT6 U20S cells were transfected with a plasmid carrying the 1-Scel
site (I-Scel-pBSK, a kind gift from F. Alt (Wang et al., 2009). 48 hr. later, cells with or
without the I-Scel enzyme were homogenized with a Dounce homogenizer in RSB Buffer
(10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCls,, 0.5% NP-40, ImM PMSF, 1mM DTT,
Protease inhibitors). Cells were incubated on ice for 15 min and nuclei were collected by
centrifugation (1000g), 10 min, 4°C, washed twice with RSB Buffer and digested with
MNase in Digestion Buffer at room temperature (RT) (140 units, time course from 5-20
minutes). Reaction was stopped adding 1 volume of Stop Solution (50mM Tris-HCI pH
7.5,150mM NaCl, 50mM EDTA, 0.3% SDS). Samples were centrifuged at 10,0009 for
10min at 4°C. DNA was purified by phenol-chloroform extraction and resolved in a 2%
agarose gel. Bands were isolated and purified using a Gel Extraction Kit (Qiagen). Extracted
DNA was used in g-PCR reactions as indicated.

Nuclei were isolated from cells and treated with 2 Units of Micrococcal nuclease (MNase)
for 1 hour at room temperature. MNase reaction was stopped and protein was measured with
Bradford to proceed with the IP as described before.
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Primary cortical cell culture

Cortex and hippocampus were separated from 18-days old SIRT6 WT and KO embryos,
minced, and cells plated on poly-L-ornithine coated coverslips in Neurobasal medium, B27
supplement, Glutamax and Penicillin/streptomycin (Invitrogen). Tail DNA was used to
genotype the embryos.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIRT6 interactswith SNF2H and recruitsit to chromatin

A) Flag-IP of protein extracts from Flag-SIRT6- or empty vector-expressing cells was used
for mass spectrometry analysis where SNF2H was identified as SIRT6 interactor. Silver-
staining of extracts from Flag-control (Vector) or SIRT6-Flag transfected cells is shown. B—
C) Exogenous (B) and endogenous (C) co-IPs were performed, and western blots were
developed with the indicated antibodies. Flag-vector (Ctrl), Flag-WT-SIRT6 (WT) and Flag-
HY-SIRT6 (HY) transfected cells. D) IP for SIRT6 Flag (WT), SIRT6-HY (HY), SIRT6
fragments lacking N (AN), C (AC) or both termini (Core). E) GST-Full Length SIRT6 and
SIRT6 C-terminus, N-terminus or Core domain were tested /7 vitro for interaction with
baculovirus purified SNF2H. F) Glycerol gradient fractionation for WT cells showing
SIRT6, SNF2H and H3 bands. G) Fractions 7-9 from WT and 7-9 from SIRT6-KO cells.
H) Nucleosome shift assay was performed with 75nM nucleosomes, SIRT6 (M range) and
SNF2H (nM range). Marked with the arrows are the different complexes formed with the
nucleosomes under SIRT6/SNF2H incubation, or both proteins. See also Fig. S1.

Mol Cell. Author manuscript; available in PMC 2014 August 22.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 16

>
®

i
R 04 - *
e - —— 0.2 B — . "ﬂ‘ﬁ oS i

WTKOWTKO WTKOWTKO =\ " ctdl WT HY Ctl WT HY

Total cell extract Chromatin SNF2H/HS Total cell extract  Chromatin

S6  SNF2h
' !
o =
o N
T
*
6 SNF2h

H3

cmv wt  hy
SNF2H/H3

C D

SNF2h

— Input
- . . - SNFZh
Sirt6 . . e SMC1

2 C
G} S<
< & 8
= e B W | SNFh 3
H3K56 * o L 1
e i — L] =X
& &
Vector  Ctrl 15" 30’ Time after IR
| SNF2H F —e— WT scramble

}—-‘ -
11 . -= WT shSNF2h-3

sh sh4 KO sh3 sh4

—+— KO shSNF2h-3
—4— WT shSNF2h4
-©- KO shSNF2h-4

Colonies %

200 400 600 800 1000

Rads

Figure 2. SIRT6 and SNF2H act together in DNA repair

A) Whole cell extracts (WCE) and chromatin fractions from WT and SIRT6 KO cells,
showing impaired SNF2H recruitment to chromatin. Quantification of SNF2H levels within
the chromatin fraction in three independent experiments is shown, B) SIRT6-WT and
SIRT6-HY mutant were expressed in 293T cells and the presence of SNF2H in WCE and
chromatin was analyzed by western blot. Quantification of SNF2H levels within the
chromatin fraction in three independent experiments is shown. C) Western blot with the
indicated antibodies was performed using chromatin fractions of NAM-treated or untreated
cells. D) Cells were irradiated and Flag-SIRT6 immunoprecipitated 15 or 30 minutes after
IR exposure. Cohesin protein SMCL1 is shown as a SIRT6 interactor that was not affected by
damage as a control. E) SNF2H expression was silenced in Sirt6** and Sirt6/~ ES cells
using two different ShRNA sequences. F) Survival assays upon IR of ES cells of the
indicated genotypes. Data is represented as mean +/— SEM. (right panel, * p< 0.01). See also
Fig. S2.
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Figure 3. Kinetics of SIRT6 and SNF2H recruitment to DSBs

A) Laser-induced DNA damage was performed in cells transfected with GFP or GFP-
SIRTS, fixed at indicated time-points, and immunostained with anti-yH2AX and anti-GFP
antibodies. B) Laser induced DNA damage in U20S shCtrl or shSIRT6 cells immunostained
with yH2AX and SNF2H at different time points. Graph shows time-course analysis.
SNF2H-positive cells among yH2AX positive cells were quantified. C) RFP-SIRT6 and
SNF2H-GFP recruitment was measured on sites of damage, and followed over time with
live cell imaging. A representative series is shown. D) Quantitative analysis of the
recruitment experiments described in (C). E) Analysis of SNF2H recruitment in shCtrl
versus shSIRT6 cells. Fluorescence intensity is normalized as 1=maximum intensity reached
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in each case after 30 minutes. F) Graphic representation of the early- and late-recruitment

phases of the graphs shown in (E). Data is represented as mean +/— SEM.. *p< 0.05,
**p<0.001. See also Fig. S3.
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Figure 4. SIRT6 modulates SNF2H-dependent DSBs chromatin opening and repair

A) Schematic representation of the DR-GFP/ISce-1 system. B) Left panel: ChIP of cells
transfected with Flag-cmv empty vector, or Flag-S6, with or without 1-Scel transfection.
Middle panel: ChlP of SNF2H in shCtrl or shSIRT6 cells with or without Isce-1 transfection.
Right panel: Sequential ChIP from Flag-SIRT6 eluted chromatin (ctrl or I-scel treated),
where SNF2H or 1gG were used for the second ChlP. C-F) HR efficiency measured by GFP
positive cells in (C) shCtrl vs shSIRT6, (D) NAM treated cells (10mg/ml, 12hrs). E) SIRT6-
KD cells transfected with either WT-SIRT®6, the catalytic mutant SIRT6-HY (catalytically
inactive) or the C-terminus deleted (non-SNF2H interacting) SIRT6 fragments, and (F)
shCtrl and shSIRTG6 cells pre-treated for two hours with chloroquine. G) Chromatin
accessibility at DNA breaks. Scheme of the experiment: DSBs were induced with the I-Scel
endonuclease, nuclei were isolated and digested with MNase. Different nucleosomal
fractions (mono, di and upper) were separated on an agarose gel, and the abundance of the I-
Scel site in the isolated DNA of each fraction was quantified using specific primers adjacent
to the breaks. (H) gPCR of the isolated DNA from the nucleosomes with primers adjacent to
the site of damage in shCtrl cells vs shSIRT6 cells. Data is represented as mean +/— SEM.
*p< 0.05, **p<0.01, ***p<0.001. See also Fig. S4.
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Figure 5. SIRT6 modulates H3K 56 deacetylation and recruitment of repair factorsat DSBs

A) Immunofluorescence showing H3K56ac at sites of damage after laser induced damage in
shCtrl and shSIRT6 U20S cells. H3K56Ac levels were measured at and besides damage
sites, data is represented as mean +/— SEM.. B) Quantification of GFP positive U20S-DR-
GFP cells transfected with H3-WT or H3K56Q mutant. C-E) High-throughput analysis of
foci number showing (C) 53BP1, (D) RPA and (E) yH2AX foci number per cell at different
time points after IR in shCtrl vs shSIRT6 U20S cells. F) Comet tail length for shCtrl and
shSIRT®6 is quantified at the indicated time-points. Representative pictures are shown (15
min. time-point). Data is represented as mean +/— SEM. p-values are abbreviated as in
Figure 4. See also Fig. S5.
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Figure 6. Decreased recruitment of repair factorsto laser-induced breaksin the absence of
SIRT6
Following laser-induced damage, recruitment of (A) ATM-P, (B) RPA, (C) 53BP1 and (D)

BRCA1 was quantified in the indicated genotypes, data is represented as mean +/— SEM.
See also Fig. S6.
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Figure 7. SIRT6 modulates SNF2H recruitment and DNA repair in vivo

A-B) Chromatin fractions or whole cell extracts from brains of 18 or 22 days old mice from
WT or SIRT6 KO animals with the noted antibodies C-E) Primary brain cells cultured for
14 days before damage and collected at different time points (shown is 30min post IR) for
RPA and 53BP1. F) Proposed model: SIRT6 is mobilized very early to the sites of damage,
recruiting SNF2H and deacetylating H3K56, allowing opening of chromatin and recruitment
of downstream repair factors, such as 53BP1, RPA and BRCAL. Data is represented as mean
+/- SEM. *p< 0.05, **p<0.001. See also Fig. S7.
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