1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Trends Biochern Sci. 2011 January ; 36(1): 39-46. doi:10.1016/j.tibs.2010.07.009.

Chromatin regulation and genome maintenance by mammalian
SIRT6

Ruth I. Tennen1:2 and Katrin F. Chual:2,3,"
1 Department of Medicine, Stanford University School of Medicine, Stanford, CA 94305

2 Cancer Biology Program, Stanford University School of Medicine, Stanford, CA 94305

3 Geriatric Research, Education and Clinical Center, VA Palo Alto Health Care System, Palo Alto,
CA 94304

Abstract

Saccharomyces cerevisiae Sir2 is an NAD*-dependent histone deacetylase that links chromatin
silencing to genomic stability, cellular metabolism, and lifespan regulation. In mice, deficiency for
the Sir2 family member SIRT6 leads to genomic instability, metabolic defects, and degenerative
pathologies associated with aging. Until recently, SIRT6 was an orphan enzyme whose catalytic
activity and substrates were unclear. However, new mechanistic insights have come from the
discovery that SIRTG6 is a highly substrate-specific histone deacetylase that promotes proper
chromatin function in several physiologic contexts, including telomere and genome stabilization,
gene expression, and DNA repair. By maintaining both the integrity and the expression of the
mammalian genome, SIRTG6 thus serves several roles that parallel Sir2 function. Here, we review
recent advances in understanding the mechanisms of SIRT6 action and their implications for
human biology and disease.

Sir2: A chromatin-aging connection

S. cerevisiae Sir2 is the founding member of an evolutionarily conserved family of proteins,
termed sirtuins, whose functions provided one of the first links between chromatin
regulation and aging. Sir2 promotes chromatin silencing at sub-telomeric DNA 1+ 2, silent
mating-type loci 2 3, and ribosomal DNA (rDNA) repeats 4~5. These effects of Sir2 on
chromatin are mediated by its NAD*-dependent histone deacetylase activity: Sir2 catalyzes
the deacetylation of several lysine residues on the amino terminal tails of histones H3 and
H4 and on the globular core of histone H3 711, Among these, deacetylation of H4 lysine 16
(H4K16) and H3 lysine 56 (H3K56) play prominent roles in mediating the silencing effects
of Sir2 10,12, 13,

In budding yeast, Sir2 regulates replicative lifespan—a model for the cellular aging of
mitotically active cells—through two chromatin-silencing activities. First, by suppressing
recombination between rDNA repeats, Sir2 prevents genomic instability and the excision
and accumulation of senescence-inducing extrachromosomal rDNA circles (ERCs) 14,
Second, recent work has shown that H4K16 acetylation levels increase at telomeres with
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replicative age, owing to an age-associated decrease in Sir2 protein levels. The resulting
chromatin changes lead to defects in telomere position-dependent transcriptional silencing
and trigger replicative senescence 12. This finding is particularly interesting for mammalian
biology, because maintenance of proper telomere function has an evolutionarily conserved
role in preventing genomic instability and cellular senescence, processes that are important
in mammalian aging and cancer. (By contrast, ERC accumulation appears to be specific to
yeast.) As described below, the human sirtuin SIRT6 parallels yeast Sir2 in linking telomeric
chromatin regulation to the prevention of cellular senescence (Fig. 1).

Interestingly, several studies have revealed aging-related Sir2 functions that might be
chromatin-independent, suggesting additional layers of complexity in the link between Sir2
and lifespan regulation. For example, Sir2 promotes asymmetric segregation of damaged
proteins to the yeast mother cell during cell division, and this asymmetry could contribute to
mother cell aging by generating toxic protein aggregates °. In addition, in a yeast model of
chronological aging (in which cells are not dividing), Sir2 blocks lifespan extension in
response to nutrient deprivation or mutations in nutrient-sensing pathways 16, in contrast to
its effects on replicative lifespan. Sir2 proteins also promote longevity in the post-mitotic
organisms Caenorhabditis elegans 17 and Drosophila melanogaster 18, although the
molecular pathways and biochemical activities of these sirtuin proteins appear to have
diverged from those of yeast Sir2. Notably, some studies have concluded that Sir2 proteins
are important for the lifespan extension induced by dietary restriction 18: 19: however, these
effects depend on the specific dietary regimens and genetic backgrounds used 20: 21,
Together, these data indicate that sirtuin proteins have complex effects on aging-related
processes in yeast and other model organisms.

Mammalian sirtuin proteins: Venturing out from chromatin

Mammalian genomes encode seven SIR2 family members, SIRT1-SIRT7 22: 23 and SIRT1 is
most closely related to yeast Sir2. However, whereas Sir2 appears to deacetylate histones
exclusively, SIRT1 is a robust and promiscuous deacetylase with more than 40 reported
substrates. SIRT1 deacetylates several histone residues to regulate facultative
heterochromatin 24, and can also modulate chromatin structure indirectly, by deacetylating
chromatin-regulatory enzymes such as TIP60 2° and SUV39H1 26, In addition, SIRT1
deacetylates many non-histone proteins and impacts on numerous physiologic processes,
including apoptosis, metabolism, and stress resistance 27.

Although SIRT1 remains the best characterized mammalian sirtuin, studies of the other six
family members have also revealed links to aging and metabolism 28, and as is the case for
SIRT1, some of the biochemical and physiologic functions of these proteins have evolved to
be quite different from yeast Sir2. In this context, the mammalian SIRTs vary widely in sub-
cellular localization: SIRT1, SIRT6, and SIRT7 are concentrated in different sub-nuclear
patterns; SIRT2 is predominantly cytoplasmic; and SIRT3, SIRT4, and SIRT5 appear to
reside in the mitochondria 2°. However, some controversy exists regarding the localizations
of certain mammalian SIRTS, and several of these proteins shuttle between cellular
compartments, suggesting cell type- and context-dependent regulation of sub-cellular
localization 3032,

Mammalian SIRTs have also diverged significantly from yeast Sir2 with respect to their
enzymatic activity and substrates, and several have been proposed to lack deacetylase
activity entirely. Indeed, despite intensive investigation by numerous groups 2% 33, 34 no
deacetylase activity was detected for SIRT6 for several years after its discovery (and
deacetylase activity for SIRT4 and SIRT7 remain elusive). Recently, this barrier was
overcome with the discovery of site-specific histone deacetylase activity for SIRT6, which
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has allowed new links to be drawn between SIRT6 and several important molecular and
cellular pathways that impact on aging, metabolism, cancer, and other diseases.

In this review, we explore the evolution of the SIRT6 field, highlighting the complementary
insights that have come both from mouse genetics and whole organism physiology, and—
more recently—from biochemical and mechanistic studies of human SIRT®6.

SIRTching for a function through knockout mice

The first clues to the in vivo function of SIRT6 came from gene-targeted inactivation of
Sirt6 in mice 3. SIRT6-deficient mice, though small, appear relatively normal after birth.
Beginning at around two weeks of age, however, these mice develop striking degenerative
phenotypes, some of which overlap with pathologies observed in aging. These phenotypes
include spinal curvature abnormalities, osteoporosis, loss of subcutaneous fat, colitis, and
severe lymphocyte apoptosis due to systemic (non-cell-autonomous) causes 32, The mice
also experience dramatic metabolic defects, with a precipitous drop in serum glucose levels
despite low levels of the insulin-like protein IGF-1, and all Sirt6~/~ mice die by one month
of age. Although the functional deterioration and early demise of SIRT6-deficient mice
occur earlier and more abruptly than is generally observed in classical premature aging
models, the phenotype of SIRT6-deficient mice is reminiscent of these progeroid
syndromes, and SIRT® is clearly important for organismal homeostasis and normal health
span.

On the cellular level, SIRT6 deficiency leads to marked genomic instability and
hypersensitivity to ionizing radiation (IR), methylmethanesulfonate (MMS), and hydrogen
peroxide (H,05,), cellular phenotypes consistent with potential defects in base excision
repair (BER) or DNA double-strand break (DSB) repair. Notably, several mouse models of
defective DNA repair are associated with defects in insulin/IGF-1 signaling and metabolism
36, and it has been suggested that SIRT6 might influence metabolism through its role in
protecting genome integrity 37: 38,

Together, the phenotypes of Sirt6 ”~mice and cells demonstrate that SIRT6 is important for
many aspects of organismal health, and that SIRT6 loss confers multiple phenotypes
relevant for aging, metabolism, and cancer.

An orphan enzyme finds its substrates: SIRT6 deacetylates H3K9 and

H3K56

Despite the profound cellular and organismal consequences of SIRT6 deficiency in mice, the
function of SIRT6 at the molecular level remained unclear. SIRT6 was found to associate
with chromatin 2% 35, but a specific chromatin-regulatory function remained elusive, and
multiple studies failed to identify histone deacetylase activity for SIRT6 2% 33: 34 |nstead,
early in vitro analyses revealed that SIRT6 can promote mono-ADP-ribosylation 3% 35 an
alternative NAD*-dependent reaction that has been observed for some sirtuins 22 39, Indeed,
individual SIRT6 molecules undergo intramolecular mono-ADP-ribosylation, leading to the
suggestion that auto-ribosylation might contribute to the regulation of SIRT6 activity 34. So
far, weak 29 35 or no 34 ADP-ribosylation activity has been detected for SIRT6 on substrates
other than itself, and it remains to be determined whether there are physiologic ADP-
ribosylation trans-substrates of SIRT6.

A breakthrough in understanding the molecular mechanisms of SIRT6 function came with
the discovery of the enzymatic activity and first known substrate of SIRT6: NAD™-
dependent deacetylation of histone H3 lysine 9 (H3K9Ac) 4. An in vitro screen of
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acetylated histone tail peptides found that SIRT6 specifically deacetylates H3K?9, but lacks
activity on at least a dozen other histone tail residues 0. Such a high degree of intrinsic
substrate specificity is unusual for a mammalian histone deacetylase and likely explains the
prior difficulties in detecting deacetylase activity for SIRT6. Because histone deacetylation
is associated with decreased chromatin accessibility, the discovery of histone deacetylase
activity for SIRT6 prompted a series of studies that demonstrated roles for SIRT6 in
regulating telomeric chromatin, gene expression, and the dynamic chromatin association of
DNA repair factors.

Following the discovery of the H3K9 deacetylase activity of SIRT6, two groups
independently identified a second substrate for SIRT6: lysine 56 of histone H3 (H3K56Ac)
41,42 3 non-tail acetylation mark on the globular core of histone H3. A relatively unstudied
chromatin mark only recently demonstrated to exist in mammalian cells 43: 44, H3K56Ac
has garnered interest because of its links to genomic stability and DNA damage sensitivity
in yeast 4747, Moreover, several yeast sirtuin proteins deacetylate H3K56 19: 48, Sparked by
these observations, as well as by similarities between the sequence contexts of H3K56 and
H3K9, one group showed that human SIRT6 deacetylates H3K56 and contributes to
dynamic changes in H3K56Ac levels at telomeres during the cell cycle 41, At the same time,
a second study focused on murine SIRT6 and demonstrated that global levels of H3K56Ac
are dramatically elevated in SIRT6-deficient mouse cells and tissues 42. Together, these
findings suggest that one mechanism by which SIRT6 might impact on genomic stability is
through its activity as an H3K56 deacetylase. Whether this occurs in genomic contexts in
which SIRTE6 is already known to function—such as at telomeric chromatin, DNA DSBs, or
sites of transcriptional regulation—or at additional sites throughout the genome is an
exciting area of future study.

To the core and beyond: Biochemical dissection of SIRT6 function

Sirtuin proteins consist of a conserved central sirtuin domain’—thought to comprise an
enzymatic core—flanked by variable N- and C-terminal extensions (Fig. 1). Understanding
the mechanistic and regulatory functions of these domains can provide important insights
into the physiologic regulation of sirtuin proteins and potentially aid in the design of
pharmacologic modulators. A recent study provided such an analysis of SIRT6, revealing
that the N- and C-terminal domains of SIRT6 play important roles in regulating SIRT6
function: the C terminus is required for proper nuclear localization but is dispensable for
enzymatic activity, whereas the N terminus is important for chromatin association and the
intrinsic catalytic activity of SIRT6 4. Furthermore, substitution of a conserved catalytic
residue within the core domain of SIRT6 not only abrogates SIRT6 enzymatic activity but
also leads to impaired chromatin association in cells despite proficient nucleosome binding
in vitro 49, raising the intriguing question of why catalytic activity is required for chromatin
association in cells. One possibility is that histone deacetylation by SIRT6 might stabilize
SIRT6 occupancy at chromatin or promote propagation of SIRT6 molecules along
chromatin, in a manner analogous to the spreading of the Sir2 complex to generate silent
chromatin in yeast %052, Alternatively, auto-ADP-ribosylation of SIRT6 34 might generate a
novel interface for chromatin binding, and such interactions could be important for
stabilizing or propagating SIRT6 at chromatin. Indeed, ADP-ribose binding activity has
been reported for the macro domain, which is present on macroH2A, a histone variant
enriched at silent chromatin 3. Together, these biochemical studies suggest that the N- and
C-terminal extensions of SIRT6 could serve as sites of regulation, in both physiologic and
pharmacologic contexts.
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At the ends of chromosomes: SIRT6 regulates telomeric chromatin

The discovery of H3K9 and H3K56 deacetylase activity for SIRT6 suggested new
hypotheses and testable models for SIRT6 functions at the molecular, cellular, and
organismal levels. The first physiologic context in which SIRT6 was shown to play an
important chromatin-regulatory role was in maintaining the integrity of telomeric chromatin
(Fig. 2). Telomeres are specialized DNA-protein structures that protect linear chromosome
ends from aberrant DNA repair, degradation, and fusion 4. Mammalian telomeres are
packaged into heterochromatin-like structures >°, but relatively little is understood about the
role of specific chromatin modifications in telomere metabolism, especially in human cells.
In concert with the discovery of its histone deacetylase activity, SIRT6 was shown to
associate with telomeric chromatin, where it deacetylates H3K9 40 and H3K56 41. Depletion
of SIRT6 from primary human fibroblasts and human cancer cells leads to hyperacetylation
of H3K9 and H3K56 at telomeres specifically in S-phase 40 41, In primary human cells, the
resulting abnormalities in telomeric chromatin lead to stochastic replication-associated
telomere sequence loss, accumulation of telomeric DNA damage foci, and genomic
instability with chromosomal end-to-end fusions 4°. Ultimately, this telomere dysfunction
triggers premature cellular senescence 40. Mechanistically, site-specific histone
deacetylation by SIRT6 at telomeres is required for stable telomere association of WRN, a
telomere-processing factor mutated in Werner Syndrome, a disorder of premature aging and
cancer susceptibility 40. Together, these observations suggest that SIRT6-mediated histone
deacetylation promotes formation of a specialized chromatin state at telomeres that prevents
aberrant telomere metabolism.

Notably, Sirt6~~ mouse cells also display hyperacetylated telomeric chromatin 4°. As
expected, however, these cells do not exhibit the functional consequences of this
hyperacetylation—such as chromosomal end-to-end fusions—because mouse telomeres are
long and have considerable functional reserve. Indeed, deficiency in mice for a number of
telomere maintenance factors does not lead to severe functional defects unless the mouse
telomeres are allowed to shorten or be —humanized through several generations in a
telomerase-negative genetic background °6: 57, One would predict that such a background
would unmask functional telomere defects in SIRT6-deficient mouse cells.

The discovery that SIRT6 plays a critical role at human telomeres has important
implications for cancer and aging. First, proper telomere structure is required to maintain
genomic stability, and chromosomal instability is a hallmark of human cancer cells 8. In
addition, telomere length decreases with cellular, and possibly organismal, age > €0,
suggesting that SIRT6’s role at telomeres—Iike the role of its yeast counterpart Sir2 (Fig. 1)
—might be important in the biology of aging. Future studies examining the effect of SIRT6
loss on telomeric gene silencing and on the biology of late-generation telomerase-deficient
mice harboring short telomeres should provide further insight into such roles.

Linking SIRT6 to DNA repair

Several observations have linked SIRT6 to DNA repair and suggested models in which
SIRT6 impacts on specific DNA repair pathways through chromatin regulation (Fig. 2).
SIRT6 was initially hypothesized to play a role in BER, because the DNA damage
hypersensitivity of SIRT6-deficient cells could be rescued by over-expression of the isolated
dRP lyase domain of DNA polymerase 8, which catalyzes the rate-limiting step in BER 3.
Previous work had shown that BER is hampered on chromatinized substrates in vitro, thus
leading to the speculation that SIRT6 might regulate chromatin to increase the accessibility
of DNA to BER factors. In this context, the dRP lyase domain of polymerase B might rescue
BER defects in SIRT6-deficient cells because it is small enough to access DNA even in the

Trends Biochem Sci. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tennen and Chua

Page 6

presence of chromatin constraints. However, a definitive role for SIRT6 in BER has not
been demonstrated, as SIRT6 was not found to physically interact with BER factors or to
colocalize with these factors at sites of DNA damage 2°, and BER defects in cell-based
assays of SIRT6-deficient cells have not been reported.

Recently, biochemical and functional studies of SIRT6 in human cells have revealed an
unexpected role for SIRT6 in enabling efficient DNA DSB repair 1. An unbiased search for
SIRT6-associated factors found that SIRT6 interacts with proteins involved in the non-
homologous end-joining (NHEJ) pathway of DSB repair, including DNA-PKcs and
Ku70/80. Consistent with this finding, SIRT6 was shown to associate dynamically with
chromatin in response to DSBs, promote a global decrease in H3K9Ac levels following
DNA damage, and stabilize the DNA damage-dependent association of DNA-PKcs with
chromatin. Moreover, in a system for studying biochemical events at defined DSBs (using
site-specific endonucleases such as I-Scel and I-Ppol), SIRT6 was detected at chromatin
flanking the DSBs and was required for stabilization of DNA-PKcs at these breaks. In
SIRT6-depleted cells, accumulation of unrepaired DSBs was observed in both the site-
specific DSB system and in comet assays that monitor DNA breaks at the single cell level.

The discovery that SIRT6 modulates DSB repair in human cells was somewhat unexpected
given previous results in SIRT6-deficient mice 35, but there are several potential
explanations for this discrepancy. For example, Sirt6 '~ mice do not appear to have
dramatic defects in V(D)J recombination, a process of programmed rearrangement of
immunoglobulin genes that is abrogated by inactivation of NHEJ 62; in this context, it is
possible that the requirement for SIRT6 in chromatin regulation during NHEJ might be
assumed by lymphocyte-specific V(D)J recombination factors 62: 63, 1n addition, differences
in assay sensitivity or compensatory mechanisms in the mouse knockout might have
prevented detection of DSB repair defects.

Regardless of the mechanism, it appears that SIRT6 is required for changes in chromatin
structure at DSBs that allow for efficient association of DSB repair proteins, and that
impaired DSB repair might contribute to the genomic instability of SIRT6-deficient cells.
This model provides an interesting parallel with the genome-stabilizing role of yeast Sir2
(Fig. 1) and suggests another link between SIRT6 and the genomic instability observed in
cancer cells and aged cells. An important question is whether SIRT6 influences other DNA
repair pathways—such as BER —through a similar mechanism, a possibility that can be
directly tested in the future.

Sounds of silence: SIRT6 modulates gene expression programs

Another important physiologic context for site-specific histone deacetylation by SIRT6 is in
transcriptional repression (Fig. 2). The first study linking SIRT6 to transcriptional regulation
centered on nuclear factor-kappa B (NF-kB), a transcription factor that plays pivotal roles in
regulating aging-, proliferation-, and inflammation-related gene expression programs 54,
Upon NF-kB activation by tumor necrosis factor alpha (TNFa), SIRT6 is recruited to
promoters of a subset of NF-«xB target genes through a physical interaction with the NF-xB
subunit RELA (also known as p65) 5. SIRT6 deacetylates H3K9 at these promoters, which
leads to destabilization of RELA promoter occupancy and attenuation of NF-«B signaling.
In addition, genomic analyses revealed hyperactivation of certain NF-kB-dependent gene
expression programs in SIRT6-deficient human and mouse cells, as well as in multiple
SIRT6-deficient mouse tissues, leading to increased expression of NF-kxB target genes,
including genes involved in inflammation, metabolism, and aging-related processes.
Strikingly, RelA heterozygosity partially rescued the premature lethality of SIRT6-deficient
mice, attenuated some of their degenerative and metabolic defects, and reversed the
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excessive levels of NF-kB-driven gene expression observed in these mice, indicating that
hyperactive NF-kB signaling contributes to the phenotypes of Sirt6 knockout mice °.
Together, these observations suggest a feedback mechanism wherein SIRT6 regulates the
termination of NF-xB-driven gene expression, which is essential for tight control of NF-xB
signaling.

Recently, a second role for SIRT6 in transcriptional regulation was reported, this time in the
context of the hypoxia-inducible transcription factor HIF1a, an important regulator of
glucose homeostasis that has been linked to lifespan regulation 6 and cancer 7. SIRT6 was
shown to interact physically with HIF1a and associate with the promoters of a subset of
glucose-regulatory HIF1a target genes in a HIF1a-dependent manner. Consistent with the
previously discovered function of SIRT6 as an H3K9 deacetylase, SIRT6 deficiency leads to
hyperacetylated H3K9 at these promoters, and increased expression of these genes in
Sirt6~/~ mice causes an increase in glucose uptake and glycolysis in several tissues 8. These
data suggest that under normal nutrient conditions, SIRT6 might compete with HIF1a to
direct glucose flux away from glycolysis and towards oxidative phosphorylation, perhaps by
inhibiting HIFLo—promoter association or blocking HIF1a activity at its target genes. An
interesting question is how the interaction between SIRT6 and HIF1o would fit with such a
model, and why the association of SIRT6 with its target promoters is dependent on HIF1a.

The newly discovered roles for SIRT6 as a transcriptional regulator suggest that modulation
of NF-kB and HIF1a gene expression programs might be only the tip of the SIRT6 iceberg.
Indeed, hundreds of genes are differentially expressed in Sirt6~~ mouse cells compared to
wild-type controls 5. Moreover, several different cis-regulatory motifs are associated with
these gene expression changes, suggesting that SIRT6 regulates numerous gene expression
programs, perhaps in tissue- and/or condition-specific manners. Interestingly, in contrast to
yeast Sir2, which silences the expression of heterochromatin-like loci, the transcriptional
regulatory activity of SIRT6 has thus far been linked to the repression of euchromatic genes
(Fig. 1). Whether SIRT6 also regulates the expression of heterochromatic loci remains to be
determined.

SIRT6 goes metabolic

As NAD™-dependent histone deacetylases, sirtuin proteins are intrinsically linked to cellular
metabolism, given that NAD* levels reflect cellular redox and energy states 7 %, The
striking metabolic phenotype of Sirt6 '~ mice—including an apparently lethal
hypoglycemia despite low levels of IGF-1 3°—is consistent with an important metabolic role
for SIRT6. Indeed, SIRT6-overexpressing mice fed a high-fat diet were found to exhibit
improved lipid profiles and increased glucose tolerance compared to wild-type controls 69.
The role of SIRT6’s histone deacetylase activity in this mouse model, however, remains to
be clarified.

Because the dramatic drop in serum glucose levels in SIRT6-deficient mice is thought to be
a primary contributor to their early lethality, understanding the mechanisms underlying the
de-regulation of glucose homeostasis is an area of notable interest. Some mechanistic insight
into this metabolic phenotype has come from the observation that isolated SIRT6-deficient
mouse embryonic stem (ES) cells and mouse embryonic fibroblasts (MEFs) exhibit
increased glucose uptake in culture and increased expression of glycolytic genes 8. These
data suggest that the hypoglycemia of Sirt6 '~ mice is due to a cell-autonomous defect in
glucose metabolism 8. In vivo, the increase in glucose uptake appears to be tissue-specific:
it was observed in brown adipose tissue and muscle but not in liver, brain, or heart.
Importantly, inactivation of HIF1a either pharmacologically or through RNA interference
can temporarily rescue the glucose uptake defects of SIRT6-deficient cells and the
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hypoglycemia of SIRT6-deficient mice 68, suggesting that increased activity of HIF1a
contributes to the glucose metabolism defects of these mice.

Although these studies reveal interesting roles for the SIRT6-HIF1a interaction in ES cells
and MEFs, HIF1a is best known for its role in cancer cell metabolism and the cellular
response to hypoxia 7. Thus, it will be important to determine how SIRT6 deficiency
affects the hypoxic response of mouse and human cancer cells. In addition, the observed
tissue specificity of the glucose metabolism defects suggests that SIRT6 might play different
roles in different physiologic contexts. Studies aimed at identifying upstream regulators of
SIRT6 should provide insight into these differences.

Concluding remarks and future directions

Work over the past several years has demonstrated that SIRT6 is a site-specific histone
deacetylase that plays critical roles in maintaining telomere integrity, fine-tuning aging-
associated gene expression programs, preventing genomic instability, and maintaining
metabolic homeostasis, thus impacting on several pathways relevant for cancer, metabolism,
and aging (Fig. 3). These new findings raise many questions, both mechanistic and
physiologic.

First, SIRT6 appears to function at specific sites in the genome, including telomeres, DNA
DSBs, and NF-xB and HIF1a target promoters. Does SIRT6 play a role in other genomic
contexts? Based on the available genome-wide data 5, it seems likely that SIRT6 binds to
additional gene promoters. Given its role in maintaining proper chromatin structure at
telomeres, might SIRT6 associate with other regions of silent chromatin such as centromeric
heterochromatin or the inactive X chromosome? Apart from transcription and DNA repair,
does SIRT6 function in other chromatin-templated processes such as DNA replication? And
how is SIRTG6 recruited to these varied genomic loci? We also speculate that SIRT6 might
have additional histone- and non-histone substrates that contribute to its roles in regulating
genome integrity and gene expression. Genome-wide occupancy studies and the
identification of SIRT6-interacting proteins will be critical in defining the role of SIRT6 in
these and other cellular contexts.

Second, might there be functional interactions between SIRT6 and other mammalian sirtuin
proteins? Crosstalk between different histone modifications is an important aspect of
chromatin regulation 70 71, suggesting that site-specific deacetylation of H3K9 or H3K56
by SIRT6 and deacetylation of other histone residues by SIRT1 24, SIRT2 72, and/or other
sirtuins might cooperate to effect proper chromatin regulation.

Third, is there interplay between SIRT6’s roles in regulating genomic stability and
maintaining metabolic homeostasis? Or does SIRT6 affect DNA repair and metabolism
independently, through modification of histones at unique genomic loci? For example,
altered metabolism in the absence of SIRT6 might lead to increased accumulation of DNA
damage, or impaired DNA repair could trigger a compensatory metabolic response, as has
been observed in mice lacking core nucleotide excision repair (NER) proteins 36,

Fourth, how might SIRT6 impact on cancer? Through its roles in maintaining genome
stability and regulating metabolism, SIRT6 might be expected to impact strongly on
oncogenic transformation and tumorigenesis. Indeed, several studies have hinted at links
between SIRT6 and cancer: the SIRT6 chromosomal locus—19p13.3—is a frequent site of
breakage in human acute myeloid leukemia 73; SIRT6 was identified in a genome-wide
screen for genes required for K-ras-mediated upregulation of Fas in NIH-3T3 cells 74; the
shift from aerobic respiration to glycolysis observed in SIRT6-deficient mouse cells 8 is
reminiscent of the Warburg effect, in which cancer cells switch from oxidative
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phosphorylation to aerobic glycolysis 57; and a recent report suggests that global H3K56
acetylation is increased in many types of human cancer (including skin, thyroid, breast,

liver, and colon cancers) and correlates with tumor grade 44, raising the intriguing possibility
that aberrant H3K56 acetylation at specific genomic sites in the absence of SIRT6 might
contribute to tumorigenesis. Studies examining the role of SIRT6 in cellular transformation
and in xenograft tumor models should provide insight into the role of SIRT6 in cancer, as
will mice in which Sirt6 is deleted or overexpressed in a tissue-specific and temporally
regulated manner.

Finally, can we use recent insights into SIRT6 function—including functional dissection of
SIRT6 and the growing list of physiologic contexts in which SIRT6 plays a crucial role—to
inform the development of pharmacologic modulators of SIRT6 as treatments for diseases of
premature aging, metabolic disorders, and cancer? Future research on SIRT6 will
undoubtedly provide exciting new insights into chromatin regulation at both the biochemical
and physiologic levels.
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Figure 1.

From yeast to mammals: Parallel functions for Sir2 and SIRT6. A) Schematic of yeast Sir2
and mammalian SIRTS, highlighting the conserved central sirtuin domain (blue). B)
Overlapping functions for Sir2 and SIRT6 in regulating telomeric chromatin, genomic
stability, and gene expression. i. At yeast telomeres, histone deacetylation by Sir2 is required
for telomere position effect, the reversible silencing of sub-telomeric gene expression.
SIRT®6 is required for generating a proper chromatin structure at human telomeres; this
structure allows the binding of the telomere-processing factor WRN and prevents aberrant
telomere metabolism. Whether SIRT6 is important for gene silencing due to telomere
position effect in human cells is not currently known. ii. Yeast Sir2 maintains genomic
stability by preventing recombination at the rDNA locus, thus suppressing formation of
senescence-inducing extrachromosomal rDNA circles (ERCs). In mammalian cells, SIRT6
contributes to genomic stability by preventing chromosomal fusions between dysfunctional
telomeres, by enabling efficient DNA repair, and perhaps by regulating H3K56 acetylation.
iii. Sir2 is required for the transcriptional silencing of three heterchromatin-like domains in
yeast: inactive mating-type loci, sub-telomeric DNA, and rDNA repeats. Although SIRT6
also represses gene expression, its reported effects thus far are at euchromatic regions of the
genome (NF-xB and HIF1a target genes).
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Figure 2.

Chromatin-bound: SIRT6 regulates multiple chromatin-templated processes. A. SIRT6
deacetylates H3K9 and H3K56 at telomeres, and SIRT6 depletion triggers aberrant telomere
metabolism. B. SIRT6 enables efficient DSB repair. C. Although the role of SIRT6 in BER
has not been clearly defined, the spectrum of DNA damage sensitivities of Sirt6 7~ mouse
cells and the results of functional complementation assays suggest a potential chromatin-
regulatory function for SIRT6 in this repair pathway. D. SIRT6 represses NF-kB and HIF1a
target gene expression, and might act in conjunction with other transcription factors (TFs) to
regulate additional gene expression programs. Question marks indicate hypothesized or
uncharacterized roles for SIRTG6.
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Figure 3.

From orphan enzyme to site-specific deacetylase. By deacetylating lysines 9 and 56 on
histone H3, SIRT6 modulates chromatin structure to regulate telomere integrity, DNA
repair, and gene expression, thus impacting on processes important for cancer, metabolism,
and aging.
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