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Abstract

In recent years there has been a large expansion in our understanding of SIRT6 biology, including
its structure, regulation, biochemical activity and biological roles. SIRT6 functions as an ADP-
ribosylase and NAD*-dependent deacylase of both acetyl groups and long-chain fatty acyl groups.
Through these functions SIRT6 impacts cellular homeostasis by regulating DNA repair, telomere
maintenance and glucose and lipid metabolism, thus affecting diseases such diabetes, obesity,
heart disease, and cancer. Such roles may contribute to overall longevity and health of the
organism. Until recently, much of the known functions of SIRT6 were restricted to the chromatin.
In this article, we seek to describe and expand this knowledge with recent advances in
understanding the mechanisms of SIRT6 action and their implications for human biology and
disease.
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Sirtuins

The sirtuins are a family of highly conserved, nicotinamide adenine dinucleotide (NAD)*-
dependent enzymes that are central regulators of lifespan in lower organisms. The founding
member of the sirtuin family, Sir2, was originally discovered in Saccharomyces cervisiae in
a screen for silencing factors (silencing information regulator) [1, 2]. Sir2 promotes
longevity by suppressing the formation of toxic extrachromosomal ribosomal DNA circles
in yeast [3-6]. Additionally, Sir2 functions in a complex with other Sir proteins to repress
transcription at the silent mating type loci [7, 8] and subtelomeric sequences [8, 9]. Such
repressive functions are dependent on Sir2 histone deacetylase activity [10-12].

Mammals have seven sirtuins (SIRT1-7) [13, 14], with broad cellular functions including
energy metabolism, cellular stress resistance, genomic stability, aging and tumorigenesis
(reviewed in [15]). Each family member has distinct functions and subcellular localizations.
SIRT6 and SIRT7 are found in the nucleus, SIRT3, SIRT4 and SIRTS5 are found in the
mitochondria and SIRT1 and SIRT2 have been found in both the nucleus and the cytosol
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[16]. Since their discovery, the field of sirtuin biology has exploded, demonstrating the
importance and diversity of roles of this important class of proteins in human biology and
disease.

In this review, we will focus on SIRT6 and its diverse enzymatic activities including NAD™-
dependent deacetylation and mono ADP-ribosylation. We will discuss how these enzymatic
activities impart SIRT6 with unique biological functions in genomic stability/DNA repair,
inflammation and glucose/lipid metabolism, and finally we will relate these findings to how
SIRT6 impacts organismal function and disease with respect to heart disease, diabetes,
obesity, cancer and aging.

Mouse knockout models for all of the sirtuins have been used as tools for exploring sirtuin
function. In this regard, SIRT6 deficient mice develop normally for the first two weeks, but
then undergo several acute degenerative processes, dying at around one month of age.
Defects observed in these mice are severe hypoglycemia, low levels of serum insulin growth
factor receptor-1 (IGF-1), loss of subcutaneous fat, a curved spine and lymphopenia,
resembling a progeroid-like syndrome [17]. At the cellular level, SIRT6 deficiency leads to
a switch in glucose metabolism, as discussed in detail below, and marked genomic
instability, with hypersensitivity to ionizing radiation, methylmethanesulfonate, and
hydrogen peroxide, which are all cellular phenotypes consistent with potential defects in
base excision repair (BER). SIRT6 thus promotes resistance to DNA damage and oxidative
stress and suppresses genomic instability, while playing a role in metabolic homeostasis
[17]. These studies provided the first insight into the diverse functions of SIRT6 and
highlight the importance of SIRT6 in aging, metabolism and cancer.

SIRT6 is tightly bound to chromatin [16, 17] and is best characterized as a NAD*-dependent
deacetylase of histone H3 lysine 9 (H3K9) [18] and H3 lysine 56 (H3K56) [19, 20] (Box 1).
Histone deacetylation is associated with a closed chromatin conformation and decreased
chromatin accessibility. Thus, the discovery of this enzymatic activity instigated a series of
studies that demonstrated roles for SIRT6 in regulating telomeric chromatin, the dynamic
binding of DNA repair factors to chromatin and gene expression.

Genomic Stability and DNA Repair

Telomere maintenance

Loss of SIRT6 leads to the formation of dysfunctional telomeres with stochastic replication-
associated telomere sequence loss, accumulation of telomeric DNA damage foci, and
genomic instability with chromosomal end-to-end fusions that help drive the cell into
premature senescence. SIRT6-mediated deacetylation of telomeric H3K9 [18] and H3K56
residues [19] during S-phase is required for efficient association of the Werner syndrome
(WRN) protein with telomeric chromatin [18] (Figure 1). The WRN protein is a RECQ-like
helicase that plays a major role in genome stability, particularly during DNA replication and
telomere metabolism [21]. WRN may be required for proper capping of telomeres by the
telosome/shelterin complex as well as for replication of lagging telomeric DNA [22];
therefore, the genomic instability observed when SIRT®6 is lost could partly be explained by
the loss of association between WRN and chromatin [18].

Base excision repair

From SIRT6 knockout mouse studies, SIRT6 was initially hypothesized to play a role in
facilitating BER [17]. One mechanism may be simply that SIRT6 regulates chromatin to
increase the accessibility of DNA to BER factors; another possibility is that lack of SIRT6
may increase levels of oxidative stress, given it's role in activating PARP1 following
oxidative damage (see below); however such models awaits experimental confirmation.
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Double-strand break repair

Evidence also points to a role for SIRT6 in double strand break (DSB) repair.
Overexpression of SIRT6 improved the efficiency of non-homologous end joining (NHEJ)
and homologous recombination (HR). Both deacetylation and mono-ADP-ribosylation
activities of SIRT6 are required to stimulate DSB repair. More specifically, SIRT6 was
found to interact with and ADP-ribosylate PARP1 and stimulate its poly-ADP-ribosylation
activity [23] (Figure 1). Notably, the requirement for this SIRT6/PARP1 function in DSB
repair was only seen upon oxidative stress, suggesting that the effect of SIRT6 on PARP1
may only play a role during DNA damage caused by oxidative stress [23]. As PARP1 is
involved in both BER and DSB repair, the role of SIRT6 as an activator of PARP1 may also
explain the BER defects observed in SIRT6 deficient cells.

Further evidence that SIRT6 is involved in DSB repair and more specifically HR is the
finding that SIRT6 interacts with and deacetylates CtIP [C-terminal binding protein (CtBP)
interacting protein] [24] (Figure 1). CtIP [25, 26] and BRCAL1 [27] are responsible for DSB
end resection, which results in single-stranded DNA (ssDNA). This ssDNA is bound by
replication protein A (RPA), leading to the formation of a sSSDNA-RAD51 nucleoprotein
filament that mediates HR [28]. SIRT6 loss impaired the accumulation of RPA and ssDNA
at DNA damage sites, reduced the rates of HR, and sensitized cells to DSB-inducing agents.
SIRT6 thus promotes end resection and HR thereby improving genome stability [24].
Interestingly, CtIP is the first non-histone substrate discovered for SIRT6 deacetylase
activity. The finding that SIRT6 can deacetylate cellular proteins has the potential to expand
the substrates for SIRT6 and thus its biological roles.

SIRTG is also interacts with the DNA-dependent protein kinase (DNA-PKc) holoenzyme
macromolecular complex, which is comprised of repair factors such as DNA-PKcs and
Ku70/80. This complex is known to promote DNA DSB repair by NHEJ in mammalian
cells. In response to DSBs, the interaction between SIRT6 and chromatin is stabilized and
global deacetylation of H3K9 is observed. Additionally, SIRT6 is required for the
mobilization and stabilization of the DNA-PKs with chromatin in response to DSBS,
however it remains unclear whether the latter requires SIRT6 enzymatic activity [29].

Finally, recent studies indicate that SIRT6 deacetylation of H3K56 and interaction with the
ATP-dependent chromatin remodeler SNF2H accelerates the localization of SNF2H to sites
of DSB damage and both of these events are required for efficient DSB repair [30] (Figure
1). Indeed, SNF2H increases local chromatin accessibility at DNA breaks and is required for
proper DNA repair. Lack of SIRT6 profoundly impacts downstream recruitment of DNA
repair factors both in vitro and in vivo, suggesting that both H3K56 deacetylation and
SNF2H chromatin remodeling play critical roles in the DSB DNA repair pathway [30].

Overall, it is now clear that SIRT6 impacts genome integrity and DNA repair in multiple
ways. Future studies will dissect how these different roles are coordinated and which of
them are crucial for each type of DNA damage repair mechanism.

Metabolism

Glucose metabolism

SIRT®6 is a central regulator of glucose homeostasis where SIRT6 function impacts both
glycolysis and gluconeogenesis. As mentioned earlier, SIRT6 deficient mice exhibit severe
hypoglycemia that ultimately leads to death by one month of age [17]. This was not due to
defects in glucose absorption in the intestine or increased glucose secretion by the kidney.
Strikingly, SIRT6 deficient mice were found to exhibit a pronounced increase in glucose
uptake in both muscle and brown adipose tissue (BAT), potentially explaining the
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hypoglycemic phenotype of SIRT6-deficient mice. Furthermore, SIRT6-deficiency causes a
specific and cell-autonomous increase in glucose uptake in multiple cell types invivoand in
vitro [31]. The increased uptake of glucose in the absence of SIRT6 correlated with an
increase in membrane glucose transporter -1 (GLUT1) expression and enhanced glycolysis,
whereas mitochondrial respiration was inhibited. SIRT6 was found to directly suppress
expression of multiple glucose-metabolic genes [(pyruvate dehydrogenase kinase-1 (PDK1),
lactate dehydrogenase (LDH), phosphofructokinase-1 (PFK1) and GLUT1] by interacting
with hypoxia inducible factor-1a (HIF1a) and deacetylating H3K9 at the promoter of
HIF1a target genes (Figure 1). HIF1a is known to modulate multiple genes in order to
activate glycolysis and simultaneously repress mitochondrial respiration in a coordinated
fashion. The importance of SIRT6-medited inhibition of HIF1a was validated in vivo where
treatment of SIRT6-deficient mice with a HIF1a inhibitor rescued the hypoglycemic
phenotype [31].

In addition to impacting glycolysis, Zhong et al. also found that expression of gluconeogenic
genes were higher in SIRT6-deficient livers, suggesting that the liver was trying to
compensate for the hypoglycemia. This observation was further investigated by Puigserver
and colleagues, who found that SIRT6 plays a direct role in controlling gluconeogenesis in
the liver [32]. SIRT6 controls gluconeogenesis through regulation of peroxisome
proliferator-activated receptor-y coactivator 1-a (PGC-1a), the main regulator of
gluconeogenesis that stimulates hepatic gluconeogenesis in part by increasing the expression
of gluconeogenic enzymes [33]. SIRT6 does this through its interaction with General
Control Non-repressed Protein 5 (GCN5) (Figure 1), which enhances its activity. GCN5, in
turn, is an acetyltransferase that catalyzes acetylation of PGC-1a. Acetylation of PGC-1a
coincides with PGC-1a's relocalization away from the promoters of its gluconeogenic
enzyme target genes, thus SIRT6 suppresses hepatic glucose production. In addition, hepatic
SIRT6 was reduced in obese/diabetic mice, and expression of SIRT6 normalized blood
glucose levels. Overall, these findings point to another non-histone substrate for SIRT6,
namely GCN5, and have uncovered a SIRT6-mediated pathway for the control of PGC-1a
activity and hepatic glucose production [32]. Interestingly, another study demonstrated that
SIRT6 overexpression reduces gluconeogenic gene expression in the liver of wild type but
not liver-specific Forkhead box O1 (Fox01)/3/4 knockout mice [34]. Thus, it is possible that
SIRT6 modulates hepatic gluconeogenesis through both PGC-1a and FoxO1, however it
remains to be determined whether those functions are inter-dependent.

Lipid metabolism

An important finding is that the absence of SIRT6 results in accumulation of triglycerides
(TG), which is associated with fatty liver disease or hepatic steatosis. SIRT6 deficiency
resulted in increased expression of genes responsible for hepatic long-chain fatty acid uptake
and reduced expression of genes for -oxidation. SIRT6 deficiency also increased
expression of several genes involved in multiple steps of TG synthesis. These data suggest
that SIRT6 serves as a negative regulator of TG synthesis [35]. Additionally, SIRT6-
overexpressing mice fed a high-fat diet were found to exhibit a decrease in visceral fat
accumulation, improved blood lipid profile, glucose tolerance, and insulin secretion, and
reduced expression of selected PPARy-regulated genes which are involved in lipid
metabolism, lipid transport and adipogenesis, thus dramatically affecting lipid homeostasis
[36]. The role of SIRT6 histone deacetylase activity in this mouse model, however, remains
to be clarified.

Additionally, SIRT6 was found to play an important role in the protective effects of
rosiglitazone (RGZ), a thiazolidinedione that acts as an agonist of PPARy and is a treatment
for hepatic steatosis [37]. RGZ treatment ameliorated hepatic lipid accumulation and
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increased expression of SIRT6, PGC-1a and FoxO1 and phosphorylation levels and thus
activation of liver kinase B1 (LKB1) and 5' adenosine monophosphate- activated protein
kinase (AMPK) in rat livers. LKB1 is an upstream activating kinase of AMPK and they play
a key role in the regulation of lipid metabolism by controlling fatty acid oxidation and
synthesis. The knockdown of SIRT6 aggravated hepatocyte fat accumulation as shown by
increased TG levels, and suppressed the favorable effects of RGZ on hepatocyte steatosis.
At the molecular level, SIRT6 knockdown suppressed mRNA and protein expression of
PGC-1a and FoxO1, and phosphorylation levels of LBK1 and AMPK. These results suggest
that RGZ may act as a SIRT6 activator and a potential therapeutic strategy for fatty liver
disease [37]. It is unclear why SIRT6 would on one hand increase the mRNA and protein
expression of PGC-1a [37] and on the other hand inactivate PGC-1a through the enhanced
activity of GCN5 [32]. Further work will have to be done to determine the predominant
SIRT6 function in the different model systems used.

SIRT6 was also recently described as a critical histone deacetylase in the regulation of
expression of the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene and low
density lipoprotein (LDL)-cholesterol homeostasis [38]. PCSK9 targets LDL receptor for
degradation and the PCSK9 gene knockout in mice dramatically reduces LDL-cholesterol
[39]. Hepatic knockout of SIRT6 led to elevated LDL-cholesterol levels and increased
PCSK9 gene expression. FoxO3 also regulates the PCSK9 gene and SIRT6 and FoxO3
liver-specific knockout mice show similarly elevated PCSK9 gene expression and LDL-
cholesterol levels, suggesting they might operate as a pathway to regulate cholesterol
homeostasis. Indeed, FoxO3 works to recruit SIRT6 to the PCSK9 gene promoter in order to
suppress its gene expression through H3K9 and H3K56 deacetylation (Figure 1). Finally, the
converse is true, where SIRT6 overexpression in high fat diet fed mice reduces PCSK9 gene
expression and serum LDL-cholesterol, thus demonstrating the importance of SIRT6 in
regulating LDL-cholesterol homeostasis [38].

Hepatic knockout of SIRT6 also caused elevated serum cholesterol levels compared to
control mice. Interestingly, the sterol-regulatory element binding protein (SREBP), which is
a key regulator of cholesterol biosynthesis, was increased in SIRT6-deficient livers [40].
SIRT6 was found to repress SREBP by at least three mechanisms. First, SIRT6 is recruited
by FoxO3 to the SREBP gene promoter where it represses the transcription levels of SREBP
and that of its target genes by deacetylating H3K9 [40, 41] and H3K56 [40] at SREBP
promoter regions. Second, SIRT6 inhibits the cleavage of SREBP1/SREBP2 into their active
forms by decreasing the transcription of the SREBP1/SREBP2 protease complex (SCAP,
S1P, and S2P)[41]. Third, SIRT6 activates AMPK by increasing the AMP/ATP ratio;
AMPK phosphorylates SREBP1 on Ser372 thus inactivating SREBP1 by suppressing its
cleavage and nuclear translocation[41]. Reciprocally, the microRNAs miR-33a and miR-33b
are generated from the introns of SREBP2 and SREBP1, respectively, and they repress
expression of both SREBP itself and SIRT6 [41, 42] (Figure 2). Hepatic levels of SIRT6
mMRNA and protein were decreased in diet-induced or genetically obese mice and both
precursor and nuclear SREBP2 proteins were significantly decreased. Remarkably, SIRT6
or FoxO3 overexpression decreased serum and hepatic cholesterol levels thus improving
hypercholesterolemia [40]. Taken together, these findings could explain why mice
overexpressing SIRT6 have improved cholesterol homeostasis.

As described above in detail, many of the diverse functions carried out by SIRT6 are carried
out by its deacetylation activity of H3K9 and H3K56 histone marks and different cellular
proteins. This is interesting given that, originally, very low in vitro deacetylase activity was
reported for SIRT6 [43-45]. Such weak deacetylase activity is suggested to be due to a
splayed configuration between the Rossmann fold domain and the zinc-binding domain [44,
46]. However, recent studies indicate that FFAs can increase the in vitro deacetylase activity
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of SIRTG6 basically to levels of other robust sirtuins [44] (Figure 2), indicating that the
metabolism of lipids may dictate SIRT6 histone deacetylase activity in vivo, a model that
remains to be tested (Box 2). In addition, SIRT6 was also found to hydrolyze long-chain
fatty acyl groups, including myristoyl and palmitoyl groups, a process known as lysine
deacylation [45]. In fact, long-chain deacylase activity was found to be an intrinsic activity
of most sirtuins [44]. The hydrolysis of fatty acyl lysine modifications occurs more
efficiently in vitro than deacetylation, at least when no FFAs are added to the reaction [45].
Acyl lysine modifications such as formylation, propionylation, butyrylation, crotonylation,
malonylation, succinylation and myristoylation are posttranslational modifications that may
occur to histones or other cellular proteins for which their removal could modify enzyme
activity or chromatin regulation. In fact, the nutrient status of the cell may favor the addition
of one acyl group over another and be dependent on the levels of acyl-CoA, which can be
formed from intermediates of various metabolic pathways such as FA synthesis, 3-oxidation,
glycolysis and the tricarboxylic acid (TCA) cycle [43, 44]. Thus, the discovery of this novel
substrate for SIRT6 suggests we are only grasping the tip of the iceberg on putative targets
and biological roles for SIRT6, as well as the potential influence of metabolic states on
SIRT6 activity, a point we will discuss later.

Inflammation

SIRT6 has both pro-inflammatory and anti-inflammatory roles depending on the context and
cell type involved. The ability of SIRTG6 to act as a lysine deacylase (as mentioned
previously) has important pro-inflammatory consequences. More specifically, SIRT6 can
catalyze the hydrolysis of myristoylated lysine 19 and 20 of tumor necrosis factor-a (TNF-
a), which allows for TNF-a secretion from the cell [45] (Figure 1). TNF-a is a key pro-
inflammatory cytokine that is known to play a major part in numerous inflammatory
diseases. In vivo, TNF-a had lower lysine fatty acylation and was more efficiently secreted
in SIRT6 wild type macrophages compared to SIRT6 knockout macrophages [45]. Notably,
intracellular NAD* concentration was also found to promote TNF mRNA translation
efficiency by activated immune cells in a SIRT6-dependent manner, suggesting SIRT6 may
regulate TNF ligand through multiple mechanisms [47].

Conversely, work by a separate group demonstrated that SIRT6 could also play an anti-
inflammatory role by inhibiting TNF-a function downstream. TNF-a is known to activate
nuclear factor kappaB (NF-«xB), a potent proinflammatory cytokine. Work by Kawahara et
al. demonstrated that SIRT6 is recruited to promoters of a subset of NF-xB target genes
through a physical interaction with the NF-xB subunit RELA and functions as a corepressor
of NF-xB, silencing NF-«B target genes through deacetylation of H3K9 at target gene
promoters and decreasing NF-xB-dependent apoptosis and senescence [48]. Interestingly,
RELA heterozygosity attenuates shortened life span and aging-related phenotypes of SIRT6
deficient mice. Together, these data suggest that excessive NF-xB-dependent gene
expression contributes to the shortened life span and degenerative symptoms observed in
SIRT6 deficient mice [48]. The group did not explore how these findings affect
inflammation, but one could postulate that negative regulation of NF-xB is another
immunosuppressive function of SIRT6. Other groups have found that SIRT6 and RELA
indeed interact, however over expression of SIRT6 had no detectable effect on the nuclear/
cytoplasmic ratio of RELA nor was the nuclear localization of RELA in response to TNF-a
stimulation affected by overexpression of either wild type or catalytically inactive mutant
SIRT6 [49]. These differences in findings could be explained by the fact that Grimley el al.
used an overexpression system. The physiologic levels of SIRT6 expression could have
already achieved the maximal effects of NF-xB subcellular localization and thus no further
changes could be detected with SIRT6 overexpression. Additionally, the groups used
different experimental readouts such as the functional effects of SIRT6 inactivation on
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chromatin and gene expression [48] versus an indirect readout of nuclear-cytoplasmic ratio

of RELA [49]. Interestingly, SIRT6 did not affect NF-xB targets in knockout ES cells [31].
Further work will have to be done to resolve these seemingly disparate findings, which may
result from differences in specific systems/cell types tested.

Further evidence of the anti-inflammatory role of SIRT6 was found in SIRT6 null 129/
BlackSwiss/FVB mice that suffered from progressive and chronic inflammation of the liver
leading to fibrosis. This phenotype was caused by SIRT6 deficiency in the lymphocytes and
myeloid-derived cells and their subsequent aberrant activation. Mechanistically, SIRT6
interacts with c-JUN and deacetylates H3K9 at the promoter of proinflammatory genes such
as monocyte chemotactic protein-1 (MCP-1), interleukin 6 (IL-6), and TNF-a. Thus, SIRT6
loss leads to hyperacetylation of H3K9 and increased occupancy of c-JUN at the promoter
of these genes, leading to their elevated expression and enhanced production [50].

Heart disease

Cancer

SIRT6 was found to play a role in the development of cardiac hypertrophy and failure.
Decreased SIRT6 levels and activity were found in both human and mouse failing hearts
[51, 52]. SIRT6 knockout mice spontaneously developed concentric cardiac hypertrophy at
around 8-12 weeks of age, whereas SIRT6 overexpression blocks the cardiac hypertrophic
response indicating that SIRT6 acts as a negative regulator of cardiac hypertrophy. At the
cellular level, SIRT6 blocks IGF signaling by interacting with c-JUN and deacetylating
H3K®9 at IGF downstream targets. Inhibition of c-Jun or IGF signaling blocks hypertrophy
of SIRT6-deficient hearts [51]. This suggests that SIRT6 activators could provide
therapeutic benefits against cardiac hypertrophy.

Proliferating tumor cells have unique metabolic requirements, characterized by enhanced
cell-autonomous nutrient uptake and reorganization of metabolic pathways, supporting the
biosynthesis of macromolecules needed for cell growth and division [53]. Enhanced
glycolysis under aerobic conditions is the best-known example of metabolic reprogramming
observed in cancer cells, as described decades ago by Otto Warburg (the Warburg Effect)
[54]. As described in a previous section, loss of SIRT6 de-repressed HIF1a-dependent
transactivation of glycolytic genes and led to enhanced uptake of glucose and increased
glycolysis with concomitant inhibition of mitochondrial respiration [31]. This phenotype
was reminiscent of aerobic glycolysis in tumor cells. Indeed, loss of SIRT6 in mouse
embryonic fibroblasts (MEFs) led to tumor formation independent of oncogene activation
and tumors exhibited enhanced aerobic glycolysis [55]. Strikingly, inhibition of glycolysis
through PDK1 knockdown suppressed tumorigenesis in SIRT6 knockout cells. In addition to
suppressing glycolysis through corepressing HIF1a, SIRT6 was also found to co-repress
MY C transcriptional activity of ribosomal genes (Figure 1). Loss of SIRT6 in an in vivo
model of colon cancer lead to a 3-fold increase in the number of adenomas when compared
to control animals and these tumors exhibited enhanced glycolysis as measured by
fluorodeoxyglucose - positron emission tomography (FDG-PET) and expression analysis of
glycolytic genes. Importantly, pharmacological inhibition of PDK1 with dichloroacetate
(DCA) specifically inhibited tumor formation in mice lacking SIRT6. Further, SIRT6
expression is downregulated in human pancreatic ductal adenocarcinoma and colorectal
carcinomas compared to normal samples, and concomitantly, the expression of the HIF1la-
target genes GLUT1, LDH, and PFK1 is significantly upregulated in these samples. Finally,
levels of SIRT6 correlated with cancer progression and/or survival in colorectal cancer.
Patients with low levels of nuclear SIRT6 had a shorter time to relapse and were more likely
to relapse than those patients with high levels of nuclear SIRT6. Taken together, these
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Lifespan

results demonstrate that SIRT6 functions as a tumor suppressor, inhibiting the initiation and
progression of colorectal cancer in vivo by repressing HIF1a and MY C thereby inhibiting
aerobic glycolysis and ribosomal biogenesis gene expression respectively [55].

Recent studies have also shown that, in a mouse model specific for liver cancer initiation,
survival of initiated cancer cells are controlled by c-JUN through suppression of ¢c-FOS-
induced SIRT®6 transcription [56]. Mechanistically, c-FOS induces SIRT6 transcription
(Figure 2), which represses survivin expression by reducing histone H3K9 acetylation and
NF-xB activation (Figure 1). Importantly, increasing the level of SIRT6 or targeting the
anti-apoptotic activity of survivin at the initiation stage markedly impairs cancer
development. However, this pathway does not operate in advanced hepatocellular
carcinomas [56]. These studies suggest that inhibiting this pathway may provide preventive
strategies to treat premalignant liver lesions.

In addition to the above-mentioned malignancies, the expression levels of SIRT6 were also
significantly down regulated at the RNA and protein level in head and neck cancer
compared with noncancerous tissues. Of all the sirtuins that showed down regulation, only
SIRT6 was not reduced in advanced stages compared to early stages, suggesting that
reduced SIRT6 expression is an early event [57].

In contrast to the cancers already mentioned, the expression of SIRT6 seems to be up
regulated in squamous cell carcinoma [57]. Recent studies demonstrate that microRNA-34a
(miR-34a) expression is downregulated by promoter methylation in keratinocyte-derived
SCC cell lines and tumors, whereas it is induced with differentiation. SIRT6 expression is
downregulated by miR-34a and downregulation of miR-34a increases SIRT6 expression
(Figure 2). Functionally, knockdown of SIRT6 was sufficient to reproduce the effects of
increased miR-34a on differentiation in human keratinocytes as well as in squamous cell
carcinoma cells [57].

Similarly, patients with chronic lymphocytic leukemia (CLL) show a 4-fold increase in
SIRT6 expression compared to healthy volunteers. The study also found that higher SIRT6
expression values might be associated with poor prognosis [58]. Indeed, data from the
cancer cell line encyclopedia (CCLE) shows that hematopoietic cancer lines are the only
ones exhibiting gain of copies of SIRTS, instead of deletion of SIRT6, as observed in
basically all other tumor types [55].

Taken together, these results demonstrate that in particular tumors, SIRT6 could act as an
oncogene. One possibility could be that in these tumors, the effect of SIRT6 on metabolism
may not be dominant, but rather overexpression of SIRT6 may offer protection against
genomic instability. Conversely, it could be a matter of timing; perhaps SIRT6 expression is
down regulated early in tumor formation leading to the increased genomic instability and
metabolic reprogramming that increases the mutational rate and enhances biosynthesis of
macromolecules needed for tumor cell proliferation. The increased rate of cell growth and
genomic instability could allow subsequent mutations in oncogenes (e.g. KRAS), however
at later stages, enhanced SIRT6 activity may protect against further mutagenesis, at stages
where those could impact tumor growth in a negative way.

Sir2, the yeast homologue and founding member of the sirtuins, has been implicated in
lifespan extension [59, 60]. Remarkably, in other model organisms (including C. elegans
and Drosophila) Sir2 homologues are also implicated as a determinant of lifespan [61]. In
both yeast and flies, Sir2 levels increased following caloric-restriction treatment [61].
Conversely, sirtuin-deficient yeast and mice abolished the extension of lifespan by caloric
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restriction [62, 63]. Notably, these studies were challenged by others indicating no effect or
minor effects for sirtuins in lifespan extension in these organisms [64, 65]. Such
discrepancies may indicate specific differences in protocols, levels of expression of the
manipulated genes or strain differences. Undoubtedly, further work will be required to
resolve this controversy. Although correlative data implies a beneficial effect on healthspan
for several mammalian sirtuins, it was not until recently that, using transgenic mice, a direct
role for SIRT6 and SIRT1 has been described in extension of lifespan [66, 67].

SIRT6 overexpression was found to extend the lifespan of males by 15% but not females,
potentially by reducing insulin-like growth factor 1 (IGF1) signaling specifically in white
adipose tissue [66]. Although no significant differences in tumor types or incidence were
defined between wild type and SIRT6 overexpressing mice, analysis of the data suggest that,
at least in part, a protection against tumors could be playing a role in lifespan extension in
these animals [66].

The assembly and disassembly of stress granules in response to stress and during stress
recovery are both important prosurvival mechanisms which are impaired during aging.
Recent work demonstrates that SIR-2.4 (C. elegans) and its mammalian orthologue SIRT6
localize to cytoplasmic stress granules (SGs) in response to stress [9, 68]. SGs are
cytoplasmic RNA-protein complexes that form in response to cellular stress such as heat
shock, nutrient deprivation or oxidative damage [69]. SIRT6 translocates into the cytoplasm
under stress and interacts with [9, 68] and promotes dephosphorylation of G3BP at serine
149 (Ser149) [68] (Figurel). G3BP is an evolutionarily conserved RNA-binding protein that
was initially characterized through its interaction with a p120Ras-GTPase-activating protein
[70, 71]. Importantly, G3BP is a positive regulator of SG assembly, and SIRT6 and RAS
signaling contributes to this process by regulating G3BP dephosphorylation. Loss of SIRT6
or expression of a catalytically inactive SIRT6 in MEF cells disrupts SG formation and
delays disassembly during recovery from stress [9, 68], while deficiency of SIR-2.4
diminishes maintenance of P granules (found in C. elegans and encompassing the properties
of mammalian stress granules) and decreases survival of C. elegans under stress conditions.
Based on these findings, it is tempting to speculate that SIRT6 affects age-related processes
not only as a histone deacetylase but also in the cytoplasm by regulating the structure and
dynamics of SGs [68].

More recently, the expression of SIRT6 in human dermal fibroblasts was shown to decrease
with age [72]. Mechanistically, miR-766 negatively regulates SIRT6 expression
posttranscriptionally (Figure 2) and expression of miR-766 is higher in older dermal
fibroblasts. They also found that inclusion of SIRT6 or blocking miR-766 along with
classical Yamanaka factors resulted in significant improvements in the reprogramming
efficiency of dermal fibroblasts from older subjects [72].

Taken together, SIRT6 appears to function as a critical enzyme responsible for modulating
life span and aging related diseases such as heart disease, diabetes, obesity, inflammation
and cancer through control of genomic stability and metabolism.

CONCLUDING REMARKS

SIRT6 has emerged as a master nutrient sensor and regulator of cellular homeostasis. In
particular, SIRT6 performs its diverse cellular functions through two distinct enzymatic
reactions that include deacetylation of both acetyl groups and long-chain fatty acyl groups
and ADP-ribosylation all of which use NAD+ as a cofactor (Box 1). These enzymatic
reactions occur mostly in the nucleus at the level of chromatin, with the purpose of
regulating gene expression (e.g. HIF1a, MYC, RelA/ NF-xB, c-JUN, Survivin, SREBP and
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PCSKO) or protein activity (GCN5, PARP1, CtIP) (Figure 1). Additionally, SIRT6 function
has now been expanded to include cytosolic roles in stress granule formation and TNF-a
secretion. These pleiotropic enzymatic activities give SIRT6 its far-reaching functions in
genomic stability through regulating aspects of DNA repair and telomere maintenance, and
in metabolism through the control of glycolysis, gluconeogenesis, triglyceride synthesis and
LDL cholesterol homeostasis. The important biological roles of SIRT6 influence heart
disease, diabetes, obesity, inflammation and cancer, thereby impacting healthy organismal
aging. Thus, modulation of SIRT6 activity has the potential to affect multiple human
diseases and possibly enhance longevity. As SIRT6 is poised at the intersection between
chromatin modulation, metabolism and genome maintenance, understanding how SIRT6
regulates the crosstalk between these pathways will be highly intriguing (Box 3). The recent
findings that SIRT6 has a novel substrate, namely long-chain fatty acyl groups, and that
free-fatty acids activate its activity, open up a new realm of possible regulation and cellular
functions. It will be interesting to determine the extent to which free fatty acids are involved
in SIRT6 biology. It is clear that much more needs to be understood about the molecular
mechanisms governing SIRT6 activity and function during tumorigenesis. With a better
understanding of the biology, novel therapeutics can be designed that either activate SIRT6
or are synthetically lethal with SIRT6 downregulation. The pleiotropic functions of SIRT6
have expanded well past chromatin modulation and involve important roles in cellular
homeostasis. It is likely that additional biological targets will be discovered in the future
setting the stage to fully define the importance of SIRT6 in human biology and disease.
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Box 1: SIRT6 structure and enzymatic activity

All sirtuins contain an approximately 275 amino acid conserved catalytic core region.
However, they have variable N- and C-terminal extensions (NTE and CTE) that differ in
length and sequence. The catalytic core region contains a large and structurally
homologous Rossmann-fold domain for NAD* binding and a more structurally diverse,
smaller, zinc-binding domain [73].

Full-length human SIRT6 has 355 amino acids and is best characterized as a NAD*-
dependent histone deacetylase. Deacetylation of lysine by SIRT6 is coupled to NAD*
hydrolysis yielding O-acetyl-ADP adenosine 5'-diphosphoribose, nicotinamide and a
deacetylated substrate [74]. SIRTS, unlike all other studied sirtuins, can bind NAD* in
the absence of an acetylated substrate perhaps allowing it to act as an NAD™* sensor [46].
The nicotinamide product of this reaction is thought to allosterically inhibit SIRT6
activity. Interestingly, the deacetylase activity of purified protein in vitro is 1000-fold
lower for SIRT6 compared to SIRT1. This can be explained structurally: SIRT6 exists in
a more open conformation, containing a zinc-binding motif that is splayed from the larger
Rossmann fold domain. Additionally, a hydrogen bond connects the zinc-binding motif
to the Rossmann fold, stabilizing SIRT6 in this conformation [46]. Strikingly, it was
recently discovered that free fatty acids (FFAS) act as endogenous activators of SIRT6
deacetylase activity in vitro [44] (Figure 2, Box 2). Although it remains to be seen
whether FFAs could impact SIRT6 deacetylase activity in vivo, this novel observation
provides an explanation for the previously “weak” in vitro deacetylase activity reported,
and further implicates a new mechanism through which SIRT6 may sense changes in
lipid metabolism and act upon it.

Additionally, SIRT6 has been recently described to not only remove single acetyl groups
but also long-chain fatty acyl groups (myristoyl and palmitoyl) from lysine residues. The
demyristoylation activity of SIRT6, for example, is approximately 300-fold higher than
its deacetylation activity in vitro. The increased catalytic efficiency comes mainly from
the decrease in Km. Similar to the deacetylation reaction, SIRT6 uses NAD* to produce
O-myristoyl- adenosine 5'-diphosphoribose and the deacylated substrate [45].

SIRT6 also has very weak ADP-ribosylation activity where it can use NAD* as a
substrate, however only poly ADP ribose polymerase (PARP1) and itself [23] described
in more detail later, have been described as substrates to date.

Further characterization of the NTE and the CTE of SIRT6 revealed important functional
roles. The CTE of SIRT6 contains the nuclear localization signal 345 PKRVKAK?351 and
is critical for proper sub-cellular targeting, but is dispensable for enzymatic activity. The
NTE of SIRTS6, by contrast, is critical for chromatin association and intrinsic H3K9 and
H3K56 deacetylase activity in cells. Deletion of the NTE reduces deacetylase activity
through a direct defect in enzymatic activity, not because of a failure to properly localize
to chromatin substrates or interact with critical binding partners. Finally, both the NTE
and CTE of SIRT6 are important for nucleosome binding [75]. Given the diverse
enzymatic activities of SIRT6 it is not difficult to understand the diverse biological roles
attributed to this protein.
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Box 2: Modulators of SIRT6 activity

In recent years there has been a push to determine how SIRT6 function is regulated
endogenously and to try to find chemical activators of SIRT6 expression and/or function.

One mechanism to increase the levels of SIRTG is to reduce its protein degradation.
Recently, SIRT6 was found to be regulated at the posttranslational level by CHIP
(carboxyl terminus of Hsp70-interacting protein), which is a protein that exhibits both
chaperone and ubiquitin ligase activities and is an integral component of protein quality
control (PQC) [76]. CHIP ubiquitylates SIRT6 at K170 and prevents canonical
ubiquitylation of SIRT6 by other ubiquitin ligases, which leads to its increased protein
stability and reduced proteasome-mediated degradation (Figure 2). The reduced levels of
SIRTG6 expression in the absence of CHIP is associated with increased histone acetylation
and increased gene transcription of SIRT6 regulated genes. Similar to SIRT6 knockout
cells, cells lacking CHIP are hypersensitive to DNA-damaging agents and the resulting
genomic defects are rescued by overexpressing SIRT6, thus further confirming that
SIRTG is an important target of CHIP [76].

SIRT6 exhibits poor deacetylase activity in vitro, despite a clear increase of histone
acetylation in SIRT6 deficient cells in vivo. To try to explain this difference, Cohen and
colleagues looked at the difference in SIRT6 activity when it was in the presence of
histones versus nucleosomes. They found that SIRT6 did not associate with any of the
core histones, however once packed as part of the nucleosome complex, histone H3 and
SIRT6 were found to associate. Interestingly, the association between SIRT6 and the
nucleosome significantly improved its enzymatic activity [77].

More recently, endogenous activators of SIRT6 deacetylase activity were found. Upon
close examination of the crystal structure of SIRT6 bound to acylated-peptides, Denu and
colleagues hypothesized that free fatty-acids (FFA) may bind to the same acyl-group
binding pocket and induce closure of the Rossmann fold domain and the zinc-binding
domain, thus allowing the canonical active-site conformation and increasing deacetylase
activity [44]. This was indeed the case; they found that FFA increased the deacetylase
activity in vitro up to 10-fold depending on the FFA length (Figure 2). The elevated
deactylase activity was due to an increased affinity of SIRT6 for acetylated substrate.
Interestingly, this appeared to be a characteristic specific to SIRT6 as SIRT1 deacetylase
activity could not be activated by FFA [44]. These novel findings present a model of
SIRT6 activity where in the absence of FFA it acts as a lysine deacylase and as the
nutritional status of the cell changes to increase FFA, SIRT6 can switch to an activated
deacetylase, in turn modulating glycolysis and lipogenesis, as described in the text.

Therapies that specifically activate or increase the expression of hepatic SIRT6 may be
useful in suppressing the chronically active hepatic gluconeogenesis commonly found in
insulin-resistant diabetes. Additionally, these therapeutics would also be able to
potentially ameliorate hepatic lipid accumulation and reduce hepatic steatosis. In those
tumors where SIRT6 expression is downregulated, activation or increased expression of
SIRT6 may be beneficial, acting as an inhibitor of the Warburg effect.
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Figure 1. SIRT6 cellular functions and their impact on organismal biology and disease

SIRT6 primarily functions as a H3K9 and H3K56 histone deacetylase that decreases
chromatin accessibility for transcription factors such as nuclear factor kappa (NF-«xB), c-
JUN, sterol-regulatory element binding protein (SREBP), proprotein convertase subtilisin/
kexin type 9 (PCSK9), Survivin, MYC and Hypoxia inducible factor 1a (HIF1la) to their
respective promoters and thus inhibits expression of their target genes. SIRT6 can also
regulate protein activity through direct deacetylation of GCN5 and CtIP and ADP-
ribosylation of PARP1. SIRT6 has also been found to interact with SNF2H to enhance its
recruitment to sites of damage thereby enhancing DSB repair. Additionally, SIRT6
associates with telomeric chromatin and deacetylates H3K9 and H3K56 leading to
stabilization of WRN, which contributes to telomere maintenance. SIRT6 function has now
been expanded to include cytosolic roles in stress granule formation through the promotion
of G3BP dephosphorylation and TNF-a secretion by lysine deacylation. These cellular
functions impact many aspects of health and disease such as DNA repair, telomere
maintenance, stress granule formation, glucose/lipid metabolism, inflammation cardiac
hypertrophy and cancer. Solid arrow, SIRT6 directly modifies the protein or directly affects
histone deacetylation at the promoters of target genes. Dashed arrow, SIRT6 deacetylation
activity is necessary, but is not direct. Red arrows, histone deacetylation. P
(phosphorylation), Ac (acetylation) and R (ADP-ribosylation).
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Figure 2. Mechanisms of SIRT6 regulation

(A) c-FOS binds to an AP-1 binding site (TAAGTCA) at position —208 base pairs in the
SIRT6 promoter and leads to c-FOS-dependent transactivation of SIRT6 gene expression.
(B) Posttranscriptional regulation of SIRT6 by miR-33a, —33b, —34a and -766, which bind
to the 3' untranslated region of the SIRT6 transcript leading to decreased SIRT6 expression.
(C) Noncanonical ubiquitylation of SIRT6 at lysine 170 by the ubiquitin ligase CHIP leads
to increased protein stability and reduced proteasome-mediated degradation of SIRT6. (D)
SIRT6 histone deacetylase activity is enhanced upon the binding of FFA (oleic, linoleic and
palmitic acid) leading to a closed chromatin conformation and decreased chromatin
accessibility and thus gene transcription.
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