1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2015 October 24.

-, HHS Public Access
«

Published in final edited form as:
Cdl Rep. 2015 October 20; 13(3): 479-488. doi:10.1016/j.celrep.2015.09.022.

Identification and molecular basis for SIRT6 loss-of-function
point mutations in cancer

Sita Kugell#, Jessica L. Feldman*#, Mark A. Klein4, Dafne M. Silberman®, Carlos
Sebastianl, Craig Mermell:3, Stephanie Dobersch®, Abbe R. Clark!, Gad Getz!1:3, John M.
Denu*", and Raul Mostoslavsky!:2:3

1The Massachusetts General Hospital Cancer Center, Harvard Medical School, Boston MA
02114 USA

2The Center for Regenerative Medicine, The Massachusetts General Hospital, Boston MA 02114
USA

3The Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA

4The Department of Biomolecular Chemistry and the Wisconsin Institute for Discovery, University
of Wisconsin, Madison, Wisconsin 53715 USA

SMax-Planck-Institute for Heart and Lung Research, Bad Nauheim 61231, Germany

6Center for Pharmacological and Botanical Studies (CEFYBO)-CONICET. Facultad de Medicina,
UBA, Buenos Aires 1121, Argentina

Abstract

Chromatin factors have emerged as the most frequently affected family of proteins in cancer. We
have previously identified the histone deacetylase SIRT6 as a key tumor suppressor, yet whether
point mutations are selected for in cancer remains unclear. In this manuscript, we characterized
naturally occurring patient-derived SIRT6 mutations. Strikingly, all the mutations significantly
affected either stability or catalytic activity of SIRT6, indicating that these mutations were
selected for in these tumors. Further, the mutant proteins failed to rescue SIRT6 KO cells, as
measured by the levels of histone acetylation at glycolytic genes and their inability to rescue the
tumorigenic potential of these cells. Notably, the main activity affected in the mutants was histone
deacetylation rather than demyristoylation, pointing to the former as the main tumor suppressive
function for SIRT6. Our results identified cancer-associated point mutations in SIRT6, cementing
its function as a tumor suppressor in human cancer.
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INTRODUCTION

The (NAD)+-dependent histone deacetylase, SIRT6 is a mammalian sirtuin with broad
functions including glucose homeostasis, maintenance of genome stability, and suppression
of cellular transformation (Mostoslavsky et al., 2006; Sebastian et al., 2012; Zhong et al.,
2010). In this context, SIRT6 co-represses both HIF1a and MYC by deacetylating histone 3
(H3) lysine 9 (K9) and lysine 56 (K56) at the promoters of several glycolytic and ribosomal
protein genes. Consequently, SIRT6-deficient cells display increased glycolysis even under
normoxic conditions, a phenomenon termed aerobic glycolysis by Otto Warburg, who first
described this phenotype in cancer cells (Warburg, 1956). Indeed, SIRT6 inhibits cancer
growth, in a manner that depended on glycolytic metabolism (Sebastian et al., 2012).
Importantly, we found SIRT6 commonly downregulated or deleted in human cancer, where
lower SIRT6 expression is associated with poor prognosis. Thus, SIRT6 acts as a key tumor
suppressor and critical node between cellular transformation and metabolism (Sebastian et
al., 2012).

SIRT6-dependent phenotypes have been attributed to its intrisic histone deacetylase activity,
which seems negligible in biochemical assays, but can be enhanced by binding to
nucleosomes and/or long-chain fatty acids (Feldman et al., 2013; Gil et al., 2013; Kawahara
et al., 2009; Michishita et al., 2008; Sebastian et al., 2012; Zhong et al., 2010). Recent
studies have shown that SIRT6 can also function as a protein demyristoylase (Feldman et
al., 2013; Jiang et al., 2013), introducing the possibility that SIRT6 may suppress
tumorigenesis through the deacylation of long-chain fatty acyl groups rather than histone
deacetylation. The lack of known SIRT6 point mutations selected for in human cancer has
hindered progress in the molecular understanding of the tumor suppressive roles of SIRT6.

In this manuscript, we identify and characterize eight naturally occurring tumor-associated
point mutations in SIRTG6 that alter stability, localization and/or enzymatic activity and
characterize their ability to repress HIF1a and MY C transcriptional activity, glycolytic
metabolism and cellular transformation.
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RESULTS

SIRT6 is mutated in a variety of human cancers

In order to determine whether SIRT6 could be inactivated in human tumors through point
mutations, we analyzed somatic mutations obtained via exome sequencing of patient-derived
tumor samples from 12 tumor types in the TCGA and found eight somatic mutations in
SIRT6. These mutations were found in a variety of tumor types such as non-small cell lung
cancer, renal clear cell carcinoma, cervical carcinoma and melanoma (Figure 1A). Although
SIRT6 did not meet statistical significance due to the low frequency of mutations (Lawrence
et al., 2014), tumorportal.org), all of the mutations were nonsynonymous; seven of them
were missense mutations and one mutation was a nonsense mutation, suggesting that they
may have functional relevance. The mutations occured throughout the protein and involved
residues that are highly conserved from flies to humans (Figure 1B). Mutations occurring in
the N-terminus include an aspartic acid at position 25 mutated to asparagine (D25N) and a
glutamic acid at position 36 mutated to valine (E36V). Catalytic domain mutations include
an aspartic acid at position 63 mutated to tyrosine (D63Y), an alanine at position 89 mutated
to serine (A89S), an aspartic acid at position 116 mutated to asparagine (D116N), a
threonine at position 263 mutated to a proline (T263P) and finally a glutamic acid at position
260 replaced with a stop codon (E260Term), leading to premature truncation of the protein
and loss of the C-terminus and nuclear localization signal (NLS). Only one mutation
involved the C-terminus, where a proline at position 274 was mutated to a lysine (P274L)
(Figure 1A-B).

SIRT6 point mutations that alter localization or stability

Each of these SIRT6 mutations were cloned and expressed in SIRT6 knockout (KO) mouse
embryonic fibroblasts (MEFs). We also included, as a control, a variant found in the human
population, N46S. Three of the mutants (D25N, D116N and E260Term) demonstrated
reduced chromatin-bound and whole cell lysate protein levels, despite equivalent mMRNA
expression, suggesting mislocalization or poor protein stability (Figure 1C & Supplemental
Fig. 1A & B). We noted that the appearance of reduced expression with the D25N mutant
may have been an artifact of reduced antibody affinity since the antibody epitope includes
D25, rather than mislocalization or poor protein stability. Therefore, we used a GFP
antibody to detect a GFP-tagged version of wild-type (WT) SIRT6 and each of the SIRT6
mutants to confirm that SIRT6 D25N expression and localization to chromatin was
equivalent to WT (Supplemental Fig. 1C), while the D116N and E260Term mutants
displayed reduced levels in chromatin, as observed with the non-GFP tagged constructs
(Figure 1C). We also noted that each of the mutant alleles localized to the nucleus, except
for the E260Term mutant, consistent with the lack of a nuclear localization signal (Fig. 1D).
Interestingly, the levels of the D116N mutant were consistently reduced both in the
chromatin fraction when expressed in mammalian cells, and when recombinantly
overexpressed in E. coli, suggesting defective protein stability. To test this hypothesis, we
determined the melting temperature of D116N, D25N, D63Y, and WT SIRT6. While, D25N
(43.74%0.04 °C) and D63Y (45.8+0.1 °C) exhibited melting temperatures very similar to
WT (46.08+0.05 °C), the melting temperature of D116N was ~13 °C lower (33.4+0.6 °C)
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(Figure 1E). At physiologic temperatures, this protein is expected to be largely unfolded and
subject to degradation.

In silico analysis predicts functionally significant structural changes induced by cancer-
associated SIRT6 mutations

To gain insight into the functional significance of these mutated residues, we analyzed the
previously solved co-crystal structure of SIRT6 bound to ADP-ribose and an H3K9
myristoylated peptide (PDB: 3ZG6) (Jiang et al., 2013)(Figure 2A). Aspartic acid 25 is
located in the N-Terminal Domain (NTD) and hydrogen bonds to the backbone amide
nitrogen and carbonyl oxygen of H255 as well as to the e-amino group of K33 (Figure 2B).
The NTD is required for catalytic activity and chromatin association (Tennen et al., 2010),
therefore a mutation to asparagine will likely disrupt the orientation and interactions
between the loop and the Rossmann-fold domain. Aspartic acid 63 is located in the NAD*-
binding pocket, ~3 A from the adenosine moiety of NAD*, and forms hydrogen-bonding
interactions with amino acids in the active site (Figure 2C). Therefore, a mutation to tyrosine
is predicted to have a highly detrimental effect on the ability of SIRT6 to bind NAD* and
catalyze deacetylation. Alanine 89 and Aspartic acid 116 are located on loops in the back of
the active site (Figure 2D-E). Alanine 89 forms a backbone hydrogen bond interaction with
T85 and mutation to serine might affect the orientation of this loop. The invariant aspartic
acid residue (D116) forms a hydrogen bond to the carboxamide amino group of
nicotinamide and mutation to glutamine will disrupt this conserved interaction. Glutamic
acid 36 and Threonine 263 are located in the Rossmann-fold domain and form hydrogen
bonds with R39 and D259, respectively (Figure 2F-G). Mutation of E36 to valine will
abolish this hydrogen bond, which could destabilize other interactions in the helix. A proline
mutation at T263 will disrupt the structure of the helix in the Rossmann-fold. Proline 274 is
located in the proline rich C-Terminal Domain (CTD) loop, and a mutation to threonine may
affect the orientation of the loop (Figure 2H). Taken together, all of the identified mutations
are likely to affect catalytic activity directly or through structural rearrangements.

Deacetylase activity of SIRT6 mutants

We next performed a highly-sensitive, quantitative, in vitro deacetylase assay on purified
recombinant SIRT6 mutants and compared the results obtained with WT enzyme. First, WT
or SIRT6 mutants were reacted with 50 uM H3K9Ac peptide and 0.5 mM NAD™. Reaction
substrates and products were separated by HPLC and quantified. Strikingly, all mutants
displayed decreased deacetylase activity relative to WT SIRT6 (3.9+£0.3x10~4 pmol min~1
mg SIRT671). D25N, E36V, A89S, T263P and P274L all exhibited approximately 50% of
WT SIRTS6 activity, while D116N and D63Y yielded nearly negligible deacetylase activity
at ~2% of WT SIRT®6 levels (Figure 21). Importantly, the non-cancer associated N46S
variant displayed deacetylase activity similar to WT. The decreased catalytic activity of
D116N SIRT®6 is due in part to decreased protein stability, as evidenced by its 13 °C lower
melting temperature. Additionally, the invariant D116 residue is located in the nicotinamide-
binding pocket of SIRT6 and plays a direct role in NAD™ binding (Fig. 2E). The
corresponding aspartic acid residue in the crystal structure of bacterial Sir2Tm forms a
hydrogen bond with the carboxamide amino group of the nicotinamide moiety. Mutation of
the aspartic acid residue to an asparagine decreased the catalytic efficiency of Sir2Tm by
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two orders of magnitude (Avalos et al., 2005). Therefore, as predicted, a mutation of D116
to asparagine led to a similar reduction in SIRT6 activity.

We recently demonstrated that SIRT6 can be directly activated by long-chain fatty acids in
vitro (Feldman et al., 2013). To assess the ability of fatty acids to activate these SIRT6
mutants, we analyzed the in vitro deacetylase activity in the presence of myristic acid. WT
and SIRT6 mutants were reacted with 50 pM H3K9Ac peptide and 0.5 mM NAD* in the
presence of 300 UM myristic acid. The fold change in activity of each mutant in the presence
of myristic acid was compared to WT. D25N (11+0.5) and E36V (11+2) were activated by
myristic acid to the same level as WT SIRT6 (10+1), while P274L (7+1) and T263P (6+1)
were activated to a slightly lesser extent than WT (Figure 2J). Interestingly, the activity of
AB89S SIRT6 decreased 2-fold in the presence of myristic acid, which resulted in a 20-fold
decrease in activation relative to WT.

To determine whether cancer-associated mutations in SIRT6 affect the previously reported
demyristoylase activity (Jiang et al., 2013), WT and SIRT6 mutants were reacted with 50
UM H3K9Myr peptide in the presence of 0.5 mM NAD* and analyzed as described above.
As predicted, the N46S variant, which was used as a control in the assay, displayed
demyristoylase activity equal to WT. Surprisingly, the D25N, E36V, A89S, and P274L
mutations displayed similar ability to remove myristoyl groups compared with WT SIRT6
(= 75%). The demyristoylase activity of T263P activity was greater than 70% of WT,
whereas D63Y and D116N were the only two mutants that exhibited less than 5%
demyristoylase activity (Figure 2K), which is consistent with loss of general catalytic
function. Importantly, these data suggest that cancer-associated point mutations may
specifically inactivate SIRT6 deacetylase activity, without affecting its ability to remove
larger fatty acyl groups. Most dramatic is the A89S mutant, which displays similar
demyristoylation activity to that of WT, but cannot be activated toward acetylated histone
substrates (compare Figures 2J and 2K).

To examine the effect of SIRT6 mutations on histone acetylation in vivo, we analyzed total
H3K9 and H3K56 acetylation levels in bulk chromatin of MEFs following short-term
expression of either WT or mutant SIRT6 using a dox-inducible system. In this context, the
D25N, D63Y, D116N, E260Term mutants failed to reduce levels of H3K56 and K9
acetylation when compared to WT SIRT6 (Figure 2L). This is consistent with the reduced
deacetylase activity of the D25N and D63Y mutations and the reduced binding of the
D116N and E260term mutants to chromatin. The D25N mutant behaves similarly to a
previously described, catalytically inactive mutation where the highly conserved histidine
133, within the core sirtuin domain of SIRT6, is mutated to tyrosine (H133Y)(Mostoslavsky
et al., 2006). The SIRT6 mutants E36V, A89S, T263P and P274L were able to reduce the
levels of acetylated H3K56 and H3K9 in bulk chromatin when overexpressed, despite
having decreased in vitro catalytic activity relative to WT (compare 21 and Figure 2L),
suggesting that overexpression can overcome their reduced enymatic activity. However,
these changes in bulk chromatin may not specifically reflect the effect of these SIRT6
mutants to deacetylate histones in the promoter regions of specific SIRT6 regulated genes.
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The D63Y mutant displays limited deacetylase and demyristoylase activity and led to large
increases in acetylation in vivo. As described earlier, D63 is located in the NAD* binding
pocket and is 3 A from the adenosine moiety of NAD* (Figure 2C). To test the hypothesis
that D63Y decreases the affinity of SIRT6 for NAD™, we performed steady-state kinetic
analysis with increasing NAD* at saturating levels of H3K9Myr peptide. The H3K9Myr
peptide was used in the assay due to the prohibitively high concentration of H3K9Ac
peptide required for saturation (estimated at nearly 4.5 mM (Feldman et al., 2013)). The data
were subjected to Michaelis-Menten analysis, and the kinetic constants were compared to
WT SIRTS, as well as to A89S and T263P, which were expected to show no defects in
NAD* affinity (Figure 2M, Supplemental Fig. 1E). The k¢at/Kpy, value is the lowest for
D63Y (7.2+0.9 s M71) and is 125 times slower than WT SIRT6 (9.0+0.6x102 s M™1).
Whereas the small decrease in the catalytic efficiency of A89S (6.3+0.5x10% s M~1) and
T263P (2.5+0.3x102 s71 M~1) is caused by a decrease in the kg, the decrease in D63Y is
due to both a decrease in kegt and an increase in the Ky, for NAD*. The K, for NAD*
increased ~7 times (90+10 uM vs. 13+1 pM) and the k¢4 decreased ~19 times relative to
WT SIRT6 (6.3+0.2x1074 s7IM~1 vs. 1.20+0.02x1072 s71M~1). Together, the results
indicate a mutation of D63 to tyrosine disrupts both the affinity of SIRT6 for NAD* and
catalysis, leading to dramatic loss of SIRT6-dependent deacetylation and the subsequent
robust increase in acetylation observed in vivo.

SIRT6 mutants fail to repress glycolytic genes

We next determined the ability of the mutants to repress HIF1a and MY C transcriptional
activity. As shown in Figure 3A-B, both HIF1a and MYC luciferase reporters were
repressed by WT SIRT6, however the mutants were unable to repress either HIF1la or MYC
luciferase activity. We next expressed each of these mutants as well as WT SIRT6 in SIRT6
KO MEFs. Consistent with their inablity to repress HIF1a and MYC transcriptional activity,
the SIRT6 mutants were unable to decrease glucose uptake by SIRT6 KO MEFs (Figure
3C). Similarly, these mutants were unable to repress the glycolytic genes PFKm, PDK1 and
LDHb (Figure 3D), and the ribosomal genes RPL3, RPL23, RPS15A (Supplemental Figure
2B). Interestingly, E36V, T263P and P274L were still able to partially inhibit glucose
uptake. Thus, we tested additional genes that may explain why these SIRT6 mutants may be
able to repress glucose uptake and found that, unlike other glycolysis-related genes, these
mutants retain the ability to silence the Glucose transporter 1 (GLUT1), a SIRT6 target gene
which is directly responsible for controlling glucose uptake (Supplemental Figure 2A).
Taken together, these results suggest that these cancer-associated SIRT6 mutations are
unable to repress MYC- and HIF1a-dependent transcription.

To further explore the mechanism by which SIRT6 regulates glycolytic gene expression, we
performed chromatin immunoprecipitation (ChlP) for H3K9Ac, H3K56Ac and SIRT6 in
cells expressing SIRT6 WT and mutant alleles H133Y, D63Y, A89S and D116N. We found
that WT SIRT6 binds to PDK1, GLUT1, LDHa and LDHb and is able to deacetylate
H3K56, as previously reported (Figure 3E-F; Zhong et al., 2010) thus leading to the reduced
gene expression we observed in Figure 3D. The SIRT6 mutants D63Y and A89S were able
to bind to the glycolytic genes while D116N was unable to bind, most likely due to its
reduced protein stability (Figure 3E). Similar to our previous in vitro and cellular
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characterization data, H133Y, D63Y, A89S and D116N were unable to deacetylate H3K56
to the same degree as WT SIRT6 (Figure 3F). Interestingly, we also observed that
expression of WT SIRT6 had a less dramatic impact on H3K9Ac levels both in bulk
chromatin (Figure 2L) and over the promoters of specific SIRT6 target genes
(Supplementary Figure 2C), suggesting that removal of H3K56Ac marks may be more
critical for SIRT6-mediated gene repression in this system.

SIRT6 mutants fail to suppress anchorage independent growth and tumor formation

To assess the ability of these SIRT6 mutants to repress transformation, we first performed
soft agar colony formation assays on our SIRT6 KO MEFs engineered to express either
emtpy vector, WT SIRTG6 or each of our cancer-associated mutations. Indeed, we found that
all of the tumor-associated mutations were unable to suppress colony formation in soft agar
to the same degree as WT SIRT6 (Figure 4A-B). The only exceptions were T263P and
P274L, consistent with their ability to supress glucose uptake, indicating that overexpression
of either mutant may be sufficient to overcome its reduced enzymatic activity. Thus, the
histone deacetylase activity of SIRT6 seems critical to suppress cellular transformation. To
test these mutants in a more stringent environment, we implanted D25N, A89S, D116N,
E260Term, the variant N46S and WT SIRT6 subcutaneously into the flanks of SCID mice
and monitored tumor growth over two months. Strikingly, the cells expressing the different
mutants readily formed tumors, while cells re-expressing WT SIRT6 and the variant N46S
formed negligible tumors (Figure 4C-D). These results indicate that these specific mutations
eliminate the capacity of SIRT6 to protect against tumor formation in vivo.

DISCUSSION

Using data mining from The Cancer Genome Atlas (TCGA), we identified eight point
mutations in SIRT6 which spontaneously arose in a variety of human cancers. Based on
biochemical, biological and structural analysis, we find that these mutations render the
protein unable to fully repress HIF1a and MYC transcriptional activity, resulting in a
glycolytic switch and cellular transformation. Importantly, several of these mutations
decrease SIRT6 deacetylase activity, while maintaining the ability to remove myristoyl
groups, demonstrating that SIRT6 deacetylase activity, as opposed to the demyristoylase
activity, is critical for its major tumor-suppressor functions (Supplemental Table 1). Thus,
although rare, point mutations in SIRT6 are selected for in human cancers, further
highlighting SIRT6 as a tumor suppressor and its molecular function as a histone
deacetylase repressing both pro-growth and glycolytic phenotypes.

From a genetic perspective, tumor suppressors, in contrast to oncogenes, are frequently
deleted, silenced and, less often, mutated (Vogelstein et al., 2013). Although in previous
work we identified deletion and transcriptional silencing of SIRT6 as mechanisms through
which tumors eliminate or reduce SIRT6 activity, in this study we aimed to identify whether
specific point mutations in SIRT6 could provide tumors with a selective growth advantage.
Also, such precise mutations might provide the opportunity to determine which catalytic
activity of SIRT6 is the main driver of tumor suppression, as sirtuins are now recognized as
general protein deacylases (Feldman et al., 2013). Using data mining from The Cancer
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Genome Atlas (TCGA), we found 8 naturally occuring mutations in SIRT6. Using in vitro,
biochemical, cellular and in vivo experiments, we found that, strikingly, each one of these
mutations clearly reduced SIRT6 function, either by affecting SIRT6 protein stability or
catalytic activity.

The mutations were distributed broadly throughout the gene, suggesting that, likely, no
particular hot spots evolved that selectively affect SIRT6 activity. Although the frequency of
the mutations is low, each mutation affected the activity or protein stability of SIRTS,
providing further evidence for SIRT6 as a tumor suppressor. When analyzed for protein
stability, two specific mutations (D116N and E260Term) exhibited less chromatin binding
and protein levels, despite normal RNA expression. E260Term was the only mutation that
lacked nuclear staining, consistent with a deletion of the nuclear localization signal in this
mutant. D116N, in turn, appears to directly affect stability of the protein, as confirmed by a
strong decrease in melting temperature compare to WT SIRT6. At physiologic temperatures,
this protein will mostly remain unfolded and be subjected to degradation. All the other
mutations affected SIRTS catalytic activity. D63Y significantly affects NAD* binding,
while D25N, E36V, A89S, T263P and P274L mutations are not directly involved in binding
the acetylated substrate or NAD* and likely decrease SIRT6 activity by imposing specific
structural defects that alter the deacetylase function.

The SIRT6 A89S mutant is especially intriguing given that it exhibits deacetylase activity
that is approximately 50% of WT in the absence of activation by myristic acid in our in vitro
assays. While not dramatically inhibiting basal in vitro deacetylase activity of SIRT6, the
AB89S mutation prevents SIRT6 from reaching maximal activity level in the presence of free
fatty acid. A89 is located on a loop in the back of the active site and forms a backbone
hydrogen-bonding interaction with T85 in the loop (Figure 2D). Thus, mutation of A89 to a
serine likely alters the orientation of the loop, disfavoring myristic acid binding. In this
context, the activity of the A89S mutant is comparable with the D116N mutant. Therefore,
we propose that both basal and enhanced (i.e., with free fatty acid) activity of SIRT6 may be
important for its tumor suppressive effects. The A89S mutant reduces the levels of H3K9Ac
and H3K56Ac in bulk chromatin similar to WT SIRT6. However, when looking at specific
SIRT®6 target genes, the A89S mutant is defective in removing H3K56Ac groups from
specific SIRT6 target genes, such as PDK1, GLUT1, LDHa and LDHb. Additionally, the
AB89S mutation displays a more pronounced effect on tumor growth in vivo compared to its
ability to form colonies in soft agar. This may reflect the inability of the A89S mutant to be
activated by free fatty acids or a functionally related small molecule that is present in vivo,
but not in vitro.

Interestingly, ChlP analysis revealed that SIRT6 deacetylated H3K56Ac more efficiently
than H3K9Ac at the promoters of glycolytic genes. This is suggestive of a role for
H3K56Ac in gene silencing, consistent with our previous publication (Sebastian et al.,
2012). It is also important to note that we cannot completely rule out that some of the
phenotypes observed could be due to the possibility that these mutations affect the binding
of SIRT6 with other yet to be described partners, thus influencing their regulation and
function. Finally, while all cancer-associated mutations had decreased deacetylase activity,

Cell Rep. Author manuscript; available in PMC 2015 October 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kugel et al.

Page 9

the N46S variant found in the human population displayed WT level activity, providing
additional evidence these mutations were specifically selected for in these cancers.

Recent studies identified a de-fatty acylase activity for SIRT6, by virtue of its capacity to
modulate TNFa secretion by removing a myristoyl group (Jiang et al., 2013). This recently
characterized activity has created mechanistic uncertainty as to whether SIRT6 functions
predominantly as a long-chain deacylase or as a H3K9 and H3K56 deacetylase in order to
regulate cellular activity. Notably, all the cancer mutants exhibit clear defective histone
deacetylation activity, while their demyristoylase activity was similar to the WT enzyme,
with the exception of D63Y and D116N, which affect NAD™ binding. Additionally, ADP-
ribosylation activity has also been ascribed to SIRT6. However, consistent with published
reports (Du et al., 2009; Feldman et al., 2012; Tanner et al., 2000), we were unable to detect
significant evidence of any ADP-ribosylation activity by WT SIRT6 or any of the mutants
we tested (data not shown), suggesting that such activity for SIRT6 may only be observed
under specific circumstances (Mao et al., 2010). These results indicate that histone
deacetylation is the main activity conferring tumor suppressive functions to SIRT6, likely
through its ability to repress glycolytic and ribosomal protein gene expression, as we
previously published (Sebastian et al., 2012).

Taken together, our results provide convincing mechanistic evidence for a tumor
suppressive role for this enzyme and increase our understanding of the interplay between
epigenetics, metabolism and cancer.

EXPERIMENTAL PROCEDURES

Cell Lines

SIRT6 knockout (KO) primary mouse embryonic fibroblast (MEFs) were generated from
13.5-day-old embryos as described (Mostoslavsky et al., 2006). These cells were
immortalized by using the standard 3T3 protocol. Please see Supplemental Experimental
procedures for culture conditions.

Computational analysis to identify SIRT6 mutations

Somatic mutations in SIRT6 were obtained from Lawrence et al. (Lawrence et al., 2014),
which are available at tumorportal.org. Details on discovery of somatic mutations are found
in Lawrence et al. (Lawrence et al., 2014).

Expression and purification of recombinant human SIRT6

His-tagged WT and mutant SIRT6 proteins were overexpressed in BL21(DE3) E. cali strain,
as previously described (Feldman et al., 2015). Cells were harvested by centrifugation and
stored at —80 °C. SIRT6 WT and mutant proteins were purified by nickel affinity resin
chromatography as reported previously (Pan et al., 2011). Protein concentrations were
determined by the Bradford reagent assay.
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Gel Electrophoresis and Western Blotting

Chromatin fractions and western blot analysis was performed as previously described
(Sebastian et al., 2012), details are listed in Supplemental Experimental procedures.
Antibodies used were anti-SIRT6 (Abcam, ab62739), anti-H3K9Ac (Millipore 07-352),
anti-H3K56Ac (ab76307), anti-GFP (ab290) or total-H3 (ab1791) as a loading control.

Immunofluorescence

Statistics

293T cells were transfected using Trans-1T 293 (Mirus) with empty vector, pEGFP-SIRT6
or the SIRT6 mutant constructs. 24 hrs after transfection cells were trypsinized and seeded
onto 8-well chamber slides and allowed to adhere overnight. Cells were then fixed using a
2% paraformaldehyde in a 1% PBS solution, permeabilized with 0.1% sodium citrate and
0.1% Triton X-100 and nuclei were stained using DAPI. Images were taken using a
fluorescent microscope.

For steady-state deacylation assays, real-time RT PCR analysis, glucose uptake, luciferase
reporter assay, chromatin immunoprecipitation assay, anchorage independent growth and
tumor size, significance was analyzed using 2-tailed Student’s t-test. A p-value of less than
0.05 was considered statistically significant.

Thermal denaturation assays

Thermal denaturation assays were performed to determine the melting temperature (T, of
WT, D25N, A89S, and D116N SIRT6. Purified proteins were diluted to 10 pM (20 mM
sodium phosphate, pH 7.5) containing 3.75x Sypro Orange (Invitrogen, delivered at 5000x).
Samples (35 L) were aliquoted into PCR strip tubes and placed in a Bio-Rad CFX96 Real-
Time System C1000 thermal cycler. The temperature was increased at a rate of 0.5 °C/min
over a range of 10-95 °C and fluorescence was monitored with the FRET channels. At least
three trials were performed for each SIRT6 variant. The measured fluorescence was
normalized so that the minimum fluorescence was set to 0 and the maximum fluorescence
set to 1. The data were fitted to Equation 1 as previously utilized by Albaugh et al. (Albaugh
et al., 2011) to obtain the Ty,

- (m) (Eq. 1)

where | is the normalized fluorescence value at temperature T and C is a slope factor.

HPLC deacylation assay

Peptides corresponding to residues 4-17 of histone H3 (Acetyl: AcCQTARKacSTGGKAPR-
WW-NH, and Myristoyl: Ac-QTARKmyrSTGGKAPRWW-NH,) were synthesized as
described previously (Feldman et al., 2013). Deacylation reactions were analyzed by
reversed phase high-performance liquid chromatography on Kinetex C18 column (100 A,
100 x 4.6 mm, 2.6 um, Phenomenex) by monitoring the formation of the deacylated product
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at 214 nm (Feldman et al., 2013) and also described in Supplemental Experimental
Procedures.

Steady-state Kinetic Analyses

Steady-state rates were measured by varying NAD* (2-1200 pM) in the presence of 0.5 pM
WT, D63Y, A89S, or T263P SIRT6 and 50 pM NAD™ in 20 mM sodium phosphate, pH 7.5,
at 37 °C. Initial velocities were determined and data were fitted to the Michaelis-Menten
equation.

Glucose Uptake Assay

Cells were grown under normal conditions for 24 hr and 100 uM 2-NBDG (Invitrogen) was
added to the media for 2 hrs. Fluorescence was measured by flow cytometry using a
FACSCalibur Analyzer (BD).

Luciferase Reporter Assay

MY C and HIF1a transcriptional activity was determined in 293T cells using pMY C-luc and
mpGL3:HRE4 constructs respectively by luciferase reporter assay as previously described
(Sebastian et al., 2012; Zhong et al., 2010), details are listed in Supplemental Experimental
Procedures.

Real-Time RT-PCR Analysis

Total RNA was extracted with the TriPure Isolation Reagent (Roche) as described by the
manufacturer. For cDNA synthesis, 1jg of total RNA was reverse-transcribed by using the
QuantiTect Reverse Transcription Kit (Qiagen). Real-time PCR was performed as
previously described (Sebastian et al., 2012), details are listed in Supplemental Experimental
procedures. Data were expressed as relative mRNA levels normalized to the f-actin
expression level in each sample. The primer sequences are listed in Supplemental Table 2.

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were performed as previously described
(Sebastian et al., 2008), with some modifications; details are listed in Supplemental
Experimental Procedures. Antibodies used: 5 pl anti-SIRT6 (Abcam, ab62739), 5 pl anti-
H3K9Ac (Millipore 07-352), 5 ul anti-H3K56Ac (ab76307). A control was performed with
unspecific 1gGs (AbCam). Real time RT-PCR was performed with primers listed in
Supplemental Table 2.

Anchorage independent growth

5000 cells were resuspended in 0.4% agar and plated in triplicates in 6 well-plates
containing a 0.8% base agar layer. Colonies were grown in the presence of doxycycline for 3
months and counted. Media was changed every three days.

Xenografts

4X10° cells in 100 pl of 50% matrigel were injected subcutaneously into the flanks of SCID
mice (n=5) (Taconic Farms, Inc., Hudson, NY) that were maintained on doxycycline
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(200pg/ml) in their drinking water. Mice were checked for the appearance of tumors twice a
week, and the tumors were harvested when they reached ~100 mm3 in size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of patient-derived SIRT6 loss-of-function mutations in cancer
(A) Table of patient-derived SIRT6 point mutations, the disease, type of mutation and amino

acid change. (B) Alignment of metazoan SIRT6 homologues. Red boxes highlight the
position of the mutations in the N-terminus (red) catalytic core (yellow) or C-terminus
(blue). (C) Western blot of chromatin fraction in SIRT6 KO MEFs with doxycycline
inducible overexpression of wild-type (WT) SIRT6 and SIRT6 mutants. (D) Sub-cellular
localization of WT and mutant SIRT6 proteins. Fluorescent images of fixed 293T cells
transiently transfected with the indicated EGFP-tagged SIRT6 deletion and point mutants.
Nuclei are co-stained with DAPI (40x). (E) Thermal denaturation assays were performed to
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determine the melting temperature (Tyy) of WT (circle), D25N (square), D63Y (triangle),
and D116N (upside-down triangle) SIRT6. A graph with representative experiments is
shown. At least three trials were performed for each SIRT6 variant.
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Figure 2. Structural and enzymatic analysis of WT SIRT6 and SIRT6 point mutations
(A) Locations of mutated residues mapped on the crystal structure of SIRT6 (PDB: 3GZ6).

(B-H) Zoomed in view of the mutated residues highlighted in red. Also displayed are
residues in close proximity to the mutated residues and hydrogen bonding interactions. (1)
SIRT6 deacetylase activity measured in vitro. Recombinant WT and SIRT6 mutants (2 uM)
were incubated with 50 pM H3K9Ac peptide and 0.5 mM NAD™. (J) Fold change in SIRT6-
dependent deacetylation in the presence of 300 M myristic acid. (K) SIRT6 demyristoylase
activity measured invitro. WT and SIRT6 mutants (0.5 pM) were incubated with 50 uM
H3K9Myr peptide and 0.5 mM NAD*. (I-K n=3, + standard deviation) (** = p < 0.01, ***
=p <0.001, ns =p > 0.05) (L) Western blot of chromatin fraction in SIRT6 KO MEFs with
doxycycline inducible overexpression of WT SIRT6 and SIRT6 mutants. SIRT6 and H3
total western blots from Fig. 1C are represented here for direct comparison. (M) Steady-state
rates of demyristoylation were measured by varying NAD* (25-1200 uM) in the presence of
0.5 uM D63Y SIRT6 and 50 uM H3K9Myr peptide. Calculated values determined from
non-linear regression fits to Michaelis-Menton are shown below for WT, D63Y, A89S,
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T263P (n=3, + standard deviation). *WT SIRT6 values previously published (Feldman et
al., 2015).
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between triplicates and are representative of four independent experiments. (C) NBDG-
Glucose uptake in SIRT6 KO MEFs. Data are shown as mean + s.e.m. between duplicates
and are representative of two independent experiments. (D) Quantitative real-time PCR

showing the expression of indicated genes. Data are shown as mean + s.e.m. between
duplicates in six independent experiments. (E&F) Chromatin immunoprecipitation for

(A & B) Luciferase reporter gene assay for MYC (A) and HIF1a (B) in 293T cells
transiently expressing the indicated SIRT6 constructs. Data are shown as mean + s.e.m.
SIRT6 (E) and H3K56Ac (F) in SIRT6 KO MEFs expressing the indicated SIRT6

Figure 3. SIRT6 cancer-associated point mutations fail to repress HIF and MYC

constructs followed by quantitative PCR amplification of the indicated glycolytic genes.

Data are shown as mean + s.e.m. between duplicates. *= p <0.05, ** =p < 0.01, ***=p <

0.001.
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Figure 4. SIRT6 cancer-associated point mutations fail to repress anchorage independent growth
(A) Quantification of colonies grown in soft agar of SIRT6 KO MEFs expressing each

mutant. Data are shown as mean + s.e.m. between triplicates in four independent
experiments. (B) Representative pictomicrographs of colonies. (C) Gross images of
subcutaneous tumors grown in SCID mice of SIRT6 KO cells re-expressing the indicated
SIRT6 constructs (n=5) (D) Quantification of tumor weight from (C). *=p <0.05, **=p <
0.01, *** = p < 0.001.
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