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Summary

Hepatic glucose production (HGP) maintains blood glucose levels during fasting but can also
exacerbate diabetic hyperglycemia. HGP is dynamically controlled by a signaling/transcriptional
network that regulates the expression/activity of gluconeogenic enzymes. A key mediator of
gluconeogenic gene transcription is PGC-1a. PGC-1a’s activation of gluconeogenic gene
expression is dependent upon its acetylation state, which is controlled by the acetyltransferase
GCNS5 and the deacetylase Sirtl. Nevertheless, whether other chromatin modifiers—particularly
other sirtuins—can modulate PGC-1a acetylation is currently unknown. Herein we report that
Sirt6 strongly controls PGC-1a acetylation. Surprisingly, Sirt6 induces PGC-1a acetylation and
suppresses HGP. Sirt6 depletion decreases PGC-1a acetylation and promotes HGP. These
acetylation effects are GCN5 dependent: Sirt6 interacts with and modifies GCN5, enhancing
GCN5’s activity. Lepr®/Lepr™ mice, an obese/diabetic animal model, exhibit reduced Sirt6
levels; ectopic re-expression suppresses gluconeogenic genes and normalizes glycemia. Activation
of hepatic Sirt6 may therefore be therapeutically useful for treating insulin-resistant diabetes.
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Introduction

In healthy individuals, hepatic glucose production (HGP) forms an integral part of the
response to maintain blood glucose levels during extended periods of food deprivation or
periods of high glucose demand. HGP comprises the processes of glycogenolysis and
gluconeogenesis--both of which are regulated by nutrient and hormonal signaling pathways.
A greater understanding of the pathways regulating the gluconeogenic component of HGP,
however, has received much interest because of its contribution to the hyperglycemia
observed in insulin resistant Type 2 diabetes (Magnusson et al., 1992).

One regulator of gluconeogenesis is the transcriptional co-activator peroxisome proliferator-
activated receptor y coactivator 1-a (PGC-1a). PGC-1a potently stimulates hepatic
gluconeogenesis in part by increasing the expression of gluconeogenic enzymes. PGC-1a
contributes to the activation of the fasting gluconeogenic program by co-activation of
FoxO1 (Puigserver et al., 2003) and HNF4 (Rhee et al., 2003; Yoon et al., 2001). Because
PGC-1a can promote gluconeogenesis, identification of factors that control PGC-1a activity
could aid in the discovery of new regulatory components that converge upon
gluconeogenesis. It is known that PGC-1a activity is controlled primarily through
transcriptional regulation of total protein levels (Yoon et al., 2001), protein stability (Olson
et al., 2008), as well as through post-translational modification of the mature protein (Li et
al., 2007; Rodgers et al., 2010; Rodgers et al., 2005; Teyssier et al., 2005). Of these,
PGC-1la acetylation has been the most extensively characterized under different nutrient and
energetic states (Canto et al., 2009; Rodgers et al., 2005).

PGC-1a contains at least 13 acetylation sites (Rodgers et al., 2005). Acetylation of these
residues is strongly associated with a repression of PGC-1a’s activity. General Control Non-
repressed Protein 5 (GCN5, aka KAT2A) catalyzes PGC-1a acetylation, which coincides
with PGC-1a’s relocalization away from the promoters of its target genes and into nuclear
foci of unknown identity (Lerin et al., 2006). Furthermore, GCNS5 can efficiently repress
PGC-1a target genes in both hepatocytes and myotubes (Gerhart-Hines et al., 2007; Lerin et
al., 2006).

Deacetylation of PGC-1a occurs primarily by the NAD*-dependent deacetylase, silent
mating type information regulation 2 homolog 1 (Sirt1l) (Nemoto et al., 2005; Rodgers et al.,
2005). Induction of Sirtl activity leads to PGC-1a deacetylation and activation of its
respective gene targets; reductions in Sirtl activity is accompanied by an increase in
PGC-1a acetylation and a decrease in target expression (Canto et al., 2009; Gerhart-Hines et
al., 2007; Rodgers et al., 2005).

Although Sirtl is considered to be the principal PGC-1a deacetylase /n vivo, there has been
no systematic examination of the participation of other nuclear sirtuins in regulating
PGC-1a acetylation. We therefore examined the effects of Sirt2, Sirt6, and Sirt7 (the other
major nuclear sirtuins) on PGC-1a acetylation. Surprisingly, Sirt6 uniquely induced an
increase in the acetylation of PGC-1a through the direct modification and activation of
GCNS5. This was associated with an inhibition of gluconeogenic targets both in cell culture
and in whole animals. Most notably, hepatic Sirt6 was reduced in obese/diabetic mice and
expression of Sirté normalized blood glucose levels. Overall, these findings point to a novel
substrate for Sirt6, namely GCNS5, and have uncovered a new sirtuin-mediated pathway for
the control of PGC-1a activity. They also suggest that therapies which specifically activate
hepatic Sirt6 may be useful in suppressing the chronically active hepatic gluconeogenesis
commonly found in insulin-resistant diabetes.

Mol Cell. Author manuscript; available in PMC 2013 December 28.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Dominy et al. Page 3

Results

Sirt6 Is the Only Sirtuin that Increases PGC-1a Acetylation

In evaluating the effects of sirtuin proteins on PGC-1a acetylation, we limited ourselves to
Sirtl, Sirt2, Sirt6, and Sirt7. Like PGC-1a, these sirtuin paralogs are present within the
nucleus and thus could directly affect PGC-1a’s acetylation. When ectopically expressed in
the human osteosarcoma cell line U-2 OS, Sirtl produced a significant decrease in PGC-1a
acetylation (Figure 1A)—an effect that is consistent with what has been widely published.
Sirt2 and Sirt7 produced no discernable change in PGC-1a acetylation—with the caveat that
the degree of overexpression that was obtainable with Sirt7 was far less than with the other
nuclear sirtuins and thus precludes definitely ruling out any effect on PGC-1a acetylation.
Sirt6, surprisingly, dramatically increased PGC-1a acetylation. To examine whether this
effect was dependent upon Sirt6’s enzymatic activity, a catalytically incompetent mutant
allele of Sirt6 (H133Y) was employed. H133Y failed to elicit the effects of WT Sirt6,
suggesting that the Sirt6’s effects on PGC-1a acetylation is tied to Sirt6’s enzymatic activity
(Figure 1B). These results were not unique to the U-2 OS cell line, as similar results were
observed in HEK293A (Figure S1A) cultures.

To complement the gain-of-function effects of Sirt6 in U-2 OS cells, endogenous Sirt6 was
knocked down through the use of lentiviruses expressing Sirt6 shRNAs. Accordingly,
knockdown of Sirt6 was associated with a decrease in the acetylation of PGC-1a—even
with the ectopic expression of GCN5 (Figure 1C). Pharmacological inhibition of Sirt1 with
EX-527 did not prevent the effects of Sirt6 on PGC-1a acetylation, suggesting that Sirt6
does not affect Sirt1 activity (Figure 1D). Total cellular levels of NAD* were also not
significantly altered by changes in Sirt6 levels (Figure S1B). Inhibition of Class I/11 histone
deacetylases with trichostatin A, which increased PGC-1a acetylation, also failed to prevent
a further increase in Sirt6-mediated PGC-1a acetylation (Figure 1D). Interestingly, although
Sirt6’s effects on PGC-1a. did not require Sirtl, the balance of activities between the two
proteins has a large effect on steady-state PGC-1a acetylation. Increasing Sirtl expression
in U-2 OS cells overcomes the increase in acetylation induced by Sirt6 (Figure 1E). On the
other hand, elevating Sirt6 activity attenuates Sirt1-induced deacetylation of PGC-1la
(Figure 1F).

Collectively, these results ruled out an indirect effect of Sirt6 on the rate of PGC-1a
deacetylation. We therefore focused upon whether Sirt6’s effects on PGC-1a were being
directed through GCNB5.

Regulation of PGC-1a Acetylation by Sirt6 Depends Upon GCN5

Although Sirt6 was able to induce PGC-1a acetylation in the absence of ectopically
expressed GCNS5, the effect was significantly magnified by elevating GCN5 expression
(Figure 2A). This effect was dependent upon the catalytic activity of GCN5, as a mutant
(Y621A/F622A) previously shown to have markedly impaired catalytic activity (Lerin et al.,
2006) failed to amplify the Sirt6-induced acetylation of PGC-1a (Figure 2B).

Additional support for the GCN5 involvement was garnered by knockdown of GCNS5.
Transient transfection of a GCN5 shRNA blunted the ability of Sirt6 to increase PGC-1a
acetylation relative to a control shRNA (Figure 2C). The GCN5 shRNA, which reduced
levels of ectopically expressed GCN5, also abrogated the effect of increased GCN5
expression on Sirt6.

To identify whether GCN5 and Sirt6 physically interact, co-immunoprecipitation studies
were performed. Immunoprecipitation of FLAG Sirt6 from the nuclear fraction of U-2 OS
revealed endogenous GCNS5 bound to Sirt6 (Figure 2D). Conversely, immunoprecipitation
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of FLAG GCNS5 showed specific binding of endogenous Sirt6 protein (Figure 2E). Both the
WT and H133Y Sirt6 alleles efficiently interacted with GCN5 (Figure 2F)—suggesting that
the inability of the H133Y allele to increase PGC-1a acetylation is not due to changes in
GCNS5 binding. Because of the binding data, we extended our investigation to see if Sirt6
was directly modulating GCNS5 activity by a post-translational modification such as
acetylation.

Sirt6 Increases GCN5 Activity and Induces Both Selective Deacetylation and
Phosphorylation of GCN5

If Sirt6 were indeed modulating the activity of GCND5, then it is possible that this activity
difference could be measured /n vitro. GCN5’s acetyltransferase activity was therefore
measured from protein immunoprecipitated from the nuclear extracts of U-2 OS in the
presence or absence of ectopically expressed Sirt6. Co-transfection of Sirt6 with GCN5
produced a significant increase in the /n vitro acetyltransferase activity of GCN5 (Figure 3A
and Figure S2A). To investigate possible causes for this change in activity, we performed
mass spectrometric analysis on GCN5 protein immunoprecipitated from U-2 OS in the
presence/absence of Sirt6 (Figure 3B). Under conditions of elevated Sirt6 expression, GCN5
acetylation at residue K549 disappeared whereas two new phosphorylation sites (S307 and
T735) appeared on the protein. Of these modifications, the loss of acetylation at K549 is
consistent with the possibility that Sirt6 is targeting GCNS5 for deacetylation, a known
catalytic activity of Sirt6 (Michishita et al., 2008).

As a product of its NAD*-dependent deacetylase reaction, Sirt6 produces free nicotinamide.
We therefore first measured nicotinamide production as a means for detecting whether Sirt6
could use acetylated-GCN5 as a substrate. For this reaction, a 12-mer peptide was
synthesized containing acetyl-K549 and its flanking residues from the human GCN5
sequence. Using this peptide, significant amounts of nicotinamide production were
measured with WT Sirt6 in the presence of NAD™ (Figure 3C); neither the H133Y mutant in
the presence or absence of NAD™ nor WT Sirt6 in the absence NAD* generated
nicotinamide. Mass spectrometry analysis of the acetyl-K549 peptide incubated with WT
Sirt6 and either 0 or 1 mM NAD™ also showed that deacetylated peptide was formed only in
the presence of NAD™ (Figure S2B,C).

Next, residues found to be modified on GCN5 by Sirt6 were mutated to evaluate how much
they contributed to the effects on GCN5/PGC-1a acetylation. To mimic the acetylated state
of GCN5, a glutamine residue was used in lieu of K549 whereas an alanine residue was used
to mimic the unphosphorylated S307 and T735. The K549Q (Figure 3 D) mutant of GCN5
showed a reduced ability to increase PGC-1a acetylation in cells when Sirt6 was
transfected. The T735A and S307A point mutants, however, had less pronounced effects
(Figures S3A,B). Although these data indicate that residue K549 is the most important for
Sirt6’s effect, a triple GCN5 mutant comprising S307A/K549Q/T735A did show a tendency
towards lower levels of induction of PGC-1a acetylation than any of the individual point
mutants (Figure 3E). It was also noted that the point mutants showed far less sensitivity to
the absolute amount of Sirt6 expressed in cells relative to WT GCNS5 (Figure 3F).

The crystal structure of the catalytic core of human GCNS5 is known (Schuetz et al., 2007).
Within this structure, K549 is deacetylated and forms a hydrogen bond network with M567
and Y601 (Figure S3C); acetylation of K549 would presumably disrupt this hydrogen bond
network. Perhaps by deacetylating K549 and promoting hydrogen bond formation, Sirt6
causes GCNS5 to undergo a structural change that facilitates acetyltransferase activity.
Supporting this idea, M567A and Y601F mutants showed deficits in responding to Sirt6 that
were akin to that seen in the K549Q mutant (Figure S3D, E).

Mol Cell. Author manuscript; available in PMC 2013 December 28.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Dominy et al.

Page 5

In aggregate, our data indicate that Sirt6 is able to directly bind to GCN5, deacetylate it at
K549, as well as induce changes in the phosphorylation of the protein which ultimately yield
an increase in GCN5 activity and an increase in PGC-1a acetylation. We next sought to
evaluate if this had a physiological effect on PGC-1a activity.

Sirté-induced Changes in PGC-1a Acetylation Affect the Gluconeogenic Program in
Primary Hepatocytes

Because the gluconeogenic genes phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G-6-Pase) are well described targets of PGC-1a coactivation, we
tested whether Sirt6 was able to modulate their expression. Adenoviral-mediated expression
of WT Sirt6—but not H133Y Sirt6—caused a significant increase in the acetylation of
PGC-1a in mouse primary hepatocytes (Figure 4A). WT Sirt6 also caused a significant
suppression in the PGC-1a-induced expression of PEPCK (Figure 4B) and G-6-Pase (Figure
4C) whereas the H133Y allele did not. Accompanying the Sirt6-mediated reduction in
gluconeogenic gene expression was a decrease in the hepatocyte’s capacity for glucose
production (Figure 4D). Indeed, Sirt6 significantly reduced many of the gluconeogenic
pathway intermediates in a pattern resembling the effects of GCN5 (Figure 4E; Figure S4A).
Although we initially used overexpressed PGC-1a to evaluate the effects of Sirt6, it is
known that endogenous hepatic PGC-1a expression is induced upon fasting through the
CREB pathway and this can be mimicked in primary hepatocytes by forskolin treatment
(Yoon et al., 2001). Increased expression of WT Sirt6 blunted forskolin-induced increases in
the expression of PGC-1a, PEPCK, and G-6-Pase (Figures 4F-H). This effect was
dependent upon Sirt6 catalytic activity as the H133Y allele showed reduced repressive
effects. Another forskolin-inducible gene, NOR-1, was not significantly affected by Sirt6
expression (Figure S4B). The ability of Sirt6 to blunt forskolin-mediated induction of
endogenous PGC-1a expression could be due to an auto-regulatory mechanism of control
that has been previously observed for PGC-1a (Handschin et al., 2003).

In primary hepatocytes, Sirt6 and Sirtl had opposite effects on PGC-1a acetylation and
biological activity. Increasing Sirtl activity reversed the increase in PGC-1a acetylation
caused by ectopic expression of Sirté whereas increasing Sirt6 activity partially reversed
Sirtl-mediated deacetylation of PGC-1a (Figure 41). Elevating Sirt1 activity reversed
suppressions in PEPCK and G-6-Pase expression that were caused by Sirt6 whereas
elevating Sirt6 activity reduced Sirtl-mediated increases in PEPCK and G-6-Pase
expression (Figures 4J,K).

Two separate adenoviral ShRNAs contructs were used to efficiently knockdown murine
Sirt6 at the level of protein (Figure 5A) and mRNA (Figure S4C). Decreasing Sirt6 in
hepatocytes caused a decrease in the acetylation of PGC-1a protein (Figure 5A) and a
significant increase in PEPCK (Figure 5B) and G-6-Pase (Figure 5C). This increase in gene
expression was also associated with a modest elevation in the capacity for de novo glucose
synthesis (Figure 5D) and an increase in intracellular intermediates of the gluconeogenic
pathway (Figure 5E). Whereas forskolin-induced expression of PGC-1a was nhot
significantly elevated by Sirt6 knockdown (Figure 5F), the induction of both PEPCK (Figure
5G) and G-6-Pase (Figure 5H) were enhanced. Induction of NOR-1 by forskolin was not
significantly affected by Sirt6 expression (Figure S4D)—suggesting that Sirt6 was not
affecting the cAMP/PKA transcriptional response.

Modulating Hepatic Sirt6 Levels in Fasted, Lean, Non-diabetic Mice Changes
Gluconeogenic Gene Expression and Blood Glucose Levels

To confirm whether the effects of Sirt6 observed in primary murine hepatocytes also
occurred within the context of the whole animal, hepatic Sirt6 levels were altered by tail
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vein administered injections of adenoviral expression constructs—which are targeted
primarily to the liver (Shayakhmetov et al., 2004)—into fasted mice, a condition known to
induce PGC-1a (Rodgers and Puigserver, 2007). Hepatic Sirt6 protein levels were
significantly elevated in C57BL/6 mice following tail vein injections of Sirt6 expression
constructs (Figure 6A). With Sirt6 overexpression, PEPCK and G-6-Pase were significantly
repressed (Figures 6B,C), PGC-1a levels exhibited a declining trend (Figure 6D), and blood
glucose levels were significantly reduced (Figure 6E). Overall, a similar pattern was
observed in BALB/c mice (Figures SSA-E). In C57BL/6 mice, increased expression of Sirt6
reduced hepatic glucose output, as assessed by a pyruvate tolerance test (Figure 6F). In
addition, Sirt6 attenuated hepatic glucose output in mice injected with glucagon—an
important hormonal mediator of the fasting gluconeogenic program (Figure 6G).

Adenoviral delivery of Sirt6 shRNAs reduced hepatic Sirt6 protein (Figure 6H) and
produced a significant elevation in the mRNA of PEPCK (Figure 61), G-6-Pase (Figure 6J),
and PGC-1a (Figure 6K). Blood glucose levels were also elevated by Sirt6 knockdown
(Figure 6L). Similar results were observed in BALB/c mice (Figures S5F-J). Coincident
with the change in gluconeogenic gene expression, hepatic glucose output was significantly
increased by hepatic Sirt6 knockdown (Figure 6M). In animals with a whole body deletion
of Sirt6, the hepatic gluconeogenic genes PEPCK (Figure 6N) and G-6-Pase (Figure 60)
were also found to be elevated along with PGC-1a (Figure 6P). In sum, these data support a
repressive role for Sirt6 in the regulation of hepatic gluconeogenesis in the animal.

Increased Hepatic Sirté Expression Suppresses the Gluconeogenic Transcriptional
Program and Blood Glucose Levels in Diabetic db/db Mice

The diabetic phenotype displayed by db/db mice is characterized in part by a chronically
active and insulin insensitive hepatic gluconeogenic program. Furthermore, PGC-1a activity
contributes to the elevated gluconeogenesis in this diabetic mouse model (Koo et al., 2004;
Yoon et al., 2001). We therefore tested whether increased expression of Sirt6 would be able
to attenuate the diabetic profile of db/db mice. Adenoviral-mediated expression of Sirt6 in
both +/4db and db/db mice caused a significant repression in the expression of PEPCK
(Figure 7A), G-6-Pase (Figure 7B), and PGC-1a (Figure 7C). Sirt6 expression significantly
reduced the blood glucose levels of fasted db/db mice to levels that were comparable to +4db
(Figure 7D). Increased Sirt6 levels did not appear to alter insulin/AKT pathway signaling in
the livers of db/db mice as no significant changes in AKT phosphorylation were detected
(Figure S6A). To confirm that changes in the blood glucose of db/db mice were due to
reduced hepatic glucose production, hyperinsulinemic-euglycemic clamp studies were
performed (Figures 7E-G; Figure S6B; Table S1). In db/db mice expressing Sirt6, the
glucose infusion rate required to maintain euglycemia was significantly greater compared
with control mice (Figure 7E; Figure S6B). This was not due to a changes in insulin-
stimulated peripheral glucose uptake (Figure 7F), but rather due to reduced rates of hepatic
glucose production.

In our investigations with +/db and db/db mice, we noticed that Sirt6 levels were
significantly lower in the db/ab cohorts both at the level of mMRNA (Figure 7H) and total
protein (Figure 71). One possible contributor to Sirt6 repression in db/db mice is
hyperglucagonemia and chronic hepatic PKA activation; db/adb mice exhibit significantly
higher levels of circulating glucagon than genetic controls and an enhanced hepatic
catecholaminergic tone (Liang and Cincotta, 2001). Intraperitoneal injections of glucagon
into non-diabetic BALB/c mice significantly increased blood glucose levels as well as the
expression of PGC-1a, PEPCK, and G-6-Pase (Figure S7TA-D). It also caused a significant
repression of Sirt6 by a magnitude that was comparable with db/adb mice (Figure STE).
Moreover, activation of PKA signaling by either forskolin or glucagon reduced Sirt6 mRNA
and protein levels in primary hepatocyte cultures (Figure S7F,G).
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These data, in conjunction with the partial rectification of the diabetic phenotype when Sirt6
levels were increased in db/db mice and the effects of Sirt6 knockdown in lean, non-diabetic
mice, suggests that hepatic Sirt6 deficiency contributes to a transcriptional and metabolic
phenotype that favors gluconeogenesis in the liver and hyperglycemia.

Discussion

To explain the effects of Sirt6 on PGC-1a acetylation, we propose a model (Figure 7J)
wherein Sirt6 associates with GCN5 and deacetylates it. This deacetylation is accompanied
by changes in GCN5’s phosphorylation state which, collectively, enhance its
acetyltransferase activity—though it would appear that the principal driver of the effect of
Sirt6 on GCNS5 activity is the deacetylation of K549. This causes an increase in the
acetylation of PGC-1a and a repression in its ability to function as a transcriptional co-
activator. In hepatocytes, this repression causes a decrease in the expression of
gluconeogenic genes and hepatic glucose output. In the case of primary hepatocytes,
manipulation of Sirt6 expression produced significant changes in the ability of PGC-1a to
potentiate gluconeogenic gene expression. Although the absolute levels of gene expression
still remained high, the relative effects on metabolism were manifest in glucose production
assays as well as in intracellular metabolite analyses, which confirmed that the relative
change in gluconeogenic gene expression caused by Sirt6 overexpression/knockdown
produced a similar magnitude change in the intracellular concentration of gluconeogenic
intermediates.

From an evolutionary perspective, the nutrient-dependent control of protein acetylation
through acetyltransferases and deacetylases is highly conserved and is a major mechanism
for coupling metabolic activity with carbon/energy availability. The regulated acetylation of
PGC-1la by GCNS5 and Sirtl is an excellent example of this: PGC-1a acetylation by GCN5
is favored under conditions of nutrient/energy abundance (Coste et al., 2008; Rodgers et al.,
2005) whereas deacetylation by Sirtl is favored under conditions of nutrient dearth/ and
high energy demand (Canto et al., 2009; Rodgers et al., 2005). Our findings add an
additional layer of complexity to this regulation: Sirt6 promotes PGC-1a acetylation and
suppress its activation of hepatic gluconeogenesis. This raises several questions. Under what
conditions does the effect of one sirtuin predominate over the other on PGC-1a? Why
should Sirtl and Sirt6 have opposing effects on PGC-1a acetylation and activity? Moreover,
can any generalizations be made about the cooperatively/antagonism of Sirtl and Sirt6 in
hepatic gluconeogenesis? Regarding the first question, a change in the expression of Sirtl
and Sirt6 could alter the balance of PGC-1a acetylation. Indeed, our experiments with
primary hepatocytes showed that altering the levels/activities of Sirtl and Sirt6 can shift the
balance of PGC-1a activity. In the animal, we have found conditions which perturb hepatic
Sirt6 levels and alter PGC-1a/gluconeogenic activity. First, the diabetic db/ab mouse has
lower levels of hepatic Sirt6. Second, hepatic Sirt6 levels were suppressed upon PKA axis
stimulation. This latter point is intriguing as the cCAMP/PKA pathway increases Sirtl activity
(Gerhart-Hines et al., 2011; Nin et al., 2012). The repression of Sirt6 by PKA stimulation
may thus represent an additional mechanism whereby the PKA pathway maintains low
levels of PGC-1a acetylation and favors the gluconeogenic program in the liver.

As for question two, we are currently pursuing additional research to assess the
physiological significance underpinning the opposing regulation of PGC-1a by Sirtl and
Sirt6. We are also investigating the larger physiological role of Sirt6 in the control of whole
body glucose metabolism. Previous work has indicated that Sirt6 is able to suppress
peripheral glucose utilization through the control of glycolysis (Zhong et al., 2010). Taken
together with our findings that Sirt6 represses gluconeogenesis, this would suggest that Sirt6
serves to reduce whole body glucose turnover, a phenomenon that occurs during the early
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stages of fasting. In conjunction with the work showing that hepatic knockout of Sirt6 also
yields higher rates of glycolysis (Kim et al., 2010), our data raise the possibility that loss of
Sirt6 in the liver produces a futile cycling of glucose production and breakdown. Indeed,
there are some reports indicating that hepatic futile cycling of glucose is significantly
elevated in certain diabetic animal models as well as humans with Type Il diabetes (Efendic
et al., 1988; Kleckner et al., 1987). The significance of this deserves further investigation.

In terms of generalizing the interactions between Sirtl and Sirt6 in the overall control of
hepatic gluconeogenesis, we have observed that Sirtl can promote PGC-1a-mediated
hepatic glucose output whereas Sirt6 can inhibit it. However, others have reported that Sirtl
is able to suppress PGC-1a-independent regulatory elements of gluconeogenesis, such as
CRTC2 (Liu et al., 2008), and reduce hepatic glucose output during short-term fasting. This
would phenocopy the effects of Sirt6 on gluconeogenesis. Integrating these observations, the
effect of each sirtuin on hepatic gluconeogenic rates is going to be dependent upon the
duration of fasting and the dominant transcription factor/transcriptional co-activators
contributing to the maintenance of gluconeogenesis.

Our experiments with Sirt6 in the livers of mice also suggest that liver-targeted activators of
this sirtuin may be useful in controlling insulin-resistant (Type Il) diabetes. One of the
hallmarks of this disease state is an unrestrained production of glucose in the liver under
both pre- and post-prandial conditions, which exacerbates peripheral hyperglycemia. Livers
of diabetic db/ab were found to contain significantly reduced levels of hepatic Sirt6 and re-
expression of Sirt6 in this mouse strain suppressed gluconeogenic genes and improved
circulating glucose levels. Even in lean, non-diabetic mice, a reduction in the level of Sirt6
was sufficient to increase gluconeogenic genes and raise blood glucose levels. Interestingly,
our data on Sirt6’s effects on glycemia agree with a recent report showing that fasting blood
glucose levels were moderately elevated in mice containing a liver-specific knockout of
Sirté—though no mechanism was proposed (Kim et al., 2010).

Finally, the regulatory control of GCN5 by Sirt6 may extend beyond metabolism and have
important implications in cellular processes in which the two proteins have been previously
and separately implicated, such as the DNA damage response and maintenance of genomic
stability (Burgess et al., 2010; Mostoslavsky et al., 2006; Robert et al., 2011). At this point,
additional work will be needed to identify the non-histone targets of GCN5 and their effects
on cellular physiology.

Experimental Procedures

Animal Experiments

Cell Culture

For mouse experiments, 7 week old male BALB/c mice were purchased from Taconic
Farms, 8 week old male C57/BI6 mice were also purchased from Taconic Farms, whereas 8
week old male BKS.Cg-Dock7™ +/+ Lepr®?/J heterozygous (+/ab) and homozygous (ab/ab)
mice were purchased from Jackson Laboratory. See Supplemental Procedures for additional
details on the mouse procedures used in this paper. Animal experiments were conducted in
accordance with the DFCI’s Institutional Animal Care and Use Committee.

U-2 OS and HEK 293A cell lines were maintained in DMEM containing 10% FBS.
Transfections were performed with Polyfect (Qiagen) with a fixed total quantity of DNA
(1.5 pg/well of a 6 well plate).

Mouse primary hepatocytes were prepared from 6-10 week old male BALB/c mice by
perfusion with liver digest medium (Invitrogen). See Supplemental Procedures for details on

Mol Cell. Author manuscript; available in PMC 2013 December 28.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Dominy et al. Page 9

adenoviral infection, glucose production assays, and metabolite analysis of primary
hepatocyte cultures.

Hyperinsulinemic-euglycemic clamp studies

Hyperinsulinemic-euglycemic clamps were performed as previously described with minor
modifications (Jurczak et al.). Briefly, an indwelling catheter was surgically implanted in the
right jugular vein seven days prior to study. Three days after surgery and four days before
study, mice were infected with GFP control or Sirt6é WT adenovirus by tail vein injection.
Mice were fasted overnight prior to clamps and then infused with a fixed amount of insulin
(20 mU/kg/min) and a variable amount of 20% dextrose to maintain euglycemia. 3-[3H]
glucose was included in the infusate to allow for the calculation of whole-body rates of
glucose metabolism. Hepatic overexpression of Sirt6 was confirmed post-clamp by qRT-
PCR.

Construct Generation

FLAG-HA-PGC-1a and FLAG-GCN5 pcDNA constructs were made as previously
described (Lerin et al., 2006; Rodgers et al., 2005). HA-tagged human GCN5 and human
Sirt6 constructs were amplified from their respective cDNAs and cloned into pcDNA 3.0.
Murine 3xFLAG Sirt6 constructs were made as previously described (Zhong et al., 2010).
Point mutants of GCN5 were generated by PCR-based mutagenesis.

Lentiviral ShRNA constructs were generated in a pLKO.1 backbone (see Table S2 for
shRNA hairpin sequences). Mature virus was produced in HEK-293T cells transfected with
the pLKO.1 construct, psPAX2 and pMD.2G plasmids.

Adenoviruses were produced with the pAd-Track/pAd-Easy system. FLAG-HA-PGC-1a
and FLAG-GCNS5 viruses were made as previously described (Lerin et al., 2006; Rodgers et
al., 2005). 3XFLAG Sirt6 adenoviruses were subcloned from pCMV7.1-3XFLAG
constructs. Adenoviruses containing sShRNAs were subcloned from pLKO.1 vectors with the
U6 promoter into the pAD-Track/pAd-Easy system.

Immunoprecipitations and Western blot analysis

Immunoprecipitations for detection of PGC-1a acetylation were done with clarified lysates
of cells harvested in RIPA buffer with 10 mM nicotinamide and 5 M trichostatin A. Co-
immunoprecipitations were done with the clarified nuclear fractions of cells reconstituted in
10 mM HEPES, pH = 7.5, 150 mM NacCl, 0.5% Igepal, 0.3% CHAPS, and 10% glycerol.
See Table S2 for a list of antibodies used for Western blotting.

In vitro acetyltransferase assays

Acetyltransferase assays were conducted with FLAG-tagged GCN5 immunoprecipitated
from the nuclear fraction of U-2 OS cells transfected with an empty vector control or Sirt6.
Protein was eluted from FLAG antibody beads with 3xFLAG peptide and used in a
fluorimetric acetyltransferase assay as per the manufacturer’s instructions (Active Motif).

In vitro deacetylase assays

Sirt6 protein was immunopurified from U-2 OS infected with 3xFLAG Sirt6 adenovirus.
Measurement of nicotinamide production over time was performed as previously described
(Smith et al., 2009). Assays were conducted with 8 g Sirt6 protein and 500 LM acetylated
GCNS5 peptide (FDPKH[Acetyl-K]TLALIK) in the presence or absence of 1 mM NAD™,
For mass spectrometry experiments, 2 g of Sirt6 and 15 pM acetylated K549 GCN5
peptide was used.
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Gene Expression Analysis

Total RNA was isolated from cells or pulverized liver using Trizol (Invitrogen). For Q-RT-
PCR analysis, cDNA was synthesized from 2 g RNA using random primers and High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression analysis
was performed using a CFX384 Real-Time system (Bio-Rad) and Power Sybr Green qPCR
mastermix (Applied Biosystems). All gene expression data were corrected by -2
microglobulin and 36B4 control gene expression and normalized using the A ACt method.
All primers are available upon request.

Mass Spectrometry

Statistics

In-gel protein digests were analyzed by microcapillary liquid chromatography electrospray
ionization tandem mass spectrometry (LC-MS/MS). Analyses were done on a LTQ Orbitrap
mass spectrometer (Thermo Fisher Scientific, Germany) equipped with a Thermo Fisher
Scientific nanospray source, an Agilent 1100 Series binary HPLC pump, and a Famos
autosampler. For additional details, see Supplemental Procedures.

All data are presented as means +/— standard error of the mean. t-tests and one-way analysis
of variance (ANOVA) tests were conducted—along with corresponding post tests—as
indicated; p<0.05 was considered significant. *-p<0.05, **-p<0.01, ***-p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sirt6 modulates PGC-1a acetylation in cultured cells

(A) Effects of ectopic nuclear sirtuin expression on PGC-1a acetylation. FLAG-HA-
PGC-1a was immunoprecipitated from U-2 OS cells transfected with Sirtl, Sirt2, Sirt6,
Sirt7 or GFP control and blotted for total acetylation. Molecular weights of detected proteins
are indicated. (B) Mutation of catalytically essential residue H133 blocks Sirt6-induced
PGC-1a acetylation. (C) Knockdown of endogenous Sirt6 reduces PGC-1a acetylation
levels. (7op) Sirt6 expression in U-2 OS lines stably expressing either one control shRNA or
one of five different Sirt6 sShRNASs (Bottorm) PGC-1a acetylation from three of the lowest
Sirt6 expressing lines co-transfected with PGC-1a and increasing amounts of GCN5. (D) 16
h inhibition of Sirtl or Class I/l HDAC:s fails to block Sirt6-induced PGC-1a acetylation.
(E) PGC-1a acetylation from U-2 OS cells transfected with a fixed concentration of Sirt6
and increasing amounts of Sirtl. (F) PGC-1a acetylation from U-2 OS cells transfected with
a fixed amount of Sirtl and increasing amounts of Sirt6. See Figure S1.
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Figure 2. Changing cellular GCN5 levels alters Sirt6's ability to change PGC-1a. acetylation

(A) Effects of GCN5 on Sirt6-mediated changes in PGC-1a acetylation. U-2 OS cultures
were transfected with PGC-1a and increasing concentrations of Sirt6 with or without
expression of WT GCN5. (B) Catalytically impaired GCN5 mutant, Y621A/F622A, fails to
augment the Sirt6-mediated increase in PGC-1a acetylation (C) GCN5 knockdown
diminishes the effect of Sirt6 on PGC-1a acetylation. (D) Co-IP of endogenous GCN5 with
3XFLAG Sirt6 from the nuclear fraction of U-2 OS cells. (E) Co-IP of endogenous Sirt6
with FLAG GCNS5 from the nuclear fraction of U-2 OS cultures. (F) Co-IP of WT and HY

Sirt6 with GCN5 from the nuclear fractions of U-2 OS cells.
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Figure 3. Sirt6 increases GCN5's acetyltransfer ase activity and altersthe profile of post-
trandational modifications on GCNS5 protein

(A) In vitro acetyltransferase activities of GCN5 immunoprecipitated from the nuclear
fraction of U-2 OS cells with and without Sirt6. (B) Post-translational modifications mapped
by mass spectrometry on GCN5 immunoprecipitated from U-2 OS transfected with empty
vector (top panel) or WT Sirt6 (bottom panel). Phosphorylated residues are indicated in
green and acetylated residues in red. 49% sequence coverage was obtained in these
experiments (C) Measurement of the /n vitro deacetylation of a peptide containing acetyl-
K549 using nicotinamide production as an indicator of deacetylase activity. WT Sirt6 and
H133Y Sirt6 were immunoprecipitated from U-2 OS infected with adenoviral constructs.
(D) A test of WT and K549Q GCN5’s effects on PGC-1a acetylation in the presence/
absence of Sirt6 expression. Increasing concentrations of GCN5 construct were transfected
along with a fixed concentration of Sirt6 and PGC-1a.. (E) Evaluation of WT and S307A/
K549Q/T735A GCN5’s effects on PGC-1a acetylation in the presence/absence of Sirt6.
Experimental setup was identical to that shown in Figure (D). (F) Comparison of
sensitivities of WT, K549Q and S307A/K549Q/T735A GCNS5 to increasing concentrations
of Sirt6 using acetylated PGC-1a.. GCN5 and PGC-1a were transfected into U-2 OS cells at
a fixed concentration along with Sirt6 at increasing concentrations. Data are means+S.E.M.
See Figures S2,3.
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Figure 4. Sirt6 elevates PGC-1a acetylation in murine primary hepatocyte cultures and
suppresses the gluconeogenic program in direct opposition to Sirt1

(A) Measurement of PGC-1a acetylation in murine primary hepatocyte cultures expressing
GFP, WT Sirt6, or H133Y Sirt6. (B,C) Assessment of PEPCK (B) and G-6-Pase (C) mRNA
levels in murine primary hepatocyte cultures expressing the indicated constructs. In Figures
(A-C), data are a composite of three separate experiments. (D) PGC-1a-induced glucose
production in primary hepatocytes co-expressing either GFP or Sirt6. Data are an average of
two independent experiments. Columns with different letters above them are statistically
significant. (E) Heat map depicting LC-MS analysis of intracellular metabolites from
primary hepatocytes expressing the indicated constructs. (F-H) Assessment of PGC-1a (F),
PEPCK (G), and G-6-Pase (H) mRNA levels in primary hepatoctyes infected with GFP, WT
Sirt6, or H133Y Sirt6 expression constructs and treated for 1.5 h with DMSO vehicle or 10
KM forskolin. In Figures (F-H), data are pooled from three independent experiments. (1)
Competitive effects of Sirt6 and Sirtl on PGC-1a acetylation in primary hepatocytes.
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Cultures were infected with a fixed dose of one sirtuin while the amount of the other was
progressively increased (total viral infection was equal across all treatments). (J,K)
Gluconeogenic gene expression from the experimental setup in (). Data are from two
independent experiments. Columns with different letters above them are statistically
significant (p<0.05). All data expressed as means+S.E.M. and analyzed by one-way
ANOVA with a Tukey’s post-test. See Figure S4.
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Figure 5. Reduction of endogenous Sirt6 decreases PGC-1a acetylation and enhancesthe
gluconeogenic program of murine primary hepatocytes

(A) Assessment of PGC-1a acetylation and Sirt6 protein levels in murine primary
hepatoctyes infected with the indicated adenoviral ShRNA-expression constructs. (B,C)
gRT-PCR measurement of PEPCK (B) and G-6-Pase (C) mMRNA levels in primary
hepatoctyes infected with GFP or PGC-1a and the indicated ShRNA constructs. Data in
Figures (A—C) are from three independent experiments. (D) Glucose production in primary
hepatocytes infected with either GFP or PGC-1a and the indicated shRNA constructs. Data
are pooled from two independent experiments. Columns with different letters above them
are statistically significant (p<0.05). (E) Heat map depicting LC-MS analysis of intracellular
metabolites from primary hepatocytes expressing the indicated constructs. (F-H)
Measurement of PGC-1a (F), PEPCK (G), and G-6-Pase (H) mRNA levels in primary
hepatoctyes infected with the indicated ShRNA expression constructs and treated for 1.5 h
with DMSO vehicle or 10 uM forskolin. In Figures (F-H), data are pooled from three
independent experiments. All data expressed as means+S.E.M. *-p<0.05; **-p<0.01; ***-
p<0.001 by one-way ANOVA with a Tukey’s post-test. See Figure S4.
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Figure 6. Hepatic Sirt6 levelsregulate the gluconeogenic transcriptional response of fasted

C57BL/6 mice

(A) Hepatic Sirt6 protein levels from mice injected with either GFP or 3xFLAG WT Sirt6
adenoviruses. Mice were fed ad /ibitum for 4 days after injection and then fasted for 16 h
before being sacrificed. (B—D) Hepatic gene expression data for PEPCK (B), G-6-Pase (C),
and PGC-1a (D). (E) Blood glucose levels from mice infected with the indicated constructs
(A). Figures (A—E) were compiled from two independent experiments (N=8-9 mice per
treatment group) and analyzed by a two-tailed unpaired t-test. (F) Effect of hepatic Sirt6
over-expression on a pyruvate tolerance test (N=8 per group, analyzed by a two-tailed
unpaired t-test). (G) Effect of hepatic Sirt6 over-expression on glucagon-induced changes in
glycemia (N=8 per treatment group, analyzed by a two-tailed unpaired t-test). (H) Hepatic
Sirt6 protein levels from mice receiving a tail-vein injection of the indicated adenoviral
shRNA constructs. Mice were fed ad /ibitum for 3 days after injection and then fasted for 15
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h before being sacrificed. (I-K) Hepatic PEPCK (1), G-6-Pase (J), and PGC-1a (K) MRNA
levels from mice treated as in (H). (L) Blood glucose levels from mice treated as in Figure
(H). Figures (H-L) were compiled from two separate experiments (N=13-14 mice per
treatment group; analyzed by one-way ANOVA with Dunnet’s post-test). (M) Effect of
hepatic Sirt6 knockdown on a pyruvate tolerance test (N=8 per treatment group; analyzed by
one-way ANOVA with Dunnet’s post-test). See Figure S5.
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Figure 7. Sirt6 suppresses the gluconeogenic program and reduces blood glucose levelsin

diabetic db/db mice

(A-C) Hepatic PEPCK (A), G-6-Pase (B), and PGC-1a (C) mRNA levels from +/adband db/
ab mice injected with GFP or 3XxFLAG WT Sirt6-expressing adenovirus. For 3—4 days after
tail vein injection of virus, mice were fed ad /ibitum and then fasted for 16 h before being
sacrificed. (D) Blood glucose levels measured from mice treated as in (A). (E-G)
Hyperinsulinemic-euglycemic clamp data from db/db mice injected with GFP or 3xFLAG
WT Sirt6 virus. Clamped glucose infusion rate (E), glucose uptake (F), and hepatic glucose
production (G) are shown. (F) Hepatic levels of endogenous Sirt6 mRNA in GFP-infected
control mice treated as in (A). (G) Hepatic levels of endogenous Sirt6 protein in GFP-
infected control mice treated as in (A). In Figures (A-D), results are data pooled from two
independent experiments; N=15 for GFP injected +/db mice, N=10 for Sirt6 injected +/db
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mice, N=13 for GFP injected db/db mice, N=12 for Sirt6 injected db/ab mice. In Figures (E-
G), data are from 6-GFP injected and 7-Sirt6 injected mice and analyzed by a two-tailed
unpaired t-test. (J) A model for how Sirt6 is able to regulate the acetylation state of PGC-1a
and the gluconeogenic program of hepatoctyes. Left—when hepatic Sirt6 activity is low,
GCNS5 is acetylated at K549 and residues Ser307 and Thr735 are unphosphorylated. In this
state, GCN5 activity is low. This, coupled with the action of Sirt1, results in low levels of
PGC-1a acetylation, high levels of PGC-1a activity, and an activation of gluconeogenic
gene expression. Right—when hepatic Sirt6 activity is high, GCNS5 is deacetylated at K549
and residues Ser307 and Thr735 are phosphorylated. In this modified state, GCN5 activity is
enhanced and exceeds the rate of Sirtl-mediated deacetylation, resulting in high levels of
PGC-1a acetylation, reduced levels of PGC-1a activity, and a decrease in gluconeogenic
gene expression. See Figures S6,7 and Table S1.
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