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RESEARCH ARTICLE

CELL BIOLOGY

The Deacetylase SIRT1 Promotes Membrane
Localization and Activation of Akt and PDK1
During Tumorigenesis and Cardiac Hypertrophy

Nagalingam R. Sundaresan,' Vinodkumar B. Pillai,' Don Wolfgeher,2 Sadhana Samant,’
Prabhakaran Vasudevan,® Vishwas Parekh,? Hariharasundaram Raghuraman,*
John M. Cunningham,® Madhu Gupta,® Mahesh P. Gupta'*

Signaling through the kinase Akt regulates many biological functions. Akt is activated during growth
factor stimulation through a process that requires binding of Akt to phosphatidylinositol 3,4,5-
trisphosphate (PIP3), which promotes membrane localization and phosphorylation of Akt by the
upstream kinase PDK1 (phosphoinositide-dependent protein kinase 1). We show that Akt and PDK1
are acetylated at lysine residues in their pleckstrin homology domains, which mediate PIP; binding.
Acetylation blocked binding of Akt and PDK1 to PIP3, thereby preventing membrane localization and
phosphorylation of Akt. Deacetylation by SIRT1 enhanced binding of Akt and PDK1 to PIP; and pro-
moted their activation. Mice injected with cells expressing a mutant that mimicked a constitutively
acetylated form of Akt developed smaller tumors than those injected with cells expressing wild-type
Akt. Furthermore, impaired Akt activation in the hearts of SIRT1-deficient mice was associated with
reduced cardiac hypertrophy in response to physical exercise and angiotensin Il. These findings un-
cover a key posttranslational modification of Akt that is important for its oncogenic and hypertrophic

activities.

INTRODUCTION

Akt (also known as protein kinase B) is a serine-threonine kinase that
mediates signals involved in regulation of diverse cellular processes, such
as cell growth, proliferation, apoptosis, metabolism, and angiogenesis.
Aberrations in Akt signaling have been linked with diseases such as
cancer, cardiac hypertrophy, diabetes, neuronal degeneration, and vas-
cular disorders (7, 2). Three closely related, highly conserved homologs
of Akt are present in mammals, the best-characterized of which is Aktl
(Akt). Akt is generally activated by stimulation of growth factor recep-
tors on the cell surface in a multistep process that includes (i) binding
of Akt to phosphatidylinositol 3,4,5-trisphosphate (PIP3), (ii) trans-
location of Akt from the cytosol to the membrane, and (iii) phospho-
rylation of Akt at Thr*®® and Ser*” by the upstream kinases PDK1
(phosphoinositide-dependent protein kinase 1) and mTORC2 [mamma-
lian target of rapamycin (mTOR) complex 2] (3—5). The initial steps of
Akt activation (namely, binding to PIP; and membrane translocation) are
primarily regulated by the pleckstrin homology (PH) domain, a region
present in most of the membrane lipid-binding proteins (6). However,
the mechanisms that regulate Akt binding to PIP; and membrane local-
ization are not yet understood.

Reversible acetylation of lysine residues by histone acetyltransferases
(HATSs) and histone deacetylases (HDACs) is a posttranslational mecha-
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nism that controls the activity of many proteins besides histones, including
kinases (7, 8). SIRT1 is a prototypical member of the class IIl HDACs,
collectively called sirtuins, which need NAD to deacetylate substrates
(9, 10). SIRT1 has been detected in the nucleus and the cytoplasm (/7).
SIRT1 regulates many of the same cellular processes regulated by Akt (8),
and SIRT1 activators have been used to treat metabolic disorders charac-
terized by defective Akt signaling (12).

Here, we identified reversible acetylation as a potential regulatory
mechanism that controls the activity of Akt. Lysine acetylation in the
PH domain of Akt inhibited its binding to PIP;, thereby inactivating
Akt. SIRT1 deacetylated the PH domain, a process that was necessary
for binding of Akt to PIP; and, hence, for its membrane localization and
activation. Similarly, SIRT1-dependent deacetylation also promotes PIP;
binding and membrane localization of PDK1. Using tumor growth and
cardiac hypertrophy models, we demonstrated that SIRT1 promotes the
development of these diseases through deacetylation-dependent activa-
tion of Akt.

RESULTS

Lysine acetylation inhibits Akt activity

Endogenous Akt immunoprecipitated from primary cells (cardiac myo-
cytes and fibroblasts) and from cell lines [HeLa and human embryonic
kidney (HEK) 293T] was acetylated (Fig. 1A). Akt was also acetylated in
various tissues, including heart, liver, brain, and skeletal muscle (Fig. 1B).
Akt is activated by growth factor stimulation or mild cellular stress and is
inactivated during cell death. Akt acetylation was reduced in conditions
that promote activation of Akt, such as stimulation of cells with insulin-
like growth factor 1 (IGF-1) or insulin. In contrast, Akt acetylation was
increased in cells treated with apoptosis-inducing agents, such as campto-
thecin and staurosporine, suggesting that acetylation is inversely related
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to Akt activity (Fig. 1, C and D). Cells treated with the class IIl HDAC
inhibitor nicotinamide (NAM) showed increased Akt acetylation, a find-
ing that was associated with reduced phosphorylation of Akt at Thr*®®
and Ser*”, reduced phosphorylation of the substrate FOXO3a, and re-
duced kinase activity [as assessed by phosphorylation of a glycogen syn-
thase kinase 3 (GSK-3) peptide] in vitro. However, phosphorylation of
p38 (which is not a substrate for Akt) was unaltered (Fig. 1, E to G).
These data demonstrated that acetylation inhibits Akt phosphorylation
and that this posttranslational modification is sensitive to stress and
growth stimuli that influence Akt activity.

Akt is acetylated at Lys'* and Lys?® in the PH domain
Two widely distributed mammalian HATs, p300 and PCAF, bind to and
acetylate Akt in vitro as well as in cells (Fig. 2, A to C). Overexpression
of PCAF (p300/CBP-associated factor) or p300 in HEK293T cells reduced
phosphorylation of Akt, consistent with reduced activity of Akt toward
GSK-3 peptide (Fig. 2D). Furthermore, Akt activity was increased in lysates
prepared from HEK293T cells depleted of PCAF by small interfering RNA
(siRNA) or from HeLa cells depleted of p300 by siRNA (Fig. 2, E to H).
Thus, both HAT's can acetylate Akt in cells, a process that inhibits Akt activity.
To delineate the acetylated region of Akt, we analyzed different de-
letion mutants of Akt. Full-length Akt, but not a mutant lacking the PH
domain, was acetylated (Fig. 3A). To identify acetylated Lys residues of
Akt, we subjected immunoprecipitated Akt from HeLa cells to mass spec-
trometry (MS) and found that Akt was acetylated at Lys'* and Lys® in the
PH domain (fig. S1). The relative stoichiometries of Lys'* and Lys*
acetylation were 53.5% and 50.2%, respectively (table S1). Substitution

Ac-Lys (B S S .

types (A) and tissue lysates (B). Sk. muscle, skeletal muscle. (C) Hela cells were
serum-starved overnight and then treated with vehicle (control), IGF-1 (100 nM),
or insulin (100 nM) for 15 min (left). HeLa cells were grown in complete growth
medium and treated with camptothecin (Campt; 10 uM) or staurosporine (Stauro; 1 uM) for 2 hours (right). Akt im-
munoprecipitates were immunoblotted with the indicated antibodies. (D) Quantification of Akt acetylation in HelLa cells
treated with vehicle (control), IGF-1 (100 nM), or insulin (100 nM) for 15 min or treated with camptothecin (10 uM) or
staurosporine for 2 hours. Values are means + SE. n = 5 experiments (*P < 0.01). (E) COS-7 cells were serum-starved
and treated with NAM overnight and then stimulated with serum for different time periods. Whole-cell lysates (WCLs)
were immunoblotted with the indicated antibodies. (F) The phosphorylation status and acetylation status of Akt
immunoprecipitated from HEK293T cells treated with NAM were determined by immunoblotting. Akt activity was
assessed in kinase assays with GSK-3 peptide as substrate. The results shown are from an experiment performed
in triplicate. (G) The acetylation status of p53 immunoprecipitated from cell lysates in (F) was determined by im-
munoblotting. Ac, acetylation; P, phosphorylation; 293T, HEK293T cells;

mutations showed reduced phos-
phorylation in cells (Fig. 3B).
In contrast, an Akt form with a
Lys?°—Arg (K20R) mutation
showed increased phosphoryl-
ation, whereas an Akt form with
a Lys®*—GlIn (K20Q) mutation
showed reduced phosphorylation
(Fig. 3B). Additionally, activity
assays showed that the K20Q
mutant, but not the K20R mu-
tant, had higher activity toward
GSK-3 peptide, whereas the
K14R and K14Q mutants were
nearly completely inert (Fig.
3C). These data indicated that
acetylation-mediated regulation
of Akt activity is likely to be con-
trolled by modification of Lys'*
and Lys®’. Lys'* is involved in
the binding of the phosphate
groups of PIP; to Akt (/3), and
mutation of this Lys will there-
fore eliminate binding of Akt
to PIP;. Additionally, posttranslational modification of Lys'* might also
impair direct binding of Akt to PIP;.

IP: p53

Fig. 1. Lysine acetylation inhibits Akt
activity. (A and B) Immunoblotting (IB)
shows acetylation of Akt, which was im-
munoprecipitated (IP) from different cell

Sk. muscle, skeletal muscle. Blots are

SIRT1 deacetylates and activates Akt
Our results from NAM-treated cells indicated that a member of the sirtuin
family might be the deacetylase that targets Akt. Akt immunoprecipitates
from HEK293T cells contained SIRT1, and conversely, SIRT1 coimmu-
noprecipitated with Akt (Fig. 4, A and B). Furthermore, this interaction
occurred preferentially when cells were stimulated with serum (fig. S2, A
and B). Glutathione S-transferase (GST) pull-down assays using different
deletion mutants of Akt revealed that SIRT1 bound to the PH domain of
Akt, the same region that contains the acetylated Lys residues (fig. S3).
SIRT1 coimmunoprecipitated with full-length Akt but not with a mutant
lacking PH domain (Fig. 4C). Furthermore, expression of SIRT1 increased
phosphorylation at Thr'®® and Ser*”* sites in full-length Akt but not in the
mutant lacking the PH domain (Fig. 4C), thus demonstrating that SIRT1
binds to and activates Akt through its PH domain. In vitro assays indicated
that SIRT1 deacetylated the PH domain of Akt in a NAD-dependent man-
ner (Fig. 4D). Acetylation of Akt was higher in cells expressing PCAF
alone than those coexpressing PCAF and SIRT1 (fig. S4A). Expression
of wild-type SIRTI, but not a catalytically inactive mutant (His*>— Ala;
H335A), increased phosphorylation of Akt and its substrate FOXO3a
in cells and activity of Akt, findings that were associated with deacet-
ylation of Akt, indicating that SIRT1-mediated deacetylation activates
Akt (Fig. 4E).

We asked whether Lys° is needed for SIRT1-mediated activation of Akt.
The phosphorylation status of Akt was determined in cells coexpressing
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SIRT1 with wild-type Akt, the K20R mutant, or the K20Q mutant. SIRT1
increased phosphorylation of wild-type Akt but not that of K20R or
K20Q mutants, suggesting that deacetylation of Lys®® is necessary for
SIRT1-mediated activation of Akt (Fig. 4F). To test whether endogenous
SIRT1 could deacetylate and activate Akt, we used HeLa cells maintained
in low- or high-glucose medium or treated with resveratrol, a small-molecule
activator of SIRT1 (/4). Compared to cells grown in high-glucose (25 mM)
medium, phosphorylation of Akt and its targets was increased in cells grown
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Fig. 2. PCAF and p300 acetylate Akt. (A and B) Akt immunoprecipitates
from transfected Hela cells were immunoblotted with the indicated anti-
bodies. (C) Immunoblot showing in vitro acetylation of Akt by PCAF or
p300. (D) Akt immunoprecipitates from transfected HEK293T cells were
analyzed by immunoblotting with the indicated antibodies (top) and in
kinase assays with GSK-3 peptide as substrate (middle). WCLs were
immunoblotted with the indicated antibodies (bottom). (E) Akt immuno-
precipitates from HEK293T cells transfected with siRNAs directed against
PCAF immunoblotted with the indicated antibodies. Akt activity was
determined in kinase assays with GSK-3 peptide as substrate. (F) Immuno-
blot showing PCAF knockdown in HEK293T cells. (G) Akt immunoprecipi-
tates from Hela cells expressing a short hairpin RNA (shRNA) directed
against p300 were immunoblotted with the indicated antibodies. (H) Im-
munoblot showing p300 knockdown in Hel a cells. Blots are representative
of n = 2 experiments.

in low-glucose (1 mM) medium, conditions that should activate SIRT1. Sim-
ilarly, resveratrol treatment, which increases SIRT1 abundance, increased
phosphorylation of Akt and its substrates (fig. S4, B to D).

To test whether SIRT1 activates Akt in vivo under physiological con-
ditions, we fasted mice overnight to activate SIRT1 and then injected them
with insulin. Skeletal muscle lysate prepared from fasted mice showed
increased SIRT1 activation and insulin-mediated Akt activation compared
to lysate from control mice fed ad libitum (Fig. 5A). In addition, phospho-
rylation of FOXO3a was greater in fasted mice treated with insulin
compared to controls, and FOXO-dependent gene expression was acti-
vated in SIRT1-deficient cells (fig. S5, A to C), consistent with a previous
report (/5). Moreover, SIRT1-deficient mouse embryo fibroblasts
(MEFs) showed reduced IGF-1-mediated activation of Akt compared
to wild-type MEFs (Fig. 5B). This phenotype was rescued by expression
of SIRT1 (fig. S6, A and B). Thus, under conditions that promote cellular
growth, endogenous SIRT1 deacetylates and activates Akt.

We asked next whether deacetylation is a necessary step for phos-
phorylation of Akt. A time course analysis of Akt acetylation and phos-
phorylation in serum-stimulated HeLa cells showed that deacetylation
of Akt occurred before phosphorylation (Fig. SC). Surprisingly, in cells
treated with the phosphatidylinositol 3-kinase (PI3K) inhibitor GDC0941,
which blocks Akt phosphorylation, no deacetylation of Akt could be
detected (Fig. 5C), suggesting that PI3K also plays a role in the events
controlling Akt deacetylation. SIRT1 is activated by increases in the
ratio of the oxidized (NAD) and reduced (NADH) forms of cellular nic-
otinamide adenine dinucleotide (9). In addition to inducing deacetylation
of Akt, serum stimulation increased the cellular NAD/NADH ratio, sug-
gesting that deacetylation of Akt under growth conditions may be me-
diated by increased activity of SIRT1 (fig. S7).

Lysine acetylation regulates the binding of Akt to PIP;
A critical step in the process of Akt activation is the binding of Akt to PIP;
through its PH domain, a process that facilitates Akt membrane localiza-
tion (16, 17). Because acetylation of the PH domain inhibited Akt activity,
we hypothesized that acetylation might also regulate the binding of PH
domain to PIP;. In a lipid-protein overlay assay, deacetylated but not acet-
ylated Akt bound to PIP; in a concentration-dependent manner (Fig. 6A).
However, deacetylation did not change the affinity of Akt to other lipids
(fig. S8A), thus suggesting a specific effect of acetylation on the binding
ability of Akt to PIP;. Acetylated Akt-PH domain bound less to PIP;
compared to its nonacetylated counterpart (fig. S8B). Akt from SIRT1-
expressing cells bound to PIPs-conjugated beads more efficiently than
did Akt from cells expressing the SIRT1 H355A mutant (Fig. 6B). Similar-
ly, PIP; beads pulled down more Akt from wild-type cells than from SIRT1-
deficient cells, suggesting that SIRT1-mediated deacetylation facilitated
Akt binding to PIP; (Fig. 6C). PI3K activity was not significantly differ-
ent in wild-type and SIRT1-deficient cells, thus excluding the possibility
that cellular PIP; abundance differed between these cells (fig. S8C), sug-
gesting that SIRT1 does not influence the synthesis of PIP;. The K20R
mutant, which mimics deacetylated Akt, readily bound to PIP;, whereas
the K20Q mutant, which mimics constitutively acetylated Akt, did not
bind to PIP5, and mutating the Lys'* to either Arg or GIn rendered Akt
incapable of binding to PIP; (Fig. 6D). Thus, reversible acetylation of
Lys®® in the PH domain regulates the binding of Akt to PIP;.

SIRT1 promotes membrane localization of Akt

Because SIRT1-mediated deacetylation enhanced Akt binding to PIP;, we
reasoned that SIRT1 might also play a role in membrane localization of
Akt. IGF-1 treatment increased the amount of Akt in the membrane frac-
tion of wild-type but not SIRT1 knockout (SIRT1-KO) MEFs, suggesting
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that SIRT1 promoted IGF-1-induced membrane localization of Akt
(Fig. 7A). Furthermore, IGF-1 treatment promoted membrane localiza-
tion of the green fluorescent protein (GFP)-Akt—PH fusion protein in
wild-type MEFs but not in SIRT1-KO cells (Fig. 7B). We next asked
whether deacetylation of Lys'* and Lys”® in the PH domain influenced the
membrane localization of Akt. In serum-stimulated HeLa cells, GFP-Akt-
PH fusion proteins with K14Q or K14R mutations did not localize to the
plasma membrane before or after serum stimulation, whereas the mem-
brane localization of the GFP-Akt-PH construct with the K20Q mutation
was reduced compared to that of the construct with the K20R mutation,
which mimics the deacetylated Lys® form of Akt (Fig. 7C). Together, these
results indicate that reversible acetylation of Lys™° in the PH domain reg-
ulates membrane localization of Akt.

Ac-Lys
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Some human cancers have a mutation in the PH domain of Akt
(Glu'"—Lys; E17K) that confers constitutive activation of Akt (18). Ubig-
uitination of this E17K mutant promotes membrane localization and acti-
vation of Akt (19). A form of the GFP-Akt-PH construct with the E17K
mutation was primarily membrane-localized, whereas a form of this construct
with K17K/K20Q double mutations was not membrane-localized (Fig. 7D),
thus indicating that besides ubiquitination (/9), deacetylation of the PH do-
main can also play a critical role in the membrane localization of Akt.

Lysine acetylation of the PH domain regulates the
membrane localization and activation of PDK1
PDKI1 is an upstream activating kinase of Akt, which must also bind to
PIP; for membrane localization and activation (20). Because PDK1 also
contains a PH domain, we hypothesized that
c like Akt, membrane localization of PDK1
Activity assay might also be regulated by reversible acetyl-
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of PDK1 (fig. S9). SIRT1 bound to PDK1
in HeLa cells and deacetylated PDK1 in vitro
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Fig. 3. Akt is acetylated at
Lys™ and Lys® in the PH do-
main. (A) Akt immunoprecipi-
weL tates from serum-stimulated HEK293T cells expressing full-length

(Fig. 8, A and B). In prostate cancer PC3
cells stimulated with IGF-1, SIRT1 expres-
sion increased phosphorylation of PDK1
at Ser”™ in the membrane fraction but not
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are representative of n = 4 experiments.

HA-Akt or the PH domain-deleted Akt mutant (HA-Akt-APH) were
immunoblotted with the indicated antibodies. WCLs were immuno-
blotted with the indicated antibodies. (B) The phosphorylation sta-
tus of Akt immunoprecipitated from cells expressing wild-type (WT) T7-Akt or T7-Akt mutants was
determined by immunoblotting (upper panels). Immunoblots of WCLs (bottom panel). (C) Activity of
WT T7-Akt or T7-Akt mutants was determined in kinase assays with GSK-3 peptide as substrate. Blots

in the cytoplasmic fraction (Fig. 8C). We
also noticed that a large amount of SIRT1
was present not only in the cytoplasmic
fraction, as expected, but also in the mem-
brane fraction. Imaging analysis indicated
that under conditions expected to promote
growth, endogenous SIRT1 and exogenously
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expressed SIRT1 were localized at the plasma membrane (Fig. 8D and
fig. S10, A to C).

Binding of PDK1 to PIP; was higher in cells expressing wild-type
SIRT1 compared to cells expressing the catalytically inactive SIRT1 mu-
tant, suggesting that SIRT1 enhances the ability of PDK1 to bind to PIP;
(Fig. 8, E and F). In serum-starved PC3 cells treated with IGF-1, PDK1
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Fig. 5. Endogenous SIRT1 regulates growth factor-mediated Akt acti-
vation. (A) Mice fed ad libitum (control) or fasted overnight were injected
with insulin or vehicle intraperitoneally. Muscle tissue was harvested
30 min after insulin injection and immunoblotted for the indicated pro-
teins. The acetylation status of immunoprecipitated Akt was determined
by immunoblotting. (B) IGF-1-treated MEFs from WT and SIRT1-KO
mice were immunoblotted with the indicated antibodies. (C) Deacet-
ylation of Akt occurs before phosphorylation. HelL.a cells were serum-
starved overnight, treated with vehicle or the PI3K inhibitor GDC0941,
and stimulated with serum for different time periods. The acetylation status
and phosphorylation status of immunoprecipitated Akt were determined
by immunoblotting with the indicated antibodies. Blots are representative
of n = 2 experiments.
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phosphorylation and membrane localization were reduced in cells lacking
SIRT1, compared to cells with SIRT1, at all time points of IGF-1 stimula-
tion examined (Fig. 8G and fig. S11). Thus, these data demonstrate that,
like Akt, SIRT1 deacetylates and activates PDK1.

SIRT1 controls Akt-mediated cell survival

and tumorigenesis

To understand the functional role of SIRT1-mediated activation of
Akt, we analyzed the effect of depleting endogenous SIRT1 or over-
expression of SIRT1 on the survival and proliferation capacity of PC3
cells, processes that are Akt-dependent (/9). SIRT1 deficiency caused
reduced Akt phosphorylation and significantly increased cell death
(Fig. 9, A and B, and fig. S12), whereas overexpression of SIRT1 pro-
moted cell proliferation (Fig. 9, C and D). To test whether deacetylation
of the Akt-PH domain induces tumor-permissive phenotypes, we devel-
oped stable HeLa cells expressing T7 tag alone, T7-Akt, T7-Akt-K20R,
or T7-Akt-K20Q mutants. T7-Akt— and T7-Akt-K20R—expressing cells
formed stress fibers, showed cytoplasmic or perinuclear localization of
B-catenin (or both) and increased abundance of smooth muscle a-actin,
characteristics of a more aggressive tumor phenotype not seen in T7-Akt-
K20Q-expressing cells (Fig. 9, E and F). Stable HeLa cells expressing
T7 tag alone, T7-Akt, or T7-Akt-K20Q were injected into nude mice.
After 8 weeks, large tumors were detected in mice injected with cells ex-
pressing T7-Akt (wild-type cells) but not in mice injected with cells ex-
pressing Akt-K20Q (Fig. 9G and fig. S13), suggesting that Akt acetylation
inhibits its tumorigenic activity. We could not assess the tumorigenic ac-
tivity of Akt-K20R mutant because these cells lost stable expression of
Akt-K20R after multiple passages.

SIRT1-KO mice show a cardiac phenotype reminiscent
of Akt deficiency

We also assessed the cardiac phenotype of SIRT1-KO and SIRT1-
overexpressing transgenic mice. Like Akt-deficient mice, SIRT1-KO mice
die neonatally, and the few surviving mice show reduced heart weight—
to—tibia length (HW/TL) ratio and reduced cardiac myocyte size, pheno-
types that suggest defective physiologic cardiac growth (Fig. 10A and
fig. S14, A and B). SIRT1-KO hearts also showed reduced phospho-
rylation of Akt and GSK-3f compared to wild-type control hearts (Fig.
10B). Similar results were found in liver lysates (fig. S15). Akt im-
munoprecipitated from lysates of SIRT1-KO hearts showed increased
acetylation, reduced phosphorylation, and reduced activity toward GSK-3
peptide compared to that immunoprecipitated from wild-type heart ly-
sate (Fig. 10, C and D), thus suggesting that SIRT1 promotes Akt activ-
ity in the heart.

C
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of Akt to beads was detected by immunoblotting. (C) Immunoblot show-
ing binding of PIPs-conjugated beads to Akt from WT or SIRT1-KO liver
lysates. (D) Immunoblot showing binding of WT, K20R, or K20Q Akt to
PIP3. Blots are representative of n = 4 experiments.
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Fig. 7. SIRT1-mediated deacetylation promotes membrane localization
of Akt. (A) Immunoblot showing IGF-1-induced localization of Akt to
the membrane fraction of WT but not of SIRT1-KO MEFs. The cytoplasmic
and membrane fraction markers tubulin and B-integrin were also immuno-
blotted. n = 2 experiments. (B) WT and SIRT1-KO MEFs expressing GFP-
Akt-PH domain were stimulated with IGF-1 for 15 min. WGA is a membrane
marker. The membrane localization of GFP-tagged protein (arrows) was ex-
amined by confocal microscopy. Scale bars, 10 um. (C and D) Hela cells
expressing GFP-Akt-PH domain constructs carrying different mutations
were stimulated with serum for 15 min, and the membrane localization
of GFP protein (arrows) was determined by confocal microscopy. Images
are representative of n = 3 experiments. Scale bars, 10 um [(C) and (D)].
Quantification of data in (C) and (D) shown in bar graphs. Cells (100 to
200) were scored, and representative results are from n = 3 experiments
(mean = SE, *P < 0.001).

Akt activation has been implicated in the development of cardiac hy-
pertrophy (21, 22). In response to a hypertrophic stimulus, angiotensin II
(Angll), SIRT1-KO mice failed to develop cardiac hypertrophy, whereas
wild-type mice showed a hypertrophic response as well as induction of the

genes encoding ANP (atrial natriuretic peptide), BNP (brain natriuretic
peptide), and B-MHC (B—myosin heavy chain) (Fig. 10A and figs. S14
and S16). To test whether defects in Akt signaling might contribute to
the lack of hypertrophic response of SIRT1-KO hearts, we examined
phosphorylation of Akt and of its downstream targets. Compared to
wild-type hearts, SIRT1-KO hearts had reduced phosphorylation of Akt
in response to agonist treatment, which was associated with reduced
phosphorylation of downstream targets of Akt, such as GSK-38,
mTOR, and FOXO3a, but not p38, which is not an Akt target (Fig.
10E). We also analyzed the development of exercise-induced physio-
logical hypertrophy in wild-type and SIRT1-KO mice. Whereas wild-
type mice developed ~20% cardiac hypertrophy after 8 weeks of forced
swim exercise, SIRT1-KO mice were resistant to this type of hypertrophy
(fig. S17A). Furthermore, control cardiomyocytes with SIRT1, but not
SIRT1-deficient cardiomyocytes, developed robust hypertrophy in re-
sponse to IGF-1, suggesting that SIRT1 is needed for IGF-1-mediated
hypertrophy of cardiomyocytes (fig. S17, B and C). In addition, the
hearts of transgenic mice overexpressing SIRT1 (at about fourfold higher
abundance over that of the endogenous protein) developed significant
cardiac hypertrophy under basal conditions, showed increased phospho-
rylation and deacetylation of Akt, and increased the activity of Akt toward
its substrates (Fig. 10, F and G). To confirm that SIRT 1-mediated cardiac
hypertrophy requires Akt activation, we treated SIRT1-overexpressing
cardiomyocytes with the Akt inhibitor triciribine. SIRT 1-mediated hyper-
trophy of cardiomyocytes was blocked by inhibiting Akt (fig. S18), thus
suggesting a functional interaction between these two proteins. Akt is
activated in a pressure-overload model of cardiac hypertrophy induced
by transverse aortic constriction (TAC) (23). SIRT1 was activated in mice
that underwent TAC, and hypertrophic responses, as well as activation
of Akt and SIRT1, were further enhanced by treatment of these mice with
resveratrol and blocked by treating mice with triciribine (Fig. 10, H and I).
These results thus demonstrate that SIRT1 activation is needed for pro-
hypertrophic activity of Akt in the heart.

DISCUSSION

Akt and SIRT1 regulate many common biological functions, and in the
heart, SIRT1 deficiency results in a phenotype reminiscent of Akt defi-
ciency. We have found that during growth factor stimulation of cells, SIRT1
binds to and activates Akt by enhancing its binding to PIP; and thereby
increasing membrane localization and phosphorylation of Akt. We iden-
tified two conserved lysine residues in the PH domain of Akt, which are
subject to modification by acetylation. SIRT1-dependent deacetylation
of these residues was necessary for binding of Akt to PIP;. These findings
disclosed a new step in Akt signaling.

Akt activity is regulated by reversible acetylation

of the PH domain

Acetylation of the PH domain inactivated Akt because of its inability to
bind to PIPs. This effect could be resulting from acetylation-induced dis-
ruption of the tertiary structure of the PH domain of Akt, which is nec-
essary for its binding to PIP;. The PH domain contains a bipolar
structure in which one side of the domain is a positively charged surface
composed of basic amino acids, whereas the other side is populated by
acidic residues, which form the ligand-binding pocket in its center (6).
We suggest that acetylation, which neutralizes the positive charge of ly-
sine, could affect the bipolar structure of the PH domain of Akt. This
explanation is supported by the observation that mutation of Lys'* or
Lys° residues to glutamine rendered Akt incapable of binding to PIPs,
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suggesting that electrostatic interactions are crucial for the binding of
PIP; to these residues and thus the PH domain. Nearly all PH domains
have a similar arrangement of positively charged Lys residues, which
are essential for their binding to PIP;. Our data showing that acetyla-
tion of the PH domain of PDK1 at Lys*®, which is homologous to
Lys'* of Akt, rendered PDK1 inactive suggest that acetylation of PH
domains could be a common mechanism that inhibits the activity of
PIP; binding proteins.

In addition to acetylation, ubiquitination can promote Akt membrane
localization and activation. Yang ef al. have reported that the E3 ubiquitin li-
gase TRAF6 mediates ubiquitination of Akt at Lys® and Lys'* thereby
promoting translocation of Akt to the plasma membrane upon exposure
to IGF-1. Mutation of Lys® to Arg impairs translocation of Akt to the
membrane but has no effect on the binding of Akt to PIP;, suggesting
that membrane localization and PIP; binding of Akt are two independent
events (/9). Similarly, in our study, defects in membrane localization of
the K20Q mutant might have resulted from impaired binding to PIPs,
rather than defects in their translocation to the membrane, because the
ubiquitination sites (Lys® and Lys'*) of these mutants were intact. Another
possibility is that deacetylation of Lys?® and Lys', the latter of which is
also ubiquitinated (/9), facilitates ubiquitination-mediated transport of Akt
to the membrane. Figure 11 presents a model explaining how lysine acet-
ylation and ubiquitination could regulate Akt membrane localization, PIP;
binding, and activation.

SIRT1 deacetylates and activates Akt under

growth conditions

We identified SIRT1 as a HDAC that can bind to and deacetylate Akt
and that promotes increased membrane localization of Akt during growth
factor signaling. However, in the absence of growth factor stimulation, we
did not find Akt binding to SIRT1, suggesting that Akt and SIRT1 may
not interact with each other under basal conditions and that growth factor
signaling is needed for their interaction (fig. S2, A and B). How growth
factor signaling promotes their interaction is not known at this point and
warrants further investigation. Consistent with our observation, Akt has
been reported to activate SIRT1 by destabilizing miR-199a, which targets
SIRT1, thus suggesting that there could be a positive feedback loop in
which these proteins regulate each other’s activity under certain specified
conditions (24, 25).

Implications of the SIRT1-Akt interaction in

promoting longevity

Both Akt and SIRT1 have been implicated in life-span determination of
many organisms. Akt is a downstream component of the insulin—IGF-1
signaling pathway, mutations in which reduce the activity of the IGF-
PI3K-Akt signaling pathway and extend the life spans of Caenorhabditis
elegans, Drosophila, and mice (26). Inhibition of Akt also extends the
life span of human endothelial cells (27). This effect of Akt inhibition
has been attributed to increased FOXO-dependent transcription of the
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Fig. 9. SIRT1 regulates Akt-mediated cell survival and tumorigenesis. (A) C

72 hours after knockdown (KD) of SIRT1. (B) Quantification of cell death. Values are means + SE. n = 3 sets of
cells. (C) Cell proliferation in PC3 cells overexpressing SIRT1 was monitored by incorporation of BrdU. FITC, flu-
orescein isothiocyanate. (D) Quantification of BrdU incorporation in cells. Mean + SE. n = 4 sets of cells. (E) Stable
Hela cells expressing the indicated proteins were immunostained for smooth muscle o-actin (SM-actin) and B-
catenin. F-actin was visualized with rhodamine-phalloidin. Scale bars, 20 um. n = 3 sets of cells. (F) Immunoblot
of cells from (E). (G) Stable Hela cells expressing indicated protein were injected into nude mice, and tumor
growth was monitored after 8 weeks. Values are means + SE. n = 6 mice per group.

gene encoding superoxide dismutase, an enzyme that helps to reduce
cellular oxidative stress. Although Akt activation decreases life-span
extension, there is a lack of consensus regarding the role of SIRT1 in this
process. Activation of SIRT1 homologs can increase the life span of yeast,
C. elegans, and Drosophila (28); however, this concept has been chal-
lenged by others who found no correlation between life-span extension
and activation of SIRT1 (29-31). Overexpression of SIRT1 does not ex-
tend the replicative life span of human fibroblasts or prostate epithelial
cells, but it causes replicative senescence in response to chronic stress (32, 33).
Here, we found that SIRT 1-mediated deacetylation can enhance Akt ac-
tivity upon growth factor stimulation and not in the absence of growth
factor signaling. Consistent with our results, SIRT1 has been reported to
be necessary for IGF-1 signaling, and inhibition of SIRT1 protects neurons
from oxidative stress—mediated damage (29). Thus, it is likely that under
growth-stimulating conditions (such as when insulin signaling is active),
SIRT1 activates Akt, resulting in phosphorylation and inactivation of
FOXO, because of its export from the nucleus. In contrast, in the absence
of insulin signaling, lack of SIRT1-mediated activation of Akt facilitates
nuclear localization of FOXO, where it promotes expression of genes
involved in stress resistance, endurance, and longevity. Consistent with this
notion, SIRT1 interacts with FOXO3a in serum-deprived cells and not under
basal conditions when growth factors are present (34). Thus, it appears that
SIRT1 may promote longevity under caloric restriction but not in the pres-
ence of growth factors. This dual activity of SIRT1 under different con-
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cardiac hypertrophy

Akt is considered a central player
in tumorigenesis (35). Increased
activation of Akt in cancer cells
occurs through several PI3K-
dependent and PI3K-independent
mechanisms (/8). Ubiquitination,
which promotes recruitment of
Akt to the membrane, enhances
the oncogenic activity of Akt (19).
Our data demonstrate that SIRT1,
which facilitates localization of
Akt to the membrane, also pro-
motes the oncogenic activity of
Akt. The role of SIRT1 in cancer
is complex and not well under-
stood (36). Induction of SIRT1
N by caloric restriction reduces cell
proliferation and tumor forma-
tion in a mouse model of colon
cancer (37). These observations
differ from other reports in which
SIRT1 abundance is increased
in various types of tumors, includ-
ing prostate, leukemia, colon, and
skin (36). These tumors also show
increased activation of Akt, sug-
gesting that SIRT1 might pro-
mote cancer by activating Akt
(35, 38).

Both Akt and SIRT1 play a critical role in the development of car-
diac hypertrophy and angiogenesis (23, 39, 40). Akt-deficient mice are
resistant to swimming-induced cardiac hypertrophy, suggesting a role
for Akt in physiological growth of the heart (47). In contrast, mice with
cardiac-specific overexpression of Akt develop cardiac hypertrophy un-
der basal conditions (42). Both Akt and SIRT1-KO mice die neonatally,
and the few surviving mice exhibit reduced HW/TL ratio compared to their
wild-type littermates. Here, hearts of SIRT1-null mice showed impaired
cardiac hypertrophic response, whereas those of SIRT 1-overexpressing
mice showed robust cardiac hypertrophy under basal conditions. The sim-
ilar cardiac phenotypes between Akt and SIRT1-KO mice and mice over-
expressing these proteins may result from the ability of SIRT1 to control
the activity of Akt in the heart. Consistent with our results, spontaneously
hypertensive rats with left ventricular hypertrophy show increased cardiac
mRNA abundance for SIRT1 (43). Furthermore, mice with a liver-specific
ablation of SIRT1 show reduced Akt phosphorylation despite having in-
creased blood insulin concentrations (44). Similarly, overexpression of
SIRT1 increases Akt phosphorylation in senescent endothelial cells (45).
Also, transgenic mice with gain of function of SIRT1 have been reported
to be protected from diabetes and metabolic disorders, which may result
from enhanced Akt signaling (44, 46).

In summary, we have demonstrated that SIRT1-dependent deacetylation
of the PH domain is necessary for the activation of Akt under growth
conditions and possibly of other PH domain proteins. These findings are
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Fig. 10. SIRT1-KO mice exhibit Akt-defective phenotype in the heart. (A)
Ratio of heart weight (HW) to tibia length (TL) of WT and SIRT1-KO adult
mice treated with Angll to induce cardiac hypertrophy. Values are
means + SE. n =5 mice per group. (B) Immunoblot showing abundance
of different proteins in heart lysates of WT and SIRT1-KO mice. (C and D)
The acetylation status (C) and phosphorylation status (D) of Akt immuno-
precipitated from heart lysates of WT and SIRT1-KO mice were de-
termined by immunoblotting. Akt activity was assessed in kinase assay
with GSK-3 peptide as substrate. (E) Immunoblot of cardiac lysates from
WT and SIRT1-KO mice treated with Angll to induce hypertrophy. (F)
HWI/TL ratio of 6-week-old N.Tg (nontransgenic) and SIRT1.Tg mice with
cardiac-specific expression of SIRT1. Values are means + SE. n = 5 mice
per group (*P < 0.05). (G) Immunoblot showing phosphorylation of Akt
and its substrates, GSK-3p (Ser®), mTOR (Ser®**®), and FOXO3a (Thr*?)
in hearts from N.Tg and SIRT1.Tg mice (top). Acetylation status of Akt
(bottom). (H) Akt inhibition attenuates cardiac hypertrophy mediated
by activation of endogenous SIRT1. Mice fed a standard chow or diet
containing resveratrol (Res) were subjected to TAC for 8 weeks. Akt in-
hibitor (Akt-1), triciribine (1.5 mg/kg), or vehicle (Veh) was injected daily to
block endogenous Akt activity. After 2 weeks, mice were killed and the
HW/TL ratio was measured. Values are means + SE. n = 6 mice per group
(*P < 0.05). (I) Immunobilot of heart lysates showing Akt phosphorylation
and SIRT1 activation. Bottom: Acetylation status of Akt in different groups
of hearts. Blots are representative of n = 2 experiments.
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Fig. 11. (A) Crystal structures of PH domains of Akt and PDK1 interacting
with PIP3. The acetylated lysines are shown in blue, and PIP3 is shown in
purple (54). Lys' (Akt) and Lys*®® (PDK1) are in the binding pocket of
the PH domain and are involved in direct binding to PIPs. In Akt, Lys®
present in the variable loop and is in close proximity to the binding pocket
in inactive or apo form. Lys?® undergoes considerable conformational
change upon binding with PIP3 (bound form, Protein Data Bank code
1UNQ). Neutralization of the charge on Lys?® might hinder the binding of
PIP; and the conformational changes associated with this binding event,
thereby leading to inactivation of Akt. (B) A model illustrating the role of
lysine acetylation in regulating the membrane localization and activation
of Akt. The PH domains of Akt and PDK1 are acetylated, leading to inhi-
bition of their binding to PIP3 and hence inactivation. During growth factor
(GF) stimulation of cells, SIRT1 deacetylates Akt as well as PDK1, en-
abling them to bind to PIP3, which is generated from PIP, by activation
of PI3K during GF receptor stimulation. PIP3 binding promotes localization
of Akt and PDK1 to the plasma membrane. It is also possible that de-
acetylation makes lysine residue (or residues) available for ubiquitination
(Ub), thereby facilitating ubiquitination-mediated transport of proteins to
the plasma membrane. PDK1 phosphorylates Akt at the plasma mem-
brane, leading to activation of Akt.

important for understanding the interrelationship between kinases and de-
acetylases in regulating cell signaling.

MATERIALS AND METHODS

Mice, cell cultures, and reagents

SIRT1-KO mice were provided by M. W. McBurney. The transgenic mice
with cardiac-specific overexpression of SIRT1 and methods to prepare
cardiomyocyte cultures from 2-day-old neonatal rat hearts have been de-
scribed earlier (47). For all adenovirus infections, viruses were used at a
multiplicity of infection (MOI) of 100. HeLa and HEK293T cells were
grown in Dulbecco’s modified Eagle’s medium, and PC3 cells were grown
in RPMI 1640 supplemented with penicillin-streptomycin and 10% fetal
bovine serum. MEFs were prepared using standard protocols. Experiments
with MEFs were performed from passage 2 to 4. T7-Aktl, Flag-PCAE,
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hemagglutinin (HA)-tagged p300, Flag-SIRT1, Flag-mSIRT1 (H355A),
and GFP-Akt-PH constructs were obtained from Addgene. T7-Akt1 and
GFP-Akt-PH constructs were used to generate K14R, K14Q, K20R, K20Q,
K17E, and E17K/K20Q mutants with a site-directed mutagenesis kit from
Stratagene Inc. pPCMV-HA mammalian expression vector (Clontech) was
used to generate HA-tagged Aktl or APH-Aktl. IGF-1 and insulin were
purchased from Sigma. Recombinant SIRT1 protein was purchased from
Abcam. Recombinant PCAF and p300 proteins were purchased from Milli-
pore. Antibodies were purchased from Cell Signaling, Millipore, Sigma,
and Santa Cruz Biotechnology. Triciribine was purchased from Calbiochem
Inc., and GDC0941 was bought from Chemdea Inc. For in vivo experiments,
triciribine was used at a dose of 1.5 mg/kg intraperitoneally (48). Stable
HelLa cells expressing T7 tag alone, T7-Akt, T7-Akt-K20R, or T7-Akt-K20Q
were generated by means of standard protocols. The concentration of G418
used for stable selection was 500 pug/ml. SIRT1 and its catalytic mutant
(H355A) overexpressing adenoviruses were described previously (49).

Cell death and proliferation assays

Apoptosis of PC3 cells was analyzed by fluorescence-activated cell
sorting (FACS) by means of the annexin V—phycoerythrin apoptosis
detection kit (BD Pharmingen). Cell proliferation was determined by
quantifying 5-bromo-2’-deoxyuridine (BrdU) incorporation with a
commercial kit (BD Pharmingen).

Subcellular fractionation, immunoprecipitation, and
immunoblot analyses

Cytoplasmic and membrane fractions were prepared with a ProteoExtract
Subcellular Proteome Extraction Kit (Calbiochem). Immunoblotting and
immunoprecipitation experiments were done using standard protocols as
described previously (50).

In vitro acetylation-deacetylation assay

Akt1 bound to beads was incubated with 200 ng of active PCAF or p300,
0.5 mM acetyl coenzyme A (CoA) (Sigma), 50 mM NAM, and 10 uM
trichostatin A (TSA) in HAT buffer [S0 mM tris (pH 8.0), 10% glycerol,
0.1 mM EDTA, and 1 mM dithiothreitol] for 30 min at 30°C on a rotator.
Nonacetylated Aktl contained all these components except acetyl CoA.
Reactions were terminated by the addition of SDS sample buffer. For
the deacetylation assay, in vitro acetylated Aktl bound to beads was re-
suspended in a HDAC buffer [25 mM tris-HCI (pH 8.0), 137 mM NaCl,
2.7 mM KCl, 1 mM MgCl,, and bovine serum albumin (0.1 mg/ml)] with
or without 500 uM NAD. SIRT1 (50 ng/ul) was added to the reaction mix-
ture, and it was incubated for 1 hour at 30°C on a nutator. Proteins were
resolved by SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and
analyzed by Western blotting with an anti-Ac-Lys antibody (57).

Akt activity assay
Endogenous Akt was immunoprecipitated with agarose beads conjugated
with either T7, HA, or specific Akt antibody. The activity of Akt was de-
termined with an Akt assay kit and GSK-3 peptide (which contains the
Ser’ and Ser*' phosphorylation sites of GSK-3a and GSK-3) as a sub-
strate (Cell Signaling).

PIP; binding assay

Lysates from HeLa cells expressing T7-Akt or the different T7-Akt mutants
were incubated with control or PIP;-conjugated agarose beads (Echelon).
Akt bound to PIP; was detected by immunoblotting with an antibody
against T7 tag (Novagen) or Akt. For in vitro protein lipid overlay assay,
HelLa cells expressing HA-tagged Akt were then treated with TSA (10 uM)
and NAM (50 mM) to induce acetylation of Akt endogenously. Akt protein

was immunoprecipitated with HA-affinity agarose beads and subjected to
in vitro deacetylation reactions with recombinant SIRT1 in the presence
or absence of NAD. After completion of the reaction, beads were washed,
and acetylated and deacetylated proteins were eluted from the beads
with a HA-peptide column. PIP; and other membrane lipid—coated strips
were purchased from Echelon Biosciences. Binding of acetylated and
deacetylated Akt to membrane lipids was analyzed according to the man-
ufacturer’s instructions.

In vivo tumorigenesis

Hela cells stably expressing constructs expressing T7 tag, T7-Aktl, T7-
Akt-K20Q, or T7-Akt-K20R were selected with G418 (500 pg/ml), and at
the 30th passage, 2 x 10° cells were subcutaneously injected into 6-week-
old athymic nude mice. Tumor growth was monitored for 8 weeks. Tumor
size was measured with a caliper, and tumor volume was determined
with a standard formula, L x W* x 0.52, where L is the longest diameter
and W is the shortest diameter. T7-Akt-K20R—expressing clones were not
injected into mice, because these clones lost their stable expression of the
construct after multiple passages.

Induction of hypertrophy in mice

All animal protocols were reviewed and approved by the University of
Chicago Institutional Animal Care and Use Committee. Angll was de-
livered chronically at a rate of 3.0 mg/kg per day for 14 days by implant-
ing osmotic mini pumps (ALZET model 2002) in the peritoneal cavity of
mice. Control mice underwent the same procedure except that their pumps
were filled with vehicle. For experiments with resveratrol, mice were fed a
diet containing resveratrol (0.067%) for 4 weeks before induction of pres-
sure overload and were maintained on the same diet throughout the course
of the study (47). Pressure overload hypertrophy was induced by TAC of
ascending aorta of mice, as described elsewhere (47). The measurement of
hypertrophy of cardiomyocytes and the expression of hypertrophic marker
genes were carried out essentially as described earlier (52, 53).

Statistical analysis

All values are expressed as means + SE. Statistical differences among
groups were determined with either Student’s # test (for two groups) or
one-way analysis of variance (ANOVA) with Bonferroni’s post test (for
more than two groups) by use of GraphPad Prism Software.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/4/182/ra46/DC1

Fig. S1. Akt is acetylated at Lys'* and Lys®® in the PH domain.

Fig. S2. SIRT1 binds to Akt under growth-promoting conditions.

Fig. S3. SIRT1 binds to the PH domain of Akt.

Fig. S4. SIRT1 deacetylates and activates Akt in cells.

Fig. S5. SIRT1-depleted cells show increased FOXO transcriptional activity.

Fig. S6. SIRT1 overexpression rescues phosphorylation of Akt in SIRT1-KO cells.

Fig. S7. Growth factor treatment of cells increases the NAD/NADH ratio.

Fig. S8. Acetylation specifically alters the binding ability of Akt to PIP3.

Fig. S9. The PH domain of PDK1 is acetylated at Lys*®® and Lys®3*.

Fig. S10. SIRT1 localizes to the plasma membrane under growth-promoting conditions.
Fig. S11. SIRT1-deficient PC3 cells do not show IGF-1-induced phosphorylation of
PDK1.

Fig. S12. SIRT1-deficient PC3 cells show reduced activation of Akt.

Fig. S13. Lys®® acetylation inhibits the tumorigenic activity of Akt.

Fig. S14. SIRT1™~ mice show reduced Angll-mediated cardiac hypertrophy.

Fig. S$15. SIRT1~~ mouse liver shows reduced Akt phosphorylation.

Fig. S16. Angll infusion fails to induce hypertrophic markers in SIRT1~~ mice.

Fig. S17. SIRT1 deficiency blocks the development of physiologic hypertrophy.

Fig. S18. The Akt inhibitor triciribine blocks SIRT1-mediated hypertrophy of cardiomyocytes.
Table S1. Relative stoichiometry of acetylation of the PH domain of Akt.
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