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Heart failure is an aging-associated disease that is the leading
cause of death worldwide. Sirtuin family members have been
largely studied in the context of aging and aging-associated dis-
eases. Sirtuin 2 (SIRT2) is a cytoplasmic protein in the family of
sirtuins that are NAD�-dependent class III histone deacety-
lases. In this work, we studied the role of SIRT2 in regulating
nuclear factor of activated T-cells (NFAT) transcription factor
and the development of cardiac hypertrophy. Confocal micros-
copy analysis indicated that SIRT2 is localized in the cytoplasm
of cardiomyocytes and SIRT2 levels are reduced during patho-
logical hypertrophy of the heart. SIRT2-deficient mice develop
spontaneous pathological cardiac hypertrophy, remodeling,
fibrosis, and dysfunction in an age-dependent manner. More-
over, young SIRT2-deficient mice develop exacerbated agonist-
induced hypertrophy. In contrast, SIRT2 overexpression atten-
uated agonist-induced cardiac hypertrophy in cardiomyocytes
in a cell-autonomous manner. Mechanistically, SIRT2 binds to
and deacetylates NFATc2 transcription factor. SIRT2 deficien-
cy stabilizes NFATc2 and enhances nuclear localization of
NFATc2, resulting in increased transcription activity. Our
results suggest that inhibition of NFAT rescues the cardiac dys-
function in SIRT2-deficient mice. Thus, our study establishes
SIRT2 as a novel endogenous negative regulator of NFAT tran-
scription factor.

The term heart failure denotes loss of function of myocar-
dium, which is the culmination of complex remodeling that
occurs in the heart, initiated as an adaptive response to pressure
overload or cardiac stressors in humans. In the failing myocar-

dium, several functional abnormalities, including disruption of
calcium homeostasis, metabolic malfunction, energy deficits,
and contractile dysfunction have been recognized (1, 2). Nota-
bly, pathological cardiac remodeling involves activation of cell
surface receptors, signaling mediators, cellular protein synthe-
sis, and transcriptional machinery (3, 4). Although there has
been an advancement in the understanding of risk factors for
heart failure, the basic molecular events responsible for initia-
tion of heart failure are poorly recognized.

Heart failure is reversible by calorie restriction, a feeding reg-
imen that limits calorie intake, or by physical exercise in animal
models (5–7). Evidence suggests that health benefits of calorie
restriction and exercise are mediated through the activation of
NAD�-dependent class III histone deacetylases, called sirtuins.
So far, seven different sirtuin isoforms (SIRT1 to 7), have been
identified in mammals (8). Sirtuin 2 (SIRT2) is highly expressed
in the brain and the heart of humans (9). SIRT2 regulates
nuclear envelope dynamics, cell metabolism, and autophagy
(10). SIRT2 levels increase during calorie restriction and
nutrient deprivation (11). On the other hand, SIRT2 levels
are reduced in the visceral adipose tissue of human obese
subjects, human liver tissues of iron overload, hepatocellular
carcinoma samples, and cardiomyocytes from an animal
model of type 1 diabetic mellitus (12–15). SIRT2-deficient
mice show an increased incidence of mammary tumors and
hepatocellular carcinoma (14). Similarly, SIRT2 deficiency
increases susceptibility to colitis and iron deficiency–
induced hepatocyte death (13, 16). Recently it has been dem-
onstrated that SIRT2 deficiency promotes cardiac hypertro-
phy through impaired activation of AMP-activated protein
kinase (AMPK)4 signaling in the heart (17). AMPK is the key
regulator of cardiac energy homeostasis, and it regulates
protein synthesis in heart during hypertrophy (18, 19). How-
ever, it is not clear how AMPK regulates the other events,
such as cardiac fetal gene expression, involved in the hyper-
trophy of the heart.

In the hypertrophic myocardium, activation of nuclear factor
of activated T-cells (NFAT) as a transcription factor plays a key
role in the expression of cardiac fetal genes. Roughly 13% of the
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genes expressed in the human heart have the binding site
for NFAT in their promoter region, whereas in advanced
stages of heart failure, �20 – 40% of these genes have modi-
fied expression (20). NFAT has five different isoforms,
NFATc1– 4 and NFAT5. NFATc1– 4 are regulated by cal-
cium signaling, whereas NFAT5 is regulated by the hyperos-
motic environment of the cell (21). The protein levels and
activity of NFAT is up-regulated in age-related diseases and
heart failure (22). Of note, NFAT transcription factors are
involved in pathological, but not physiological, forms of car-
diac hypertrophy (23).

In the present work, we studied the role of SIRT2 in the
development of heart failure. Our results suggest that SIRT2
deficiency induces spontaneous heart failure in mice. SIRT2
deficiency also exacerbates agonist-induced cardiac hypertro-
phy. On the other hand, overexpression of SIRT2 in cardiomyo-
cytes antagonizes the agonist-induced cardiac hypertrophy
through repression of NFAT.

Results

SIRT2 is a cytoplasmic protein in cardiomyocytes

In dividing cells, SIRT2 is predominantly a cytoplasmic pro-
tein, but shuttles between the nucleus and cytoplasm during
G2/M transition (24). Because cardiomyocytes are postmitotic,
we tested the localization of SIRT2 in cardiomyocytes by con-
focal microscopy. Our results suggest that SIRT2 is mostly
cytoplasmic under basal conditions (Fig. 1A). Next, we tested
whether SIRT2 localization is influenced by cardiac stressors, as
previous reports suggested SIRT1, another sirtuin isoform,
localization to be regulated by stress (25). Cardiomyocytes were
treated with phenylephrine (PE), �1-adrenergic receptor ago-
nist, and its localization was tested. We did not see any major
changes in the localization of SIRT2 when cells were treated
with PE (Fig. 1A). These findings indicate that SIRT2 is a major
cytoplasmic protein in cardiomyocytes under basal as well as
stressed conditions.

SIRT2 levels are reduced during pathological hypertrophy of
the heart

To understand the role of SIRT2 in the development of car-
diac hypertrophy, we first tested the levels of SIRT2 in car-
diomyocytes treated with PE or isoproterenol (ISO). We found
reduced levels of SIRT2 in PE-treated cells by confocal micros-
copy (Fig. 1A). Similarly, we found markedly low levels of SIRT2
in PE- or ISO-treated cells by Western blotting (Fig. 1, B and C).
In the next set of experiments, we tested whether the cardiac
hypertrophy is associated with reduced levels of SIRT2. We
induced cardiac hypertrophy by chronically infusing the hyper-
trophic agonist, ISO by implanting osmotic minipumps into the
peritoneal cavity of mice (26). Our results suggest that chronic
ISO infusion significantly increased the heart weight to tibia
length (HW/TL) ratio, and contractile dysfunction (Fig. 1, D
and E). Further quantitative PCR (qPCR) analysis suggested
that levels of fetal genes, ANP, and BNP were significantly
increased in ISO-infused mice, indicating the development of
cardiac hypertrophy (Fig. 1F). Next, we analyzed the mRNA
and protein levels of SIRT2 in the hypertrophied hearts. We
found significantly lower levels of SIRT2 mRNA in ISO-infused

heart tissues by real-time qPCR analysis (Fig. 1F). Similarly, we
found markedly low levels of SIRT2 protein in ISO-infused
heart samples by Western blotting (Fig. 1, G and H). In order to
measure the SIRT2 levels during the initial stages of the devel-
opment of cardiac hypertrophy, we analyzed the SIRT2 levels at
different time points post–ISO infusion by Western blotting.
Western blotting analysis suggested that SIRT2 levels reduced
significantly post 2 days ISO infusion and decreased further
until the day tested (Fig. 1, I and J). These data indicate that
SIRT2 levels decrease during cardiac hypertrophy and its defi-
ciency might be associated with the development of cardiac
hypertrophy.

SIRT2 deficiency induces spontaneous cardiac hypertrophy
and failure

To test whether SIRT2 deficiency causes heart failure, we
analyzed the cardiac structure and function of C57BL/6 SIRT2-
deficient (SIRT2-KO) mice at 2 and 9 months of age. Western
blotting analysis confirmed deficiency of SIRT2 in SIRT2-KO
mice hearts (Fig. 2A). At 2 months of age, SIRT2-deficient mice
showed no obvious cardiac phenotype (Fig. 2, B–E). Interest-
ingly, SIRT2-deficient mice developed cardiac hypertrophy
with significantly increased HW/TL ratio, wall thickness, and
left ventricular internal diameter at 9 months of age (Fig. 2,
B–D). Further, echocardiographic analysis of 9-month-old
SIRT2-deficient mice indicated significantly reduced fractional
shortening, an indicator of cardiac contractile dysfunction
(Fig. 2E). SIRT2-deficient mice hearts exhibited significant
down-regulation in the expression of �-MHC and up-regu-
lation of BNP, as measured by real-time qPCR in 9-month-
old SIRT2-deficient mice heart (Fig. 2F). Histological analysis
indicated a significant increase in cardiomyocyte cross-
sectional area in SIRT2-deficient mice hearts at 9 months of
age (Fig. 2, G and H). In addition, we found prominent inter-
stitial and replacement fibrosis in the heart tissues of SIRT2-
deficient mice (Fig. 2, G–I). The expression of fibrosis-asso-
ciated genes, �-SMA, fibronectin-1, and collagen-1 was also
up-regulated in SIRT2-deficient mice heart samples at 9
months of age (Fig. 2J). Collectively, these findings suggest
that SIRT2 deficiency leads to spontaneous pathological
cardiac hypertrophy, remodeling, fibrosis, and subsequent
heart failure.

SIRT2 deficiency exacerbates isoproterenol-induced
hypertrophy

Because SIRT2-deficient mice do not show any obvious car-
diac phenotype at 2 months of age, we intended to test whether
SIRT2 deficiency exacerbates agonist-induced cardiac hyper-
trophy. Chronic ISO infusion by implanting osmotic mini-
pumps into the peritoneal cavity of mice resulted in nearly 40%
cardiac hypertrophy in SIRT2-KO mice, whereas wildtype mice
produced almost 20% cardiac hypertrophy, as assessed by
HW/TL ratio and wall thickness (Fig. 3, A and B). In SIRT2-KO
mice, fractional shortening was significantly low after treat-
ment with ISO, when compared with controls, suggesting that
SIRT2 deficiency markedly impairs cardiac functions following
chronic hypertrophic agonist infusion (Fig. 3C). Similarly,
fibrosis was found to be significantly high in SIRT2-KO mice
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Figure 1. Pathological hypertrophy reduces SIRT2 levels in heart. A, representative confocal images of vehicle or PE (20 �M for 48 h) treated neonatal
primary cardiomyocytes stained with �-actinin and SIRT2. Scale bar � 20 �m. B, Western blot analysis of vehicle- or PE- or ISO- treated (20 �M for 48 h) primary
cardiomyocytes probed for SIRT2. C, quantification of SIRT2 from B. Error bars, mean � S.D.; *, p � 0.05. D, scatter plot representing HW/TL ratio of vehicle- or
ISO-treated (10 mg/kg/day for 7 days) mice. n � 9 mice; error bars, mean � S.D.; *, p � 0.05. E, scatter plot representing fractional shortening of vehicle-
or ISO-treated (10 mg/kg/day for 7 days) mice. n � 6 mice; error bars, mean � S.D.; *, p � 0.05. F, qPCR analysis of SIRT2, ANP, BNP, and PPIA in vehicle- or
ISO-treated mice hearts. Cyclophilin A (PPIA) was used as negative control. n � 4 mice; error bars, mean � S.D.; *, p � 0.05. G, Western blot analysis of vehicle-
and/or ISO-treated mice heart samples for SIRT2 and ANP. n � 4 mice. H, quantification of SIRT2 from G. I, Western blot analysis of vehicle- or ISO-treated mice
for SIRT2, n � 4 mice. J, quantification of SIRT2 from I.
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Figure 2. SIRT2 deficiency induces cardiac hypertrophy. A, Western blot analysis of WT and SIRT2-KO mice hearts for SIRT2. B, scatter plot representing
HW/TL ratio of WT and SIRT2-KO mice at 2 months and 9 months of age. Error bars, mean � S.D.; n � 5 mice; *p � 0.05. C–E, scatter plots depicting left ventricular
wall thickness (C), left ventricular internal diameter (D), and fractional shortening (E) of WT and SIRT2-KO mice at 2 months and 9 months of age. n � 3–5 mice;
error bars, mean � S.D.; *, p � 0.05. F, qPCR analysis of �-MHC and BNP in WT and SIRT2-KO mice hearts at 9 months of age. n � 4 mice; error bars, mean � S.D.;
*, p � 0.05. G(i), representative confocal images showing WGA staining in sections of WT and SIRT2-KO mice hearts at 9 months of age. Scale bar � 50 �m. G(ii),
heart sections of 9-month-old WT and SIRT2-KO mice stained with Masson’s trichrome stain showing cardiac fibrosis. n � 3–5 mice. H, graph showing relative
cardiomyocyte cross-sectional area measured from G(i). I, scatter plot showing fibrosis scored in a blinded fashion from G(ii). n � 5 mice; error bars, mean � S.D.;
*, p � 0.05. J, qPCR analysis of alpha smooth muscle actin (�-SMA), fibronectin 1 (Fn1) and collagen I (Col1) in WT and SIRT2-KO mice hearts at 9 months of age.
n � 3– 4 mice; error bars, mean � S.D.; *, p � 0.05.
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hearts as compared with control mice after ISO treatment (Fig.
3, D and E). These results suggest that SIRT2 deficiency exac-
erbates agonist-induced cardiac hypertrophic response in mice.
These findings were consistent with the previous work, where
SIRT2 deficiency exacerbated Ang II–induced cardiac hyper-
trophy (17).

SIRT2 depletion causes hypertrophy of cardiomyocytes in a
cell-autonomous manner

Because SIRT2-deficient mice lack SIRT2 in all the tissues,
the role of SIRT2 on cardiac functions may or may not be
directly related to its role in cardiomyocytes. To test whether
SIRT2 is involved in cardiomyocyte hypertrophy, we per-
formed experiments in cultured murine cardiomyocytes.
SIRT2 levels were reduced in cardiomyocytes by transfecting
specific siRNA pools and their susceptibility to cardiac hyper-
trophy was tested. SIRT2 depletion in cardiomyocytes was con-
firmed by Western blotting analysis (Fig. 4A). Interestingly,
depletion of SIRT2 in cardiomyocytes significantly increased
protein synthesis as measured by [3H]leucine incorporation
(Fig. 4B). Similarly, Western blotting analysis suggested that
SIRT2-depleted cardiomyocytes exhibited increased expres-

sion of ANP at basal as well as PE- or ISO-treated conditions
(Fig. 4C). Moreover, SIRT2-depleted cardiomyocytes showed
perinuclear localization of ANP and sarcomere reorganization,
which are hallmarks of cardiomyocyte hypertrophy (26, 27)
(Fig. 4D). These findings indicate that SIRT2 depletion causes
cardiomyocyte hypertrophy in a cell-autonomous manner.

SIRT2 overexpression blocks agonist-induced cardiomyocyte
hypertrophy

To test whether SIRT2 activation blocks the cardiac hyper-
trophy, we analyzed the effect of SIRT2 overexpression in PE-
induced cardiomyocyte hypertrophy. We infected cardiomyo-
cytes with adenovirus expressing SIRT2 and studied the
hypertrophic response to PE or ISO treatment. SIRT2 overex-
pression in cardiomyocytes was confirmed by Western blotting
(Fig. 4E). Cardiomyocytes were treated with PE or ISO for 48 h,
and their hypertrophic response was assessed. We found that
SIRT2 overexpression attenuates PE as well as ISO-stimulated
protein synthesis in cardiomyocytes as measured by [3H]leu-
cine incorporation assay (Fig. 4F). To further validate the
results of leucine incorporation assay, we used an alternative
nonradioactive technique, which measures global protein syn-

Figure 3. SIRT2 deficiency augments agonist-induced cardiac hypertrophy. A, scatter plot showing HW/TL ratio of 2-month-old WT and SIRT2-KO mice
treated with vehicle or isoproterenol (5 mg/kg/day) for 7 days. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. B, scatter plot depicting left ventricular wall
thickness of 2-month-old WT and SIRT2-KO mice treated with vehicle or ISO. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. C, scatter plot depicting fractional
shortening of 2-month-old WT and SIRT2-KO mice treated with vehicle or ISO. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. D, heart sections of 2-month-old
WT and SIRT2-KO mice treated with vehicle or ISO stained with Masson’s trichrome stain to detect fibrosis. n � 5 mice. E, graph showing relative fibrosis scored
in a blinded fashion from D. n � 5 mice; error bars, mean � S.D.; *, p � 0.05.
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Figure 4. SIRT2 depletion induces hypertrophy in cardiomyocytes. A, Western blot analysis confirming depletion of SIRT2 in cardiomyocytes transfected
with SIRT2-specific siRNA. B, [3H]leucine incorporation into cellular proteins of neonatal rat cardiomyocytes transfected with control or SIRT2 siRNA. n � 5 mice;
error bars, mean � S.D.; *, p � 0.05. c.p.m., counts per minute. C, Western blot analysis of control and SIRT2-knockdown (SIRT2-KD) cardiomyocytes treated with
vehicle or PE (20 �M) or ISO (20 �M) for 48 h and probed for ANP and SIRT2. D, representative confocal images of control and SIRT2-KD cardiomyocytes treated
with vehicle or PE (20 �M) or ISO (20 �M) for 48 h and further stained with ANP and �-actinin or myomesin. Scale bar � 20 �m. E, Western blot analysis showing
overexpression of SIRT2 in cardiomyocytes. F, [3H]leucine incorporation into total cellular protein of neonatal rat cardiomyocytes infected with SIRT2 (Ad-SIRT2)
or control adenovirus (Ad-GFP) and then treated with vehicle or PE (20 �M) or ISO (20 �M) for 48 h. n � 5; error bars, mean � S.D.; *, p � 0.05. c.p.m., counts per
minute. G, Western blot analysis of Ad-null or Ad-SIRT2 expressing cardiomyocytes treated with vehicle or PE (20 �M) or ISO (20 �M) for 48 h and harvested after
puromycin treatment (1 �M), and probed for puromycin, ANP, and SIRT2. H, quantification of puromycin incorporation from G. I, representative confocal images
of control and SIRT2 overexpressing cardiomyocytes treated with vehicle or PE (20 �M) or ISO (20 �M) for 48 h and stained with ANP and �-actinin or myomesin.
Scale bar � 20 �m. J, graph showing quantification of relative cardiomyocyte size measured from I.
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thesis by monitoring the labeling of nascent peptide to puromy-
cin (28). Primary cardiomyocytes were infected with adenovi-
rus-expressing SIRT2 and the basal and PE- or ISO-induced
puromycin incorporation was measured by Western blotting
using specific antibody against puromycin. Western blot anal-
ysis suggested that SIRT2 overexpression attenuates PE- as well
as ISO-stimulated protein synthesis in cardiomyocytes (Fig. 4,
G and H). Further, we noted a marked reduction in PE- or
ISO-induced expression and perinuclear localization of ANP,
cardiomyocyte size, and sarcomere reorganization in SIRT2
overexpressing cardiomyocytes (Fig. 4, G, I, and J). Collectively,
these results indicate that SIRT2 overexpression is sufficient to
block agonist-induced cardiomyocyte hypertrophy.

SIRT2 deficiency hyperactivates NFAT signaling in heart

Previous studies indicate that calcineurin-NFAT signaling
regulates the cardiac hypertrophic response. NFAT transcrip-
tionally regulates the expression of fetal genes such as ANP,
Myh7, and CARP in cardiomyocytes (29). Because our findings
suggest that SIRT2 deficiency spontaneously activates fetal
gene program in the heart, we hypothesized that SIRT2 might
directly control NFAT signaling in hearts. We performed
Western blotting analysis to detect the expression of NFATc2,
a major NFAT isoform in heart tissue of 2- and 9-month-old
SIRT2-deficient mice. Results suggested that SIRT2-deficient
hearts exhibit increased levels of NFATc2 at both age groups
(Fig. 5A). To test the endogenous NFAT activity, we quantified
the expression of IFN-� and ADSSL1, which are well-charac-
terized targets of NFAT in the heart (30, 31). Our qPCR results
suggested that SIRT2-deficient hearts express significantly
higher levels of NFAT target genes, suggesting that SIRT2 defi-
ciency hyperactivated NFAT in the heart (Fig. 5B).

In hypertrophic hearts, dephosphorylation of NFAT tran-
scription factor by calcineurin, a Ca2�-dependent phosphatase,
enhances nuclear localization and transcriptional activity of
NFAT (23, 29). Because our results show increased nuclear
localization of NFAT in SIRT2-deficient cardiomyocytes, we
expected that SIRT2 might modulate the levels and the activity
of calcineurin. Interestingly, we do not find marked changes in
the protein levels of calcineurin in SIRT2-deficient mice hearts
at 2 months and 9 months of age (Fig. 5A). Further, confocal
microscopy analysis suggested similar results (Fig. 5, C and D).
Moreover, we do not see any marked changes in the activity of
calcineurin in SIRT2-deficient mice hearts (Fig. 5E). These
findings suggest that the increased activity of NFATc2 observed
in SIRT2-deficient conditions is not associated with hyperac-
tive calcineurin.

It is well-accepted that increased calcium concentration acti-
vates calcineurin signaling in the heart (32). Therefore, we mea-
sured the calcium transients in control and SIRT2-depleted
cardiomyocytes by live confocal microscopy. Under basal con-
ditions, we do not find marked differences in calcium transients
in wildtype and SIRT2-depleted cardiomyocytes. Similarly,
treatment of PE in SIRT2-depleted cardiomyocytes does not
change calcium transients (Fig. 5F). Furthermore, cardiomyo-
cytes overexpressing SIRT2 do not show any change in calcium
transients at basal and PE-induced conditions (Fig. 5G). These
findings suggest that increased nuclear localization of NFAT

is not related to calcium transients in SIRT2-deficient
cardiomyocytes.

SIRT2 regulates the transcriptional activity of NFAT
transcription factor

NFAT is known to be an acetylated protein, and acetylation
of NFATc1 by acetyl transferases p300 and PCAF promotes its
stability, and thereby enhances the transcriptional activity of
NFATc1 during osteoclast differentiation (33). Because SIRT2
is a cytoplasmic deacetylase, and our results suggest increased
levels of NFATc2 in SIRT2-deficient mice, we suspected that
SIRT2 might regulate the acetylation of NFATc2. To test
whether SIRT2 interacts with NFATc2, we immunoprecipi-
tated NFATc2 from heart samples and tested its binding with
SIRT2 by Western blotting. Our results suggest that SIRT2
interacts with NFATc2 (Fig. 6A). To test whether SIRT2
deacetylates NFATc2, we performed an in vitro deacetylation
assay, where NFATc2 was first acetylated by p300 acetyltrans-
ferase. Subsequently, acetylated NFATc2 was incubated with
either WT or SIRT2-H187Y, a catalytic mutant of SIRT2. West-
ern blotting analysis indicated WT, but not catalytic mutant-
SIRT2 markedly reduced the acetylation status of NFATc2
(Fig. 6B). These findings indicate that SIRT2 is an NFATc2
deacetylase.

Because the nuclear localization of NFAT is required for its
transcriptional activation, we tested the endogenous localiza-
tion of NFATc2 in SIRT2-depleted murine cardiomyocytes by
confocal microscopy. We found increased nuclear localization
of NFATc2 in SIRT2-depleted cardiomyocytes (Fig. 6, C and D).
We further validated the effect of SIRT2 on the transcription
activity of NFAT by an NFAT-responsive promoter/reporter
(NFAT-Luc) assay. Our result suggested that SIRT2 inhibition
by AGK2, a pharmacological inhibitor of SIRT2, significantly
increased NFAT-Luc activity (Fig. 6E). Moreover, SIRT2 deple-
tion significantly increased the basal and PE-induced transcrip-
tion activity of NFAT (Fig. 6F). On the other hand, adenovirus-
mediated overexpression of SIRT2 attenuated the activity of
NFAT-Luc, suggesting that SIRT2 blocks the transcription
activity of NFAT transcription factor in cardiomyocytes (Fig.
6G). To further validate whether SIRT2-mediated repression of
NFAT requires its deacetylase activity, we performed reporter
assay with wildtype and catalytically inactive mutant of SIRT2.
Cells were transiently overexpressed with either SIRT2-WT or
SIRT2-H187Y mutant, and NFAT transcriptional activity was
measured. Our result suggested that wildtype, but not SIRT2-
H187Y, attenuated PE-induced increased transcriptional activ-
ity of NFAT (Fig. 6H). Collectively, our findings indicate that
SIRT2 binds to and deacetylases NFATc2 transcription factor,
and its deficiency might increase protein levels and nuclear
translocation of NFATc2, resulting in an augmented transcrip-
tional activity of NFATc2.

Inhibition of NFAT signaling rescues hypertrophy in
SIRT2-deficient cardiomyocytes

To confirm the role of NFAT in the induction of hypertrophy
in SIRT2-deficient cardiomyocytes, we tested the effects of
VIVIT, a cell-permeable peptide inhibitor of NFAT (34).
SIRT2-depleted cardiomyocytes were treated with VIVIT and
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Figure 5. SIRT2 deficiency increases NFATc2 levels in mice hearts. A, Western blot analysis of 2- and 9-month-old WT and SIRT2-KO mice hearts samples for
NFATc2, calcineurin, and SIRT2. B, qPCR analysis of IFN-� and ADSSL1 in 9-month-old WT and SIRT2-KO mice hearts. n � 3– 4 mice; error bars, mean � S.D.; *, p �
0.05. C, representative confocal images showing control and SIRT2-KD cardiomyocytes stained for calcineurin and SIRT2. Scale bar � 20 �m for upper panel, 10
�m for lower panel. D, graph showing quantification of calcineurin from C. Error bars, mean � S.D.; *, p � 0.05. E, scatter plot showing calcineurin activity assay
in 9-month-old WT and SIRT2-KO mice hearts. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. F, graph showing the calcium transients in control and SIRT2-KD
cardiomyocytes treated with either vehicle or PE. G, graph showing the calcium transients in Ad-null and Ad-SIRT2 overexpressing cardiomyocytes treated with
either vehicle or PE.
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tested for the markers of cardiac hypertrophy. Our results sug-
gest that treatment with VIVIT markedly reduced the endoge-
nous transcriptional activity of NFAT, as measured by lucifer-
ase reporter assay (Fig. 7A). Interestingly, treatment with
VIVIT significantly attenuated the protein synthesis in SIRT2-
depleted cardiomyocytes (Fig. 7B), suggesting that inhibition
of NFAT reduces cardiac hypertrophy in SIRT2-depleted
cardiomyocytes. Similarly, treatment with VIVIT markedly
reduced the perinuclear localization of ANP in SIRT2-depleted
cardiomyocytes (Fig. 7C), suggesting that inhibition of NFAT
rescues the expression of fetal genes in SIRT2-depleted car-
diomyocytes. To validate our findings in vivo, we performed
rescue experiments with VIVIT in SIRT2-KO mice (34). Treat-
ment with VIVIT significantly reduced HW/TL ratio and wall
thickness, while increasing fractional shortening in SIRT2-de-
ficient mice (Fig. 7, D–F), indicating that NFAT inhibition res-
cue the cardiac hypertrophy and contractile dysfunction result-
ing from SIRT2 deficiency.

Discussion

We found that SIRT2 deacetylates and regulates the activity
of NFATc2, a key effector of pathological cardiac remodeling.
In previous reports, it has been shown that NFAT activity is
up-regulated in age-related diseases and heart failure (22).
Moreover, the protein level of NFATc2 was increased in failing

and aging hearts (35). Increased calcineurin/NFAT signaling in
the diseased human and mouse myocardium reactivates the
transcription factor Hand2 and fetal gene program, intricately
linked to pathological heart disease (36). Previous reports have
shown that SIRT1, a founding member of sirtuins, suppresses
NFAT activity during inflammation in atherosclerosis (37, 38).
Similarly, SIRT3, a mitochondrial deacetylase deficiency in car-
diomyocytes is known to up-regulate the activity of NFAT (26).
In our study, we found that SIRT2 is required to repress NFAT
activity in the heart. Our finding is unique among sirtuins, as
our report suggests that SIRT2 binds to and deacetylates NFAT
to regulate its transcription activity, which has not been dem-
onstrated previously.

In our current work, we have shown that SIRT2 deficiency
promotes cardiac hypertrophy through activation of NFAT
transcription factors. Binding of PE and ISO to �-adrenergic
receptor (AR) and �-adrenergic receptor, respectively, results
in activation of G protein– coupled receptor via specific G�

subunit and downstream signaling. Second messengers such as
cyclic AMP are produced by �-AR, whereas inositol 1,4,5-tris-
phosphate (InsP3) and diacylglycerol (DAG) are produced by
stimulated �-AR (39). Both PE and ISO increase calcium con-
centration and hence hypertrophic response. Stimulation of
both �-AR and �-AR results in an increase in the organization

Figure 6. SIRT2 deacetylates NFATc2 and inhibits its activity. A, Western blot analysis of SIRT2 interaction with NFATc2. SIRT2 was immunoprecipitated
from heart lysates and probed for its interaction with NFATc2. B, in vitro deacetylation assay where recombinant acetylated-NFATc2 was incubated with
wildtype or SIRT2-H187Y in the presence of NAD�. NFATc2 acetylation was analyzed by Western blotting. C, representative confocal images showing control
and SIRT2-KD cardiomyocytes stained for NFATc2. Scale bar � 5 �m. D, graph showing quantification of NFATc2 from Fig. 4C. Error bars, mean � S.D.; *, p � 0.05.
E, luciferase activity in vehicle- or AGK2-treated cells transfected with NFAT-Luc plasmid. n � 3–5; error bars, mean � S.D.; *, p � 0.05. F, luciferase activity in
control and SIRT2-KD cells treated with vehicle or PE (20 �M) for 48 h. n � 3; error bars, mean � S.D.; *, p � 0.05. G, luciferase activity in control and SIRT2
overexpressing cardiomyocytes transfected with NFAT-Luc plasmid. Error bars, mean � S.D.; n � 4; *, p � 0.05. H, luciferase activity in wildtype SIRT2 and
SIRT2-H187Y overexpressing cells treated with vehicle or PE (20 �M) for 48 h. n � 3; error bars, mean � S.D.; *, p � 0.05.
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Figure 7. NFAT inhibition rescues hypertrophy in SIRT2-depleted cardiomyocytes. A, luciferase reporter assay for cells treated with vehicle or NFAT
inhibitor (VIVIT, 1 �M). B, [3H]leucine incorporation into total cellular protein of control and SIRT2-KD cardiomyocytes treated with vehicle or NFAT inhibitor
(VIVIT, 1 �M). n � 5; error bars, mean � S.D.; *, p � 0.05. c.p.m., counts per minute. C, representative confocal images showing ANP expression in vehicle or NFAT
inhibitor (VIVIT, 1 �M) treated control and SIRT2-KD cardiomyocytes. D, scatter plot representing HW/TL ratio of 9-month-old WT and SIRT2-KO mice treated
with either vehicle or NFAT inhibitor VIVIT for 14 days. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. E, scatter plot depicting left ventricular wall thickness of
9-month-old WT and SIRT2-KO mice treated with either vehicle or NFAT inhibitor VIVIT for 14 days. n � 5 mice; error bars, mean � S.D.; *, p � 0.05. F, scatter plot
depicting fractional shortening of 9-month-old WT and SIRT2-KO mice treated with either vehicle or NFAT inhibitor VIVIT (10 mg/kg) for 14 days. n � 5 mice;
error bars, mean � S.D.; *, p � 0.05. G, schematic representation of the proposed mechanism. Under physiological conditions, SIRT2 deacetylases NFATc2 and
excludes it from the nucleus, leading to its degradation, and represses its transcriptional activity. During cardiac stress SIRT2 levels decrease in heart. resulting
in enhanced acetylation of NFATc2 and transcriptional hyperactivation. Therefore, NFAT remains active inside the nucleus and induces cardiac hypertrophy
program.

SIRT2 represses NFAT transcription factor

5290 J. Biol. Chem. (2018) 293(14) 5281–5294



of individual contractile myosin light chain into sarcomere and
activate the immediate early gene program (40). Interestingly,
NFAT transcription factor activation plays a key role in the
cardiac hypertrophy induced by PE and ISO. PE induces
NFAT translocation to the nucleus, leading to hypertrophy
(41, 42). Similarly, ISO activates NFAT and induces myocar-
dial hypertrophy by increasing the expression of NFAT tar-
get fetal genes (43). Our data suggest that SIRT2 activation
might antagonize NFAT-dependent cardiac hypertrophy
independent of upstream cardiac stress stimuli.

Sirtuins have been known to play diverse roles in heart fail-
ure. SIRT3 and SIRT6 are known to be protective against hyper-
trophy and heart failure (26, 27). SIRT7 is protective against
inflammatory cardiomyopathy (44). A recent report shows the
protective nature of SIRT5 in the heart (45). In contrast, SIRT1
and SIRT4 are known to induce hypertrophy (46, 47). On sim-
ilar lines, previous studies have shown that SIRT1 is involved in
the progression of cardiac hypertrophy through the suppres-
sion of ERR transcriptional pathway by SIRT1, thus inducing
mitochondrial dysfunction and heart failure (46). Our previous
work has also shown that SIRT1 induces cardiac hypertrophy
(47). Therefore, SIRT1 and SIRT2, although both are localized
in cardiomyocyte cytoplasm, may have a contrasting role in the
regulation of cardiac hypertrophy. Because cardiomyocytes are
post-mitotic cells, SIRT2 is localized in the cytoplasm, even
upon induction with hypertrophic agonists. This is in concur-
rence with the previous reports that SIRT2 is a cytoplasmic
protein and shuttles to the nucleus during G2/M transition (24).
In the current work, we used whole-body SIRT2-deficient mice,
which lack SIRT2 in all the cell types in heart, including cardiac
fibroblasts. Because SIRT2 is expressed in fibroblasts as well,
the phenotype found in SIRT2-KO mice might be because of
the cumulative role of SIRT2 in cardiomyocytes and fibroblasts.

SIRT2 levels have been seen to be down-regulated in aging-
related disorders like diabetes, metabolic regulation, and age-
related immune and inflammatory responses (48, 49). SIRT2
has also been shown to act as a tumor suppressor (50). Ectopic
expression of SIRT2 led to a reduction in the colony formation
ability in glioma cell lines (51). SIRT2 deficiency is known to
promote genomic instability, which is an early event in carci-
nogenesis (14, 52–54). Consistently, genomic data analysis has
shown SIRT2 expression to be down-regulated in human
hepatocellular carcinoma and breast cancer (14). Similarly,
microarray analysis has shown reduced SIRT2 expression at the
mRNA level in glioblastoma, prostate cancer, oligodendrogli-
oma, and clear cell renal carcinoma (55). In our study too, we
found SIRT2 to be down-regulated in the later stages of hyper-
trophic heart samples. These findings suggest that SIRT2 can
be used as a biomarker to hint at the onset of hypertrophy and
heart failure.

Recently, SIRT2 has been shown to protect heart from Ang
II–induced hypertrophic stimuli by promoting the activity of
AMPK by deacetylating its upstream kinase LKB1 (17). Simi-
larly, our work demonstrates that SIRT2 activation protects the
heart from aging-associated and isoproterenol-induced patho-
logical cardiac hypertrophy by repressing NFAT transcription
factor. It is well-documented that induction of cardiac hyper-
trophy involves activation of two key events, (1) fetal gene tran-

scription and (2) cellular protein synthesis. Inhibiting either of
these events blunts the pathological cardiac growth. However,
AMPK is defined as a key regulator of cardiac energy homeo-
stasis; it regulates cardiac protein synthesis associated with car-
diomyocyte hypertrophy (18, 19). On the other hand, NFAT
transcription factors are master regulators of cardiac fetal gene
expression (56). Our findings indicate that SIRT2 regulates the
cardiac hypertrophy by inhibiting both fetal gene transcription
and cellular protein synthesis. It is possible that SIRT2 might
regulate these processes through two different arms, i.e. AMPK
and NFAT transcription factors. Because, NFAT inhibition res-
cues the cardiac hypertrophy in SIRT2-deficient mice, we can-
not rule out this possibility. Overall, our work identified SIRT2
as a novel regulator of NFAT transcription factors and the
development of pathological cardiac hypertrophy. We believe
that SIRT2 activators may protect the heart against adverse
remodeling and failure.

Experimental procedures

Animals, cell culture, reagents, and methods

All animal experiments carried out were with the approval of
the Institutional Animal Ethics Committee of Indian Institute
of Science, Bengaluru, India, constituted as per Article 13 of the
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India.
SIRT2 knockout mice were purchased from The Jackson Lab-
oratory. All animals were housed in the clean air facility in
Indian Institute of Science in individually ventilated cages.
Mice were sacrificed using CO2 and heart tissues were har-
vested. Primary cardiomyocytes were isolated from neonatal
rats and mice using our previous publication (57). Adenovirus
for SIRT2 overexpression was purchased from Vector BioLabs.
Phenylephrine was used at a concentration of 20 �M. [3H]leu-
cine incorporation assay was described in our earlier work (58).
Plasmids used in the study were procured from Addgene.
Wheat germ agglutinin (WGA) was purchased from Molecular
Probes. NFAT inhibitor (VIVIT-N7032) was purchased from
Sigma. Puromycin was purchased from Amresco. All chemicals
were purchased from Sigma unless otherwise specified.

Western blot analysis

Protocol for Western blot analysis has been previously
reported (27, 47). Protein concentration was determined by
Bradford assay. The following antibodies were used: �-actinin
(Sigma-Aldrich), SIRT2 (EMD Millipore, Sigma-Aldrich,
Cell Signaling Technology#), ANP (Abcam, Sunny Corp*),
NFATc2 (Thermo Scientific), calcineurin (Thermo Scien-
tific), NFAT (Thermo Scientific), acetyl lysine (EMD Milli-
pore, Cell Signaling Technology), puromycin (Developmen-
tal Studies Hybridoma Bank), �-SMA (EMD Millipore), Fn1
(Santa Cruz Biotechnology), Col1a (Sigma-Aldrich), Col3a
(Santa Cruz Biotechnology). GAPDH (Santa Cruz Biotech-
nology) and actin (Thermo Scientific, Sunny Corp). Number
sign (#)–marked antibody gives single band for SIRT2 as
shown in figures. Asterisk (*)-marked antibody give double
bands for ANP as shown in figures. ECL reagents were used
to develop the blots in a ChemiDoc Touch chemilumines-
cence detection system (Bio-Rad).
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Confocal microscopy and live imaging

We have described the protocol for immunofluorescence in
our previous publications (26, 59). Cells were fixed with form-
aldehyde (4%) and were permeabilized using 0.2% Triton
X-100. Cells were incubated with the primary antibodies, fol-
lowed by incubation with secondary antibodies conjugated
with Alexa Fluor 488 and/or 546. Hoechst was used to stain the
nuclei. Carl Zeiss LSM 710 confocal microscope was used to
acquire images. The detailed protocol for measurement of
cytosolic Ca2� transients has been described in our previous
work (57). Imaging was done in cell culture dishes placed at
37 °C and 5% CO2 in a special chamber incubator mounted
on the Zeiss LSM 880 microscope. The fluorescence emis-
sion was measured with 488 nm excitation laser for Fluo-4
for control or PE-treated cells with high-speed imaging.

Luciferase reporter assay

The protocol for NFAT luciferase reporter assay was de-
scribed in our previous publication (60). We used Renilla lucif-
erase for normalizing the luciferase signal. Luciferase activity
was measured using a luminometer (Pharmingen Moonlight
3010, BD Biosciences).

SUnSET assay

Surface sensing of translation (SUnSET), a nonradioactive
method, was performed to measure in vitro protein synthesis
(28). For puromycin incorporation into nascent peptides, car-
diomyocytes were treated with 1 �M puromycin for 30 min.
Cells were harvested in lysis buffer. Total protein in the lysate
was quantified by Bradford assay, and samples were boiled in
Laemmli Sample Buffer (Bio-Rad) supplemented with 5%
�-mercaptoethanol for 5 min at 96 °C. Puromycin signal was
captured after Western blotting using anti-puromycin anti-
body (Developmental Studies Hybridoma Bank, University of
Iowa) using a ChemiDoc Touch (Bio-Rad).

Histology

Age-matched wildtype and SIRT2-KO mice hearts were col-
lected and fixed in 10% neutral buffered formalin. An auto-
mated tissue processer (Leica) was used for tissue processing.
Fibrosis was observed and measured by staining paraffin-em-
bedded 4 �m-thick sections with Masson’s trichrome stain
(Sigma). Fibrosis was scored in a blinded fashion as described in
our previous publications (27, 47). Myocyte cell size was mea-
sured in sections stained with WGA (5 �g/ml).

Echocardiography of mice

Isoflurane (�1%) inhalation was used for anesthetizing the
mice. A topical depilatory agent was used for removing chest
hair of the mice. Limb leads were attached for electronic grating
and VisualSonics Vevo 1100 was used for the imaging of the
animals in the left lateral decubitus position. Warming lamps
along with a heated imaging platform was used for maintaining
the body temperature of the mice. Wall thickness, left ventric-
ular chamber size, and fractional shortening were measured
(27, 47).

Real-time qPCR analysis

Our previous publications describe the detailed protocol for
real-time qPCR (26, 59). The primer sequences used are SIRT2
(forward), GCAGTGTCAGAGCGTGGTAA, SIRT2 (reverse),
CTAGTGGTGCCTTGCTGATG; ANP (forward), CCTGTG-
TACAGTGCGGTGTC, ANP (reverse), CCTCATCTTCTAC-
CGGCATC; BNP (forward), AAGGGAGAATACGGCATC-
ATTG, BNP (reverse), ACAGCACCTTCAGGAGATCCA;
�-MHC (forward), TAAAATTGAGGACGAGCAGGC, �-MHC
(reverse), TCCAGCTCCTCGATGCGT; �-SMA (forward),
CTGACAGAGGCACCACTGAA, �-SMA (reverse), CATCT-
CCAGAGTCCAGCACA; fibronectin-1 (forward), GCGGTT-
GTCTGACGCTGGCT, fibronectin-1 (reverse), TGGGTTC-
AGCAGCCCCAGGT; collagen-1 (forward), TGCTGCTTGC-
AGTAACGTCG, collagen-1 (reverse), TCAACACCATCTC-
TGCCTCG; IFN-� (forward), AACTGGCAAAAGGATGG-
TGAC, IFN-� (reverse), TTGCTGATGGCCTTGATTGTC;
ADSSL1 (forward), GGCTCACCTTGTGTTCGACT, ADSSL1
(reverse), TTCCCCTCTTGTGCTTGACG; actin (forward),
TTCTACAATGAGCTGCGTGTG, actin (reverse), GGGGT-
GTTGAAGGTCTCAAA; GAPDH (forward). TATGTCGTG-
GAGTCTACTGGT, GAPDH (reverse), GAGTTGTCA-
TATTTCTCGTGG.

Quantification and statistical analysis

GraphPad Prism version 6.04 software was used for data
analysis and for graph preparation. Data analysis was per-
formed by t test, one-way analysis of variance (ANOVA), and
two-way ANOVA. ZEN and ImageJ software were used for ana-
lyzing confocal images. Densitometric analysis was performed
by ImageJ.
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