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There are seven SIRT isoforms in mammals, with diverse biological functions including gene regulation,
metabolism, and apoptosis. Among them, SIRT3 is the only sirtuin whose increased expression has been shown
to correlate with an extended life span in humans. In this study, we examined the role of SIRT3 in murine
cardiomyocytes. We found that SIRT3 is a stress-responsive deacetylase and that its increased expression
protects myocytes from genotoxic and oxidative stress-mediated cell death. We show that, like human SIRT3,
mouse SIRT3 is expressed in two forms, a ~44-kDa long form and a ~28-kDa short form. Whereas the long
form is localized in the mitochondria, nucleus, and cytoplasm, the short form is localized exclusively in the
mitochondria of cardiomyocytes. During stress, SIRT3 levels are increased not only in mitochondria but also
in the nuclei of cardiomyocytes. We also identified Ku70 as a new target of SIRT3. SIRT3 physically binds to
Ku70 and deacetylates it, and this promotes interaction of Ku70 with the proapoptotic protein Bax. Thus,
under stress conditions, increased expression of SIRT3 protects cardiomyocytes, in part by hindering the
translocation of Bax to mitochondria. These studies underscore an essential role of SIRT3 in the survival of

cardiomyocytes in stress situations.

Mammalian cardiomyocytes are mostly terminally differen-
tiated cells. They lose their proliferation capability soon after
birth and undergo hypertrophic growth in response to various
stress stimuli (14). During hypertrophy of cardiomyocytes, a
continuous growth signal at some point causes cells to mal-
function and leads to cell death. As cells die, the workload of
the remaining cells increases, which further aggravates this
process and eventually leads to heart failure. The molecular
mechanism of myocyte death during heart failure is not yet
fully understood (15). In regards to the activation of caspases,
it has been shown that caspase inhibitors capable of preventing
myocyte death improve the functioning of the ischemic heart.
However, in many other pathological conditions cell death has
been seen occurring independently of caspase activation (6,
13). Therefore, an understanding of the mechanisms regulating
cardiomyocyte cell survival and/or death pathways remains an
important goal in cardiac cell biology.

SIRT3 is a member of class III of histone deacetylases
(HDAG:S), also called sirtuins (SIRTs). The sirtuin family
members are catalytically distinct from other HDAC:, as they
require NAD for their deacetylase activity (19). SIRTs are
implicated in transcriptional silencing, genetic control of aging,
and calorie restriction-mediated longevity of organisms rang-
ing from yeasts to humans (19, 29). It has been suggested that
the phylogenetically conserved family of SIRT proteins is in-
volved in sensing cellular energy and the redox state (34).
During stress, a change in the metabolic state of the cell
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(NAD/NADH ratio) alters the deacetylase activity of SIRTS,
and this has been proposed to influence cell survival (4). In-
creased cellular NAD content elevates the deacetylase activity
of SIRTSs, whereas high nicotinamide (NAM) and/or NADH
levels inhibit these enzymes (4). The role of SIRT1, a founding
member of this family, has been examined in cardiomyocytes,
and the results indicated that overexpression of SIRT1 protects
cells from oxidative stress-mediated cell death and age-related
degeneration of cardiomyocytes (1, 26). In transgenic mice,
however, overexpression of SIRT1 had a dose-dependent ef-
fect: it protected hearts at low doses but exacerbated stress-
mediated cell death and fibrosis at higher doses, indicating that
SIRT1 has a very narrow window of activity in the heart (1).
Recently, another member of the SIRT family, SIRT7, was
shown to protect cardiomyocytes against oxidative stress and
inflammatory outbursts (35). Both SIRT1 and SIRT7 have
been found to deacetylate p53 in cardiomyocytes, and this
mechanism was implicated in the ability of these proteins to
create cell resistance to stress (26, 35). The role of other SIRT
isoforms in cardiomyocytes is, however, unknown at present.

Seven mammalian SIRT isoforms (SIRT1 to SIRT7) have
been identified (24). SIRT1, SIRT6, and SIRT7 were shown to
be localized primarily in the nucleus, whereas SIRT2 was
present in the cytoplasm and SIRT3, SIRT4, and SIRTS were
present in mitochondria (20). A recent study, however, has
shown that human SIRT3 (hSIRT3) is localized not only in
mitochondria but also in the nucleus (31). In this study it was
pointed out that, during normal cell growth, nuclear SIRT3
enters into mitochondria upon cellular stress, induced by its
own overexpression or by UV damage or treatment with eto-
poside (31).

Initially, it was reported that full-length hSIRT3 (~44 kDa)
is an inert protein and that it is activated inside the mitochon-
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dria following deletion of 142 amino acids of the N-terminal
segment. This processed form of SIRT3 is approximately 28
kDa and possesses deacetylase activity (32). In a recent study,
however, it was shown that full-length hSIRT3 is present in the
nucleus and also possesses deacetylase activity and that it is
capable of deacetylating H3 and H4 (31). SIRT3 expression
has been shown to be activated by calorie restriction, and
increased expression of mouse SIRT3 (mSIRT3) in adipocytes
was found to be capable of inducing the expression of genes
involved in mitochondrial function and biogenesis, thus again
linking SIRT3 concentration to the regulation of nuclear gene
expression (33). Furthermore, both mitochondrial targeting
and nuclear localization signal sequences have been identified
in mSIRT3 (22). Within mitochondria SIRT3 was found to be
capable of deacetylating and activating the enzyme acetyl co-
enzyme A-synthetase 2, thus suggesting an important role of
the deacetylase in this organelle (12). From these studies, it
appears that SIRT3 plays a role both in the nucleus and in the
mitochondria depending upon cellular stress (12, 31, 32).

SIRT3-null mice have been created (17). Unlike SIRT1-
knockout mice, which die before maturation with defects in the
heart and other organs, SIRT3-knockout mice are alive and
show no apparent signs of developmental abnormality but dis-
play massive acetylation of mitochondrial proteins (1, 17).
Based on the results with SIRT3-null mice, it has been pro-
posed that SIRT3 perhaps plays a role under stress conditions
but not in the development of the animal (17). Recently, in
tumor cells, hSIRT3 was identified as a cell survival factor,
which protects cells from genotoxic stress by utilizing the mi-
tochondrial NAD pool; however, little else is currently known
about the mechanism of SIRT3-mediated cell protection dur-
ing stress (36).

This study was designed to examine the role of SIRT3 in
cardiomyocytes. We show that SIRT3 is highly expressed in the
heart and is localized not only in mitochondria but also in the
nucleus and cytoplasm of cardiomyocytes. Overexpression of
SIRT3 protects cells against stress-mediated cell death. We
also identified Ku70 as a new target of SIRT3. Deacetylation of
Ku70 by SIRT3 promotes Ku70/Bax interaction, and this
makes cells resistant to Bax-mediated cell damage. These stud-
ies demonstrate a role of SIRT3 outside the mitochondria and
suggest that it is a survival factor for cardiomyocytes under
stress conditions.

MATERIALS AND METHODS

Antibodies used. The following antibodies and conjugates were used in this
study: rabbit anti-SIRT3 (ab56214 [Abcam], AP6242a [Abgent], and PAB-11098
[Orbigen]), goat anti-SIRT3 (sc-49744; Santa Cruz), rabbit anti-Ku70 (AB3742;
Chemicon), goat anti-Ku70 (sc-1487; Santa Cruz), rabbit anti-Flag (ab1162;
Abcam), rabbit anti-Bax (554104 [BD Biosciences], sc-526 [Santa Cruz], and
ab7977 [Abcam]), rabbit antiacetyllysine (06-933; Upstate), mouse antiacetyl-
lysine (Ac-K-103; Cell Signaling), rabbit anti-atrial natriuretic factor (anti-ANF;
T-4014; Peninsula Laboratories), goat anti-HSP70 (sc-1060; Santa Cruz), mouse
anti-poly(ADP-ribose) (Alx 804220; Alexis), goat anti-glyceraldehyde-3-phos-
phate dehydrogenase (anti-GAPDH; sc-20357, Santa Cruz), mouse antihistones
(MABO052; Chemicon), goat anti-RNA polymerase II (sc-5943; Santa Cruz),
anti-acetyl-H3 (ab10812; Abcam), anti-alpha-tubulin (sc-8035; Santa Cruz), anti-
Flag M2 affinity gel (A2220; Sigma), goat anti-rabbit immunoglobulin G (IgG)-
horseradish peroxidase (HRP) (sc-2054; Santa Cruz), donkey anti-mouse IgG-
HRP (sc-2096; Santa Cruz), donkey anti-goat IgG-HRP (sc-2056; Santa Cruz),
donkey anti-goat IgG-Alexa Fluor 594 (A11058; Invitrogen), donkey anti-rabbit
IgG-Alexa Fluor 594 (A21207; Invitrogen), goat antiactin (sc-1616; Santa Cruz),
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and rabbit anti-Mn superoxide dismutase (anti-MnSOD; 06-984; Millipore). The
blocking peptides used in the study were sc-49744 P (Santa Cruz) and BP6242a
(Abgent).

Plasmid constructs. The constructs Flag-SIRT3 (23, 32), Flag-SIRT3-HY
(SIRT3 catalytic mutant [mt]) (32), Flag-SIRT1 and His-SIRT3 (23), Flag-Ku70
(30), pYFP and pYFP-Bax (7), and pcDNA-Bax (30) have been described pre-
viously. A plasmid (His-SIRT3,,9_30g) encoding a His-tagged 30-kDa fragment
of SIRT3 was from the lab of J. M. Denu (12). hSIRT3 adenovirus was from
Vector BioLabs, Philadelphia, PA. The mt adenovirus vector, which synthesizes
a benign protein, was designed in our lab. Plasmid His-p38d synthesizes a trun-
cated His-tagged p38 having only 54 amino acids; the predicted molecular mass
is ~6 kDa. Plasmid CMV-hSIRT3A1-25, which encodes a SIRT3 deletion mt
lacking mitochondrial import signal, was generated essentially as described ear-
lier (32).

Cell culture, transfection, and adenovirus infection. Primary cultures of 2-day-
old neonatal rat heart myocytes were carried out using an established procedure
described previously (26). All animal protocols were reviewed and approved by
the University of Chicago Institutional Animal Care and Use Committee. At 24
to 30 hours after seeding, cells were used for adenovirus infection or immuno-
staining as described below. For all the adenovirus experiments viruses were used
at a multiplicity of infection of 10. Cos7 and HeLa cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with penicillin-streptomycin and 10%
fetal bovine serum (complete growth medium). Cells were transfected with
appropriate plasmids using Superfect transfection reagent (Qiagen) according to
the manufacturer’s protocol. To generate SIRT3 or SIRT3-HY-overexpressing
stable clones, pcDNA.SIRT3 or pcDNA.SIRT3-HY vectors were transfected
into HeLa cells and selected with 0.5 mg/ml Geneticin. For the RNA interfer-
ence experiments, cardiac fibroblasts or HeLa cells were transfected with 200 nM
On-Target-plus small interfering RNA (siRNA) specific for hSIRT3 using
Dharma-FECT transfection reagents according to the manufacturer’s protocol.
Similarly, STRT1 was knocked down in wild-type (wt) SIRT3 or mt SIRT3 stable
HeLa cells with 100 nM On-Target-plus siRNA specific for hSIRT1 using
Dharma-FECT transfection reagents.

Cell stress experiments. To serum starve cardiomyocytes, cells were grown in
serum-free defined medium (Opti-MEM; Invitrogen). Cells were harvested after
48 h of serum starvation, and SIRT3 expression was analyzed by Western blot-
ting. For inducing genotoxic or oxidative stress in cardiomyocytes, different
concentrations of MNNG (N-methyl-N'-nitro-N-nitrosoguanidine) (10, 20, 30,
and 40 uM) or H,O, (20, 40, and 80 wM) were used for 24 h in low-serum
medium. Cardiomyocytes were also exposed to 20 wM phenylephrine (PE) or 5
pM angiotensin IT (Ang-II) for 48 h in low-serum medium and assayed for
SIRT3 expression.

Cell death assays. Cardiomyocytes and HeLa cells were treated with MNNG
(500 wM), camptothecin (10 uM), or H,O, (200 to 500 pM) for 6 h. For MNNG,
cells were treated with 500 uM MNNG for 10 min and then washed and kept in
the complete medium for 3 or 6 h. Cell death was analyzed by fluorescence-
activated cell sorting (FACS) by using propidium iodide (PI) staining or Hoechst
and PI staining as described before (26, 27). The cell death results were also
confirmed by trypan blue cell viability assay (2). The percentages of apoptotic
cells were also quantified using the annexin V-phycoerythrin apoptosis detection
kit T (BD Pharmingen) after various chemical treatments. HeLa cells stably
overexpressing wt SIRT3 or mt SIRT3 or subjected to SIRT3 knockdown were
transfected with yellow fluorescent protein (YFP) (0.5 pg), YFP-Bax (0.5 pg), or
YFP-Bax (0.5 ng) and Ku70 (1 ng) in each well of a 12-well tissue culture plate.
The percentage of YFP-positive cells with apoptotic nuclei was scored 12 h after
transfection as previously described (7, 30).

Subcellular fractionation, IP, and Western analyses. Subcellular protein frac-
tions of mouse hearts were prepared using a Proteoextract subcellular proteome
extraction kit (Calbiochem) and the NE-PER nuclear and cytoplasmic extraction
kit (Pierce) according to the manufacturer’s protocol (10). Western blotting and
immunoprecipitation (IP) experiments were done using a standard protocol as
described elsewhere (10). Blocking peptide experiments were performed accord-
ing to manufacturers’ protocols.

In vitro acetylation-deacetylation assay. Unlabeled Flag-Ku70 was in vitro
translated using the TNT coupled transcription-translation rabbit reticulocyte
lysate kit (Promega) and immunoprecipitated using anti-Flag M2 affinity beads.
Beads with bound protein were washed four to five times with radioimmunopre-
cipitation assay buffer followed by a phosphate-buffered saline (PBS) wash. The
final wash was performed in 1X HAT buffer (50 mM Tris, pH 8, 10% glycerol,
0.1 mM EDTA, 1 mM dithiothreitol). A typical acetylation reaction mixture
contained 1 pg active p300/CBP-associated factor (PCAF) enzyme (Upstate
Biotechnology), 0.3 mM acetyl coenzyme A (Sigma), and 10 mM sodium bu-
tyrate in 1X HAT buffer. Reaction mixtures were incubated at 30°C for 2 h on
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a rotator. For the deacetylation assay, acetylated Flag-Ku70 bound to beads was
washed as described above and resuspended in 1X HDAC buffer (50 mM Tris,
pH 8, 4 mM MgCl,, 0.2 mM dithiothreitol). The acetylated Flag-Ku70 substrate
was either incubated only in 1X HDAC buffer (control) or with equal amounts
of His-SIRT3 or His-SIRT3-HY (catalytic mt) with or without NAD (1 mM) in
1Xx HDAC buffer. His-SIRT3 or His-SIRT3-HY catalytic mt was produced in a
prokaryotic expression system as described earlier (23). Reaction mixtures were
incubated for 2 to 3 h at 37°C on a rotator. Proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed
by Western blotting.

In vitro protein binding assay. For in vitro binding assays, 20 pg of His-SIRT3
or His-p38d (a negative control) was captured on nickel-nitrilotriacetic acid
beads. Briefly, the plasmids pQE-His-SIRT3-101-399 and pQE-His-p38d were
expressed in bacteria and the cells were lysed in a lysis buffer containing 50 mM
Tris-HCI (pH 8), 250 mM NaCl, 5 mM imidazole, and protease inhibitor cocktail
(Sigma). The cleared supernatant was agitated with nickel-nitrilotriacetic acid
resin for 2 h at 4°C. The resin was washed three times with the lysis buffer
followed by three washes with PBS containing 1% Triton X-100 (1% PBST) and
a final wash with PBS. The washed beads containing His-SIRT3, His-P38d, or
empty beads were incubated at 4°C overnight on a rotator with the in vitro-
translated [**S]methionine-labeled Ku70 in PBS containing protease inhibitor
cocktail. Beads were then washed six times with 1% PBST followed by a rinse in
PBS. Bound complexes were resolved by SDS-PAGE and detected by autora-
diography. For studying Ku70 and Bax binding, in vitro acetylated or deacety-
lated Flag-Ku70 was incubated with HeLa cell-CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate} buffer extract overnight at 4°C with
rotation (30). Flag agarose beads with bound proteins were separated and
washed four to five times with CHAPS buffer followed by a PBS rinse. Proteins
were resolved by SDS-PAGE and subjected to Western blotting with Bax, Ku70,
or acetyllysine antibodies.

Electron microscopy. Freshly isolated mouse heart ventricular tissue was fixed
in 0.2% glutaraldehyde and embedded in L.R. White resin. Postembedding
staining of sections was done using primary antibody rabbit anti-SIRT3 (PAB-
11098; Orbigen) or nonspecific IgG. Primary antibody staining was detected
using goat anti-rabbit IgG conjugated to 10-nm gold beads (Ted Pella Inc.).
Transmission electron microscopy and imaging were carried out at the electron
microscopy core facility of the University of Chicago.

Immunostaining of cells. Cardiomyocytes (10,000 to 20,000) plated on 1%
laminin-coated coverslips were used for immunostaining. Two-day-old cultures
were infected with SIRT3 adenovirus for 24 h and then stained with different
agents as described below. Cells were incubated with 400 nM Mitotracker Green
FM (M7514; Invitrogen) for 1 h at 37°C in complete medium. The unbound
Mitotracker was removed by washing the cells three times with fresh medium for
5 min each. The cells were fixed for 15 min in 4% paraformaldehyde prepared in
complete medium at 37°C in an incubator. After three washes with PBS, cells
were permeabilized with 0.2% Triton X-100 in PBS for 5 min and then washed
again three times with PBS containing 0.05% Triton X-100. Cells were incubated
at room temperature for 1 hour in blocking solution (0.05% Triton X-100, 10%
donkey serum, 1% bovine serum albumin in 1X PBS) and then with a primary
antibody (1:25, diluted in 50% blocking buffer) overnight at 4°C in a humid
chamber. Next day, cells were washed three times (10 min for each wash) with
PBS containing 0.05% Triton X-100 and 1% bovine serum albumin (PBST) and
then incubated for 1 h with appropriate secondary antibody (1:500, diluted in
50% blocking buffer) conjugated with Alexa Fluor 594 (red). Cells were again
washed with PBST and mounted in Vectashield hard-set mounting medium with
DAPI (4',6’-diamidino-2-phenylindole) (Vector Laboratories). All microscopy
and imaging analyses were done in the digital confocal microscopy core facility
of the University of Chicago.

RESULTS

SIRT3 is a stress-responsive factor in cardiomyocytes. In
order to examine SIRT3 function in cardiomyocytes, we first
sought to test the specificity of different commercially available
antibodies that recognize murine SIRT3. Among six antibodies
tested, we found only three (Abgent AP6242a, Orbigen PAB-
11098, and Abcam Ab56214) that recognize both the ~44-kDa
long form and ~28-kDa short form of SIRT3 from rat cardi-
omyocytes. These three antibodies are specific to three differ-
ent regions of SIRT3 (Fig. 1A). The specificity of the antibody
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FIG. 1. Characterization of antibodies recognizing two forms of
SIRT3 from cardiac tissue. (A) Schematic representation of hSIRT3
and mSIRT3 with epitope map of different antibodies used in this
study. The asterisk indicates an antibody that was used only for im-
munostaining of cells. (B) Western blot analysis with SIRT3 antibody
(AP6242a) showing two specific bands of SIRT3 in cardiomyocytes, as
determined by using a blocking peptide. (C) SIRT3 levels in rat heart
fibroblasts were knocked down by using SIRT3-specfic siRNA. Cell
lysate was analyzed by Western analysis with the same antibody as that
in panel B. Note the reduced levels of both forms of SIRT3 after
knockdown of endogenous SIRT3 levels.

Myocytes

for both bands was validated by use of a specific blocking
peptide, inclusion of which eliminated the reactivity of the
antibody (Fig. 1B). We also examined the specificity of anti-
body by knocking down SIRT3 levels in rat fibroblasts by using
SIRT3-specific siRNA. As shown in Fig. 1C, both bands were
reduced to nearly nondetectable levels after knocking down
SIRT3 levels of fibroblasts, thus again confirming the ability
of the antibody to recognize both bands of SIRT3. These
antibodies were used in our subsequent experiments.

To examine the expression pattern of SIRT3 in cardiomyo-
cytes during stress, we grew primary cultures of cardiomyo-
cytes either in a serum-containing medium or in the serum-
free medium for 48 h. We found that cells grown in serum-free
medium had two- to threefold-higher levels of expression of
the 44-kDa long form of SIRT3 than did controls main-
tained in serum-containing medium (Fig. 2A). However, we
found no change in expression of the 28-kDa short form of
SIRT3 in cultures grown with or without serum. To confirm
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FIG. 2. SIRT3 is a stress-responsive factor in cardiomyocytes. (A) Expression levels of SIRT3 in cardiomyocytes grown for 48 h in a medium
with serum or defined medium without serum. Note induction of ~44-kDa band but not 28-kDa band of SIRT3 in serum-free medium. (B) SIRT3
levels in cardiomyocytes treated with vehicle (Cont.) or MNNG at indicated concentrations for 24 h. (C) SIRT3 levels in cardiomyocytes treated
with different concentrations of H,O, for 24 h. (D and E) SIRT3 levels in cardiomyocytes treated with Ang-II (D) (5 uM) or PE (E) (20 nM) for
48 h. (F) Immunostaining of cardiomyocytes for ANF release from nuclei (white), a marker of cellular stress. Positions of nuclei were determined
by DAPI staining. Values are means * standard errors of three to four experiments. SIRT3 antibody AP6242a was used for Western analysis.

this observation, we treated cells with two other stress stimuli:
(i) MNNG, an alkylating agent known to cause genotoxic
stress, and (ii) hydrogen peroxide, an established free-rad-
ical-generating agent known to induce oxidative stress in
cardiomyocytes (26). Cells were treated for 24 h with low
doses of MNNG (20 to 40 uM) or H,0, (20 to 80 wM) which
are incapable of inducing cell death. The results obtained
from these cultures indicated that both MNNG and H,O,
treatments elevated the levels of long-form SIRT3 in a con-
centration-dependent manner over those of the nontreated
controls (Fig. 2B and C). We then examined the effect of
two physiologically relevant cardiac stressors, Ang-II and
PE, which are known to induce cell growth (hypertrophy) as

well as cell death of cardiomyocytes at higher doses. The
stress response of cardiomyocytes to Ang-II and PE treat-
ments was monitored by measurement of ANF release from
nuclei (ANF is a marker of cardiomyocyte growth during
stress). As shown in Fig. 2D and E, both Ang-II and PE
treatments increased the levels of long-form SIRT3 in
cardiomyocytes significantly, and this corresponded with the
release of ANF from the cell nuclei (Fig. 2F). In this series
of experiments, we could not detect a change in the level of
the 28-kDa short form of SIRT3 after cellular stress (not
shown). These results indicated that the levels of long-form
(~44-kDa) SIRT3 are elevated during mild stress of cardi-
omyocytes.
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FIG. 3. SIRT3 overexpression protects cardiomyocytes from genotoxic and oxidative stress-mediated cell death. (A) Expression levels of
hSIRTS3 in cardiomyocytes infected with adenovirus (Ad) vector for 24 h were determined by Western analysis with SIRT3 antibody PAB-11098.
Note the presence of both forms of hSIRT3 in adenovirus-infected cells. (B) Deacetylase activity of hSIRT3 in cardiomyocytes. Cells infected with
viral vectors, synthesizing the wt SIRT3 or an mt (benign) protein, were treated with PE to induce cellular acetylation. Acetylation of histones was
determined by Western analysis. (C) Quantification of H3 deacetylation in SIRT3-overexpressing cells. (D to F) Cardiomyocytes overexpressing
hSIRTS3 or the mt protein were treated with MNNG (500 uM), camptothecin (Camp.; 10 uM), or H,O, (200 uM). Cell death was determined 6 h
after treatment by Hoechst and PI staining followed by FACS analysis. (G) Western analysis of the cell lysate with a poly(ADP-ribose) antibody,
indicating PARP1 activity. Quantitative values are means * standard errors of five to seven plates of three separate experiments.

SIRT3 is required for survival of cardiomyocytes under
stress conditions. To determine the function of SIRT3 under
stress conditions, we transiently expressed hSIRT3 in cardio-
myocytes by using an hSIRT3-adenovirus vector (mSIRT3-
expressing vectors are not available yet). In a set of preliminary
experiments, we first quantified the level of hSIRT3 expression
at different doses and different time points post-infection with
adenovirus. At a virus dose equivalent to a multiplicity of
infection of 10 for 18 h of infection, nearly 5- to 10-fold induc-
tion of SIRT3, relative to endogenous levels, was observed,
which mimics the stress-mediated upregulation of deacetylase
(Fig. 3A). This dose of adenovirus was utilized in subsequent

experiments. We also confirmed the enzymatic activity of
SIRT3 expressed by the adenovirus vector. Cells were infected
with virus synthesizing wt SIRT3 or the mt (benign) protein
and then stimulated with PE, a known inducer of cardiomyo-
cyte acetylation (11). We analyzed the acetylation of H3 in
these cells and found that the histone acetylation was notably
lower in SIRT3-expressing cells than in cells infected with the
mt vector (Fig. 3B and C).

To examine the role of SIRT3 in cell death, cardiomyocytes
were challenged with a cell-death-inducing dose of MNNG
(500 wM). Cell death was monitored by Hoechst and PI stain-
ing followed by FACS analysis, as well as by measuring the
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FIG. 4. SIRT3 expression is required for survival of HeLa cells after genotoxic stress. (A) Representative Western blot showing endogenous
expression of SIRT3 in control cells and cells subjected to SIRT3 knockout. Note reduced levels of both forms of SIRT3 after siRNA-mediated
knockdown. (B) Western blot showing expression of SIRT3 in control and stable HeLa cells. (C) Western blot showing reduced levels of both forms
of SIRT3 after siRNA-mediated knockdown in stable cells. (D) HeLa cells (control and endogenous SIRT3 knockdown cells) were treated with
MNNG (500 wM) for 10 min and then washed and kept in complete medium for 6 h. Cell death was determined by Hoechst and PI staining
followed by FACS analysis. (E) SIRT3 stable cells expressing wt SIRT3 or mt SIRT3 were examined for MNNG-mediated cell death. (F) SIRT3
stable cells were subjected to SIRT3 knockdown by siRNA and then tested for MNNG-mediated cell death. SIRT3 antibody PAB-11098 was used
in all these Western blot assays. Values are means = standard errors of three experiments.

activity of PARP1, a marker of DNA damage. We found that
the MNNG treatment killed almost 60% of cells expressing the
mt protein; however, the wt SIRT3-expressing cardiomyocytes
were mostly protected (Fig. 3D). The intensity of cell death
was also correlated with the magnitude of PARP1 activation,
as measured by total poly(ADP)-ribosylation of cellular pro-
teins, thus indicating that SIRT3 has the potential to block the
genotoxic stress-mediated cell death (Fig. 3D and G). Similar
cell-protective effects of SIRT3 were also noticed when cells
were challenged with two other cell-death-inducing agents,
H,0, (200 wM) and camptothecin (10 wM), an alkaloid known
to induce DNA damage-mediated cell death (Fig. 3E and F).

These results demonstrated that SIRT3 protects cardiomy-
ocytes from genotoxic and oxidative stress-mediated cell
death.

To confirm these results, we examined the role of SIRT3
in HeLa cells. As in cardiomyocytes, we detected two bands
of SIRT3 from HeLa cells by using the same antibodies (Fig.
4A). By knocking down SIRT3 levels of HeLa cells, we
found that both bands were drastically reduced (Fig. 4A),
thus again confirming the specificity of antibody to two
forms of SIRT3. We then examined the role of SIRT3 dur-
ing genotoxic stress of HeLa cells. We found that the
SIRT3-knockout cells were twice as sensitive to cell death as
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were the control cells, thus again suggesting a cell-protective
role of SIRT3 during genotoxic stress (Fig. 4D).

To get further evidence for these findings, we generated two
stable HeLa cell lines, one expressing wt hSIRT3 and the other
expressing the mt hSIRT3. By Western analysis, we observed
that the expression level of SIRT3 in stable cells was nearly
fivefold higher than that in the native cells (Fig. 4B). We
generated yet another cell line in which the SIRT3 level of the
stable cells was knocked down by use of SIRT3-specific siRNA.
The SIRT3 levels of knocked-out cells were reduced by >80%,
compared to those of controls which received scrambled RNA
(Fig. 4C). These cells were then examined for their sensitivity
to different cell-death-inducing agents, including MNNG,
camptothecin, and H,O, treatments. We noticed that whereas
mt SIRT3-expressing cells were as prone to cell death as were
their native counterparts, the wt SIRT3-expressing cells were,
in general, resistant to MNNG-induced cell death (Fig. 4E).
We obtained similar results by challenging these cells with
camptothecin and H,O,. We then examined the response of
stable cells subjected to SIRT3 knockdown, and we found that
these cells were apparently more susceptible to cell death than
were their counterparts expressing high levels of SIRT3 (Fig.
4F). These results together strongly indicated that SIRT3 over-
expression renders cells resistant to stress-mediated cell death.

Localization of SIRT3 in cardiomyocytes. To begin to un-
derstand the mechanism of cell protection by SIRT3, we first
examined the compartmentalization of the protein in cardio-
myocytes. Previous studies carried out with overexpressed
SIRT3 have demonstrated contradictory results. Whereas
initial studies showed exclusive mitochondrial localization
of SIRT3, some recent studies have shown nuclear expression
of the deacetylase as well (31, 32). To examine the localiza-
tion of the endogenous SIRT3 in cardiomyocytes, we gener-
ated two subcellular fractions of the adult mouse heart by using
a Pierce cell fractionation kit (NE-PER). In this procedure
nuclei (nuclear fraction) are separated from other cellular
components, which are left behind in the cytoplasmic fraction
(nonnuclear fraction). Both fractions were characterized by
use of different fraction-specific protein antibodies. MnSOD, a
mitochondrial marker, and GAPDH, a cytosolic marker, were
present in the nonnuclear fraction, whereas RNA polymer-
ase II was present only in the nuclear fraction, as expected
(Fig. 5A). When these fractions were analyzed for SIRT3 expres-
sion, we found only the long form (44 kDa) of SIRT3 in the
nuclear fraction, whereas both SIRT3 forms (44 and 28 kDa)
were present in the cytoplasmic, nonnuclear fraction (Fig. 5A).

To characterize the location of the 28-kDa form of SIRT3
further, we utilized another cell fractionation procedure (Cal-
biochem), which separates subcellular fractions based on dif-
ferences in the solubilities of certain cellular components. By
using this procedure, we prepared three different heart frac-
tions; these included the mitochondrial, nuclear, and cytosolic
fractions. Again, fractions were characterized by using frac-
tion-specific protein antibodies, as shown in Fig. 5B. Analysis
of these fractions for SIRT3 expression revealed that whereas
the 44-kDa long form of SIRT3 was present in all three frac-
tions, the 28-kDa short form was detected only in the mito-
chondrial fraction. Much to our surprise, we also noticed that
the 44-kDa form was more abundant in the cytosolic fraction
than in the two other fractions. From these results we conclude
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FIG. 5. SIRTS3 is localized in the cytoplasm and mitochondria as
well as nuclei of heart tissue. (A) Nuclear (Nucl.) and nonnuclear (Non
Nucl.) fractions of mouse heart were prepared by using the Pierce cell
fractionation kit. Fractions were characterized by Western blotting
taking GAPDH and MnSOD as nonnuclear markers and RNA poly-
merase II as a nuclear marker. Both fractions were analyzed for the
expression level of SIRT3 by Western blotting. Actin was utilized as a
loading control. Note the presence of the (~44-kDa) long form of
SIRT3 in both the nuclear and nonnuclear fractions, while the ~28-
kDa short form is detected only in the nonnuclear fraction. (B) Three
subcellular fractions (cytoplasmic, mitochondrial, and nuclear) of a
mouse heart were prepared, utilizing the Calbiochem fractionation kit,
and characterized by Western blotting using fraction-specific protein
antibodies. All three fractions were also analyzed for expression of
mSIRT3 by Western blotting. The SIRT3 antibody Ab56214 was used
in these blotting assays. Note the presence of ~44-kDa SIRT3 in all
three fractions, whereas the short form (~28 kDa) of SIRT3 was
detected only in the mitochondrial fraction of the heart.

that the 44-kDa long form of SIRT3 is localized in all three
fractions, mitochondria and nucleus, as well as the cytoplasm
of cardiomyocytes. The 28-kDa short form of SIRT3 was, how-
ever, present only in mitochondria.

The mitochondrial localization of SIRT3 is well accepted;
however, its presence in the nucleus is still being debated.
Therefore, to obtain firm evidence for SIRT3 localization in
the nucleus, we performed transmission electron microscopy of
mouse heart sections stained for endogenous SIRT3. The im-
munogold particles, as reflected by high-density black dots,
depicting SIRT3 were found to be localized in the nucleus as
well as in the mitochondria (Fig. 6A, B, and D). These results
were validated with another SIRT3-specific antibody as well as
by use of different negative controls, i.e., no primary antibody
or nonspecific IgG (Fig. 6C and E). These results further
substantiated the presence of SIRT3 in the nucleus of cardio-
myocytes.

To get additional evidence for these findings, we carried out
confocal microscopic analysis of cultured cardiomyocytes
stained for endogenous SIRT3. Mitochondria and nuclei were
localized by Mitotracker (green) and DAPI (blue) staining,
respectively. As shown in Fig. 6F, we found that the endoge-
nous SIRT3 was highly expressed in the cytoplasm, with rela-
tively smaller amounts also present in the nucleus and mito-
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FIG. 6. Microscopic analysis of heart tissue showing nuclear localization of mSIRT3. (A, B, and D) Representative electron micrographs of
mouse heart sections stained with anti-SIRT3 antibody (PAB-11098). Panel B is an enlarged portion of the nucleus shown in panel A. (C and E)
Heart sections stained with nonspecific IgG. N, nucleus; Mit, mitochondria; Myo, myofilaments. Numbers at the top of the picture indicate
magnifications. High-density black dots (purple arrows) indicate the localization of SIRT3 in the nucleus and mitochondria. (F) Confocal
microscopic image of a cardiomyocyte stained with anti-SIRT3 antibody (SC49744) (red). Positions of nuclei and mitochondria were detected by
DAPI (blue) and Mitotracker (green) staining, respectively. Note the presence of SIRT3 (red in the merged picture) in the cytoplasm and

mitochondria as well as the nuclei of cardiomyocytes.

chondria (see merged picture) of cardiomyocytes. These
experiments were repeated with two different anti-SIRT3 an-
tibodies, one raised against an internal region of SIRT3 and
the other raised against the C-terminal segment of the protein.
The two antibodies gave identical results. The specificity of the
antibodies used was confirmed by utilizing two different nega-
tive controls, one being SIRT3-blocking peptides and the other
being an IgG control. Neither negative control showed SIRT3

staining of cells, thus indicating that the results with the SIRT3
antibody were specific. These results are consistent with the
findings of fractionation studies and demonstrated that the
endogenous SIRT3 is present not only in mitochondria but
also in the cytoplasm and nucleus of cardiomyocytes.

We asked next how stress influences the localization of
SIRT3 in cardiomyocytes. For this purpose, we infected car-
diomyoctes with ad.hSIRT3 vector, and 24 h later we treated
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FIG. 7. Overexpressed SIRT3 is localized in the cytoplasm and mitochondria as well as the nuclei of cardiomyocytes. Representative confocal
microscopic images of cardiomyocytes infected with ad.hSIRT3 vector and stained with anti-SIRT3 antibody (SC49744) (red). Mitotracker and
DAPI staining was utilized for localization of mitochondria and nuclei, respectively. (A) Control cells treated with vehicle. (B) Cells treated with
Ang-1I (5 pM) for 48 h. Note the induction of SIRT3 in both the mitochondria and nuclei of the cell. (C) Negative control in which a specific
blocking peptide was used to validate the specificity of SIRT3 antibody. (D) Cells were overexpressed with ad.hSIRT3 and treated with vehicle or
MNNG (500 uM) for 6 h. Subcellular fractions (nuclear and nonnuclear) were prepared and analyzed for the expression of SIRT3 by Western
analysis (SIRT3 antibody PAB-11098). GAPDH was utilized as a cytosolic marker, and tubulin was used as a loading control. (E) Quantification
of SIRT3 induction after MNNG treatment of cells. Note induction of both the 44- and 28-kDa forms of SIRT3 after genotoxic stress.
(F) SIRT3A1-25 deletion mt lacking the mitochondrial import signal is effective in protecting cells from MNNG-mediated cell death. HeLa cells
were overexpressed with wt SIRT3, mt SIRT3 (catalytically inert), or SIRT3A1-25. Cells were treated with MNNG (500 wM), and cell death was
monitored 3 h later. Note significantly reduced cell death in SIRT3A1-25-expressing cells compared to that of cells overexpressing catalytically inert
protein. Cont, control. Values are means * standard errors of four separate experiments. (G) Localization of SIRT3A1-25 deletion mt in the
nucleus but not in the nonnuclear fraction.

them with Ang-II for another 24 h. Stress of cardiomyocytes as expected (Fig. 7A). When these cells were stressed with
was confirmed by release of ANF from the cell nuclei (not Ang-II, we observed increased levels of SIRT3 in mitochon-
shown). On staining of these cells for SIRT3, we found that, in dria, but a notable amount of SIRT3 was also found in the
control unstressed cells, SIRT3 was present in the mitochon- nucleus of the cells (Fig. 7B). To confirm these results, we
dria and cytoplasm, as well as to a lesser extent in the nucleus, prepared nuclear and nonnuclear protein fractions of cells and



VoL. 28, 2008

analyzed them for SIRT3 expression. We found that, as with
the heart fractions (Fig. 5A), the 44-kDa long form was present
both in the nuclear and in the nonnuclear fractions, whereas
the 28-kDa short form of SIRT3 was detected only in the
nonnuclear fractions. Also, after stress (by MNNG treatment)
both forms (44 and 28 kDa) of SIRT3 were notably elevated
(Fig. 7D and E). Together, these results indicated that during
stress of cardiomyocytes, SIRT3 levels are elevated in the mi-
tochondria as well as in the nucleus of the cell.

To understand the role of SIRT3 outside mitochondria, we
generated a deletion mt (SIRT3A1-25) lacking the mitochon-
drial import signal (32). This construct was compared with wt
SIRT3 and the catalytically inert mt (SIRT3.mt) for their abil-
ities to protect cells from genotoxic stress-mediated cell death.
We found that overexpression of SIRT3A1-25 was capable of
protecting HeLa cells from MNNG-mediated cell death, but to
a lesser extent than that of the wt SIRT3 (Fig. 7F). The cata-
lytically inert mt of SIRT3 had no effect on MNNG-mediated
cell death. These results thus demonstrated that SIRT3 plays a
role outside the mitochondria as well as in protecting cells
from stress.

SIRT3 interacts with Ku70 in vitro and in vivo. To delineate
the mechanism of cell-protective effects of SIRT3, we searched
for its partner proteins. We immunoprecipitated SIRT3 from
cardiomyocyte lysate and looked for pull-down of partner pro-
teins in the precipitate. We found that Ku70, a nuclear protein,
was successfully pulled down with SIRT3 but not with the IgG
negative control (Fig. 8A). To confirm this observation, we
overexpressed Cos7 cells with plasmids expressing either Flag-
SIRT3 or the Flag tag alone. Cell lysate was prepared and
subjected to IP with the Flag antibody or IgG. The resulting
beads were analyzed by Western analysis with anti-Ku70 anti-
body. As shown in Fig. 8B, Ku70 was coprecipitated with the
Flag antibody from Flag.SIRT3-expressing cells but not from
cells expressing the Flag tag alone. Also, no Ku70 was pulled
down with IgG, which served as another negative control
(Fig. 8B).

To obtain further evidence for a SIRT3/Ku70 interaction, we
performed an inverse experiment in which SIRT3 was in-
tended to be pulled down by Ku70. Cardiomyocytes infected
with ad.hSIRT3 vector were subjected to IP with IgG or Ku70
antibody, and the resulting beads were analyzed by Western
analysis by use of an anti-SIRT3 antibody. As mentioned be-
fore, in SIRT3-overexpressing cells both 44-kDa and 28-kDa
forms of SIRT3 were readily detectable. In some experiments
these forms appear as doublets (Fig. 8C, lane 1). The exact
reason for these doublets is not known to us at present. In
co-IP experiments, we found that only the 44-kDa long form of
SIRT3 was pulled down with Ku70, and not the 28-kDa short
form of the deacetylase. These experiments were repeated with
SIRT3-expressing stable HeLa cells, and similar results were
obtained.

The lack of interaction of the 28-kDa form of SIRT3 with
Ku70 raised the question of whether this is due to the inability
of the short form of SIRT3 to bind to Ku70 or is related to
localization of this form in the mitochondria, where Ku70 is
not found. To address this issue, we examined the interaction
of the 28-kDa form of SIRT3 with Ku70 under in vitro assay
conditions. A plasmid (His-SIRT3;,4_305) encoding the His-
tagged 28-kDa form of SIRT3 was primed to synthesize the
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protein in vitro (Fig. 8E). Another plasmid synthesizing His-
p38d was utilized as a negative control. For the binding assay,
His-tagged proteins were incubated with in vitro-synthesized
[*>S]methionine-labeled Ku70. His-tagged proteins were pre-
cipitated as nickel resin beads, and bound proteins were ana-
lyzed by SDS-PAGE. As shown in Fig. 8D, **S-labeled Ku70
was successfully pulled down by His-SIRT3 but not by His-
p38d or resin beads alone. These results thus demonstrated
that (i) Ku70 physically binds to SIRT3 and (ii) the 28-kDa
short form of SIRT3 is capable of interacting with Ku70.

SIRT3 deacetylates Ku70 under in vitro and in vivo assay
conditions. Previous studies have shown that Ku70 is an acety-
lated protein (7). Our results showing an association of Ku70
with SIRT3 suggested that Ku70 may be a deacetylation target
of SIRT3. To test this possibility, we studied deacetylation of
Ku70 by SIRT3 under in vitro assay conditions. Ku70 was
synthesized in vitro and incubated with PCAF in an acetylation
reaction buffer. We found, by Western analysis, that Ku70 was
highly acetylated in the presence of PCAF (Fig. 9A). To test
the deacetylation of Ku70 by SIRT3, we first tested the ability
of in vitro-synthesized SIRT3 to deacetylate Ku70. We found,
however, no appreciable deacetylation of Ku70 in this experi-
ment (data not shown).

We then examined the deacetylase activity of in vivo-synthe-
sized SIRT3. Cells were induced to overexpress protein with
the use of plasmids synthesizing wt Flag.SIRT3 (Flag tag at the
C-terminal end) or the mt. Proteins were immunoprecipitated
by use of a Flag-specific antibody, and the resulting beads were
incubated with the acetylated Ku70 in a deacetylation buffer
with or without NAD. We found that beads containing wt
SIRT3 had the ability to deacetylate Ku70 in an NAD-depen-
dent manner. However, the SIRT3 mt, having only one point
mutation which eliminates its deacetylase activity, was incapa-
ble of deacetylating Ku70, even when NAD was present in the
buffer (Fig. 9B and C). These results thus demonstrated that
SIRT3 has the ability to deacetylate Ku70.

We then studied the SIRT3-mediated deacetylation of Ku70
in vivo. Stable HelLa cells overexpressing wt or mt SIRT3 were
transfected with a Flag.Ku70-expressing plasmid and treated
with trichostatin A (TSA), a class I and II HDAC inhibitor, or
with NAM, a class III HDAC inhibitor. Flag.Ku70 was immu-
noprecipitated from these cells, and the acetylation of the
protein was analyzed by Western analysis by use of an anti-
acetyllysine antibody. As shown in Fig. 9D and E, Ku70 was
highly acetylated in cells treated with the HDAC inhibitors
TSA and NAM compared to nontreated controls. When Ku70
was analyzed from SIRT3-expressing cells, we found that it was
substantially deacetylated in these cells but not in cells express-
ing the mt SIRT3. These data thus indicated that SIRT3 is one
of the major regulators of Ku70 acetylation in vivo.

SIRT3 blocks Ku70 acetylation under stress conditions.
Acetylation of Ku70 increases after DNA damage and stress-
induced apoptosis (7, 8). To test whether SIRT3 was capable of
blocking Ku70 acetylation under stress conditions, we per-
formed a time course analysis of Ku70 acetylation after
MNNG and H,0, treatment of cells. Cardiomyocytes as well
as HeLa cells were treated with a cell-death-inducing dose (500
wM) of MNNG or H,O,_ Cells were harvested at different time
points after treatment, and Ku70 was immunoprecipitated
from the lysate, which was then examined by Western analysis
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FIG. 8. SIRTS3 interacts with Ku70 in vitro and in vivo. (A) Endogenous SIRT3 interacts with Ku70. Cardiomyocyte lysate was subjected to IP
with either nonspecific IgG or specific anti-SIRT3 antibody (AP6242a). Resulting beads were analyzed by Western blotting (WB) with anti-Ku70
antibody. (B) Cos7 cells were induced to overexpress with the Flag tag or the Flag-tagged SIRT3. Cell lysate was subjected to IP with either
nonspecific I[gG-conjugated beads or anti-Flag M2 agarose beads. Precipitated beads were analyzed by Western blotting with anti-Ku70 antibody.
(C) Cells infected with ad.hSIRT3 vector were subjected to IP with Ku70 antibody, and the resulting beads were analyzed by Western blotting with
anti-SIRT3 antibody (PAB11098). Note the presence of both forms of SIRT3 in the input lane, but only the long form of SIRT3 was pulled down
by Ku70 in this assay. (D) In vitro protein binding assay. In vitro-synthesized [**S]methionine-labeled Ku70 was incubated with beads containing
His-tagged 28-kDa SIRT3, His-tagged p38d, or nickel beads alone. His-tagged proteins were precipitated as nickel resin beads, and bound proteins
were analyzed by SDS-PAGE. (E) Picture of a Coomassie blue-stained gel showing synthesis of the His-tagged 28-kDa form of SIRT3 from plasmid

(His-SIRT3,9_305)-

by use of an antiacetyllysine antibody. As shown in Fig. 10A
and B, the acetylation of Ku70 was elevated in a time-depen-
dent manner, reaching maximum level at 2 h of MNNG treat-
ment and at 30 min of H,O, treatment of cells. These results
thus indicated that Ku70 acetylation is elevated during geno-
toxic and oxidative stress of the cells.

After determining the specific time course of Ku70 acetyla-
tion following stress, we studied the role of SIRT3 in blocking
Ku70 acetylation. For this purpose, we treated stable HeLa
cells expressing wt SIRT3 or the mt with 500 uM MNNG for
2 h. As shown in Fig. 10C, MNNG treatment significantly
increased the acetylation of Ku70 in the mt-expressing cells but
not in the wt SIRT3-expressing cells. To strengthen this find-

ing, we also examined the acetylation of Ku70 in stably SIRT3-
expressing cells subjected to siRNA-mediated knockdown of
SIRT3 levels. As shown in Fig. 10D, MNNG treatment in-
duced Ku70 acetylation in the cells that received specific
SIRT3 siRNA but not the scrambled RNA. Collectively, theses
experiments demonstrated that SIRT3 is capable of blocking
Ku70 acetylation during oxidative and genotoxic stress of the
cells.

SIRT3 prevents Bax-mediated apoptosis by deacetylating
Ku70. Translocation of the Bax protein from the cytoplasm to
mitochondria is known to initiate stress-induced apoptosis.
Under physiologic conditions, Bax remains in association with
Ku70 (7, 30). During stress, Ku70 is acetylated, which dimin-
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FIG. 9. SIRT3 deacetylates Ku70 under in vitro and in vivo assay conditions. (A) In an acetylation buffer Flag.Ku70 was incubated with PCAF.
Acetylation of protein was determined by Western blotting with antiacetyllysine antibody. (B) Deacetylation of Ku70 by SIRT3 in vitro. Flag. Ku70
was acetylated in vitro with PACF, and it was precipitated with Flag M2 beads. Acetylated Flag.Ku70 was then incubated with beads containing
wt or mt SIRT3 in a deacetylation buffer with or without NAD. Both wt and mt SIRT3 were immunoprecipitated from stable HeLa cells.
(C) Quantification of Ku70 deacetylation by SIRT3. (D) In vivo deacetylation of Ku70 by SIRT3. Stable cells expressing wt or mt SIRT3 were
induced to overexpress with Flag.Ku70 and treated with NAM (10 mM for 24 h) and/or TSA (5 pM for 6 h) as indicated. Flag.Ku70 was
immunoprecipitated, and the level of acetylation was analyzed by probing with antiacetyllysine antibody. (E) Quantification of Ku70 deacetylation

by SIRT3 in vivo. Values are means of three experiments.

ishes its ability to bind to Bax. The released Bax enters into
mitochondria and initiates the process of apoptosis (7). The
HDACS capable of deacetylating Ku70 (such as SIRT1) have
been shown to enhance Ku7(0/Bax binding and prevent cell
death (8). We therefore speculated that SIRT3 might protect
cells by promoting the binding of Ku70 to Bax and hence
blocking the Bax translocation to mitochondria.

To test this hypothesis, we employed a well-characterized
assay system in which stable HeLa cells were transfected with
plasmids synthesizing the Bax tagged with YFP (YFP.Bax)
and/or Ku70. Cell death was monitored by scoring YFP-posi-
tive cells which had a fragmented nucleus, a common marker

of apoptosis. As shown in Fig. 11A, stably wt SIRT3-expressing
cells overexpressing Bax alone (YFP.Bax) had a significantly
higher rate of cell death than did those expressing Bax and
Ku70 together. In contrast, stable cells expressing the mt
SIRT3 were not resistant to Bax-mediated cell death even
when Bax and Ku70 were combined.

This experiment was repeated in cells subjected to siRNA-
mediated knockout of SIRT3. As expected, stably SIRT3-ex-
pressing cells that received scrambled RNA were resistant to
cell death when Bax and Ku70 were coexpressed, but the other
cells, in which SIRT3 levels were markedly reduced by siRNA,
were not resistant (Fig. 11B). To provide further support for
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FIG. 10. SIRT3 blocks Ku70 acetylation during stress. (A) Ku70 was acetylated during genotoxic and oxidative stress. Cells were transiently
expressed with Flag-Ku70 and treated with MNNG (500 pM) or H,O, (500 uM). Cells were harvested at indicated time intervals after treatment,
and Flag.Ku70 was immunoprecipitated. Flag.Ku70 beads were analyzed by Western blotting using antiacetyllysine and anti-Ku70 antibodies.
(B) Quantitative representation of Ku70 acetylation by MNNG and H,O, treatment of cells. Values are means of three separate experiments.
(C) HeLa cells stably expressing either wt or mt SIRT3 were treated with MNNG for 2 h. The endogenous Ku70 was immunoprecipitated and
analyzed by Western blotting as in panel A. (D) Knockdown of SIRT3 increases Ku70 acetylation during genotoxic stress. SIRT3 was knocked
down from SIRT3-expressing stable cells by use of SIRT3-specific siRNA. Scrambled RNA was used as a negative control. Cells were treated with
MNNG for 2 h, and the level of Ku70 acetylation was determined by Western blotting.

these findings, we performed a SIRT3 supplementation exper-
iment, in which SIRT3-knockout cells were infected with ade-
novirus vectors expressing the wt SIRT3 or the mt protein.
Twelve hours post-viral infection, cells were transfected with
YFP-Bax and Ku70, and the percentage of cells that under-
went apoptosis was scored 12 h later. The cells that received mt
vector exhibited significantly higher numbers of cell deaths
than did cells infected with the wt SIRT3-expressing vector
(Fig. 11C).

To confirm that translocation of Bax in mitochondria was
indeed prevented after overexpression of SIRT3, we examined
the Bax localization by using fluorescence microscopy. HeLa
cells infected with viral vectors were transfected with plasmids
encoding YFP, YFP.Bax, and/or Ku70 in different combina-
tions. As shown in Fig. 11D, in SIRT3-expressing cells Bax
fluorescence was mostly uniform and was seen mainly in the
cytoplasm (lower panel), whereas in the mt protein-expressing

cells, Bax fluorescence was noted to have a punctate pattern,
accumulated close to fragmented nuclei, and overlapped with
Mitotracker staining of the cells (not shown), thus suggesting
that SIRT3 overexpression prevented the mitochondrial accu-
mulation of Bax.

These experiments were repeated in MNNG-treated cardio-
myocytes, where translocation of the endogenous Bax was
examined after treatment of cells with MNNG. As shown in
Fig. 11E, cardiomyocytes infected with the mt vector and show-
ing signs of cell death (fragmented and/or shrunken nuclei)
had neatly overlapped Bax (red) staining with Mitotracker
green staining (see yellow in merged image). However, a sim-
ilar overlap of Bax and Mitotracker staining was not seen in
cells overexpressing the wt SIRT3 and having well-preserved
nuclei. These results thus demonstrated that SIRT3 expression
blocks translocation of Bax into mitochondria under stress
conditions.
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FIG. 11. SIRT3 prevents Bax-mediated apoptosis by deacetylating Ku70. (A) HeLa cells stably expressing wt SIRT3 (black bars) or mt SIRT3
(white bars) were transfected with plasmids synthesizing YFP, YFP.Bax, or YFP.Bax and Ku70 together. The percentage of YFP-positive cells
(yellow fluorescence) with apoptotic (fragmented) nuclei was scored 12 h after transfection. Values are the averages of three experiments; during
each experiment >200 cells were scored. (B) HeLa cells stably expressing wt SIRT3 were given SIRT3-specific siRNA or scrambled RNA. We
observed >80% reduction of the SIRT3 levels in cells to which siRNA was added, as shown in Fig. 4C. These cells were then transfected with
plasmids encoding YFP.Bax and Ku70. Cell death was scored 12 h posttransfection. Values are the averages of four experiments. (C) Salvage of
wt SIRT3 levels protects cells from Bax-mediated cell death. SIRT3-knockdown HeLa cells were infected with ad.hSIRT3 or the mt vector. After
12 h of virus infection, cells were transfected with YFP.Bax and Ku70 plasmids together. The percentage of YFP-positive cells with apoptotic nuclei
was scored 12 h after transfection. Values are the means of four experiments with >200 cells scored in each plate. Nearly 80% of SIRT3 levels
were recovered in these cells, as verified by Western blotting (not shown). (D) Representative picture of HeLa cells subjected to Bax-mediated
apoptosis. Cells were infected with ad.hSIRT3 or the mt (ad.mt) vector. Twenty-four hours after viral infection, cells were transfected with different
plasmids as indicated. The pictures of cells were taken 12 h posttransfection. Note the presence of fragmented apoptotic nuclei in cells transfected
with YFP.Bax and YFP.Bax plus Ku70 (middle panels) but not in SIRT3-overexpressing cells (bottom panels). (E) SIRT3 blocks localization of
Bax to mitochondria during genotoxic stress. Cardiomyocytes infected with ad.hSIRT3 or the mt (ad.mt) vectors were treated with MNNG for 6 h.
Cells were stained with anti-Bax antibody (red). DAPI (blue) staining and Mitotracker (green) staining were utilized as markers of nuclei and
mitochondria, respectively. Note shrunken nuclei in upper panels (ad.mt) depicting cell death. In these cells, Bax was totally merged with
Mitotracker green (yellow in merged image) representing mitochondrial localization of Bax. In the lower panels, cells overexpressing wt SIRT3
and having well-preserved nuclei showed no Bax translocation to mitochondria (no yellow in merged image).
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To add weight to these findings, we then examined Bax
binding to Ku70 in the absence or presence of SIRT3. Flag-
tagged Ku70 was synthesized and acetylated by PCAF under in
vitro assay conditions. Acetylated Ku70 was subjected to
deacetylation by incubation with beads containing in vivo-syn-
thesized wt SIRT3, mt SIRT3, or SIRT1, which was used as a
positive control. Following the deacetylation reaction,
Flag.Ku70 beads were separated and incubated overnight with
lysates of normal HeLa cells. Beads were removed from the
reaction mix, and the binding of Bax to Ku70 was determined
by Western blotting. As expected, we found strong binding of
Bax to Ku70 subjected to deacetylation by SIRT3 or SIRTI,
but not with the SIRT3 mt (Fig. 12A, lanes 2 to 4). As a
negative control, we also tested the ability of SIRT3 to bind
Bax and found no direct binding between these two proteins
(not shown). To support these findings further, we tested the
ability of acetylated Ku70 to bind Bax, and we found that
acetylation of Ku70 completely blocked its binding to Bax (Fig.
12A, lane 1). Together, these results provided strong evidence
that SIRT3 prevents cell death by deacetylating Ku70 and
hence promoting Ku70/Bax association.

Since both SIRT3 and SIRT1 are capable of deacetylating
Ku70 and enhancing Ku70-Bax interaction, we asked whether
both have redundant activities to protect cells during stress. To
test this possibility, we knocked out SIRT1 from wt SIRT3- and
mt SIRT3-expressing stable HeLa cells and then tested them
for their sensitivity to MNNG-mediated cell death (Fig. 12B).
We found that wt SIRT3-expressing cells were mostly resistant
to cell death even when SIRT1 was knocked out. In contrast,
mt SIRT3-expressing cells became overly sensitive to MNNG-
mediated cell death once SIRT1 was knocked out (Fig. 12C
and D). These results thus indicated that both SIRT3 and
SIRT1 have redundant functions to protect cells under stress
conditions.

DISCUSSION

SIRT3 is highly expressed in the heart (17, 33). In this study,
we found that SIRT3 is a stress-responsive deacetylase in car-
diomyocytes that protects cells from genotoxic and oxidative
stress-mediated cell damage. By utilizing different approaches
such as cellular fractionation and immunostaining of endoge-
nous as well as ectopically expressed SIRT3, we show for the
first time that both the full-length form (long form) and the
short form of mSIRT3 are present in cardiomyocytes. Whereas
the ~28-kDa short form of SIRT3 was localized exclusively in
mitochondria, the long form (~44 kDa) was detected in mito-
chondria, the nucleus, and the cytoplasm. During stress, car-
diomyocyte SIRT3 levels were elevated not only in mitochon-
dria but also in the nucleus. Another important finding of this
study is that we identified Ku70, a nuclear protein, as a
deacetylase target of SIRT3. Thus, our data demonstrate
that, in stressed cardiomyocytes, SIRT3 plays a role in both the
mitochondrial and the nuclear compartments of the cell.

Expression of hSIRT3 and mSIRT3. hSIRT3 exists in two
different forms, a full-length protein (~44 kDa) and a pro-
cessed form in which the N-terminal 142 amino acids are
removed (~28 kDa) (9, 31, 32). The sequence of mSIRT3
cDNA encoding full-length (44-kDa) protein has not been
published yet. However, based on sequence conservation, it
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has been predicted that mSIRT3 starts at the methionine res-
idue, equivalent to human methionine-143 (31, 33, 38), which
would result in a protein product of ~28 kDa (short form). In
a recent report, however, Cooper and Spelbrink disputed these
reports and predicted that the full-length mSIRT3 is a homo-
logue of hSIRT3 (9). This form of mSIRT3 has an N-terminal
stretch of 75 to 77 amino acids prior to the methionine-143
position of hSIRT3. The predicted molecular mass of the full-
length (long-form) mSIRT3 is ~39 kDa, and the short form is
~28 kDa, which is similar to the mass of hSIRT3 (9). In our
study, we observed that the long form of mSIRT3 is about ~44
kDa and the short form is ~28 kDa by Western analysis. These
results were repeated with three different antibodies, raised
against the N-terminal region, the C-terminal region, and an
internal region of SIRT3, and identical results were obtained.
We searched previous publications with which to compare our
findings, but interestingly, although many reports have pub-
lished results for expression and localization of mSIRT3, no
report thus far has given the molecular weight of mSIRT3.
Therefore, to know the specificity of mSIRT3 bands detected
in our analysis, we relied on the blocking peptide and knockout
experiments. Results obtained from these experiments con-
firmed that both the ~44-kDa and ~28-kDa bands observed
from cardiac tissue are specific for SIRT3. The difference in
the predicted and observed molecular masses of mSIRT3 is
most likely related to posttranslational modification of SIRT3,
as has been shown in the case of SIRT1 (37).

Localization of SIRT3 in cardiomyocytes. The subcellular
localization of SIRT3 is also controversial. Initial studies car-
ried out with overexpressed hSIRT3 have shown exclusive mi-
tochondrial localization of both the full-length and processed
forms of the protein (25, 32). In contrast, a recent study has
shown that the full-length hSIRT3 is a nuclear protein and that
it is processed inside the nucleus to yield a protein that is
capable of mitochondrial import (31). This report has also
shown that the full-length nuclear hSIRT3 is catalytically ac-
tive, contradicting the previous belief that processing of
hSIRT3 inside mitochondria is necessary for its activation (31,
32). Another recent study has put forward further evidence
showing that both hSIRT3 and mSIRT3 proteins are expressed
exclusively in mitochondria (9, 17). Our results, obtained from
cardiomyocytes and whole-heart tissue, however, disagree with
this report and show that the ~28-kDa short form of mSIRT3
is present only in mitochondria, whereas the full-length long
form (44 kDa) is detected not only in the mitochondria but also
in the nucleus as well as in the cytoplasm. Previous reports
showing exclusive mitochondrial localization of SIRT3 have
argued that the detection of the short form of SIRT3 (28 kDa)
in the nuclear fraction, as seen by others, is likely to have
originated from mitochondrial contamination of the nuclear
pellet (9). This argument does not apply to our findings, as we
found no trace of the 28-kDa form of SIRT3 in the nuclear or
cytoplasmic fractions, suggesting that this form of mSIRT3 is
localized exclusively in the mitochondria of cardiomyocytes. In
our protein binding experiments we found that, although the
short form of SIRT3 was capable of binding to Ku70 in vitro,
it was not pulled down by Ku70 from the in vivo binding assay,
thus again supporting the observation that the 28-kDa short
form of SIRT3 is localized exclusively in mitochondria,
where Ku70 is not expressed. In addition, our results show-
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ing deacetylation of H3 by hSIRT3 overexpression and the
ability of a SIRT3 deletion mt (SIRT3A1-25), which lacks the
mitochondrial import signal, to protect cells from MNNG-
mediated cell death indicated that the protein is catalytically
active outside the mitochondria, which is in agreement with
one report (31) but not with the other (32).

There could be several explanations for the observed differ-
ences between our study and others. (i) In most of the previous
studies, SIRT3 expression was analyzed in SIRT3-overexpress-
ing cell lines, where endogenous SIRT3 levels are extremely
low (9, 25, 31, 32). Overexpression of SIRT3 mimics a stress-
like situation resulting in predominant expression of the pro-
cessed form of the deacetylase, as we also observed in our
cardiomyocyte cultures (Fig. 3) (31). (ii) In many previous
studies, conclusions were drawn from use of a single antibody,
while we know that many commercial antibodies do not rec-
ognize both forms of SIRT3 (9, 17). (iii) Tissue specificities of
the two forms of SIRT3 might also account for the observed
differences in different studies.

Previous studies carried out for tissue distribution of SIRT3
have shown relatively higher levels of the deacetylase in highly
active tissues such as brain, heart, kidney, liver, and adipose
tissues (17). It should be noted that in stress situations cardi-
omyocytes, which are incapable of dividing, behave very dif-
ferently than do other cells, competent in proliferation. Car-
diomyocytes develop hypertrophy during stress, which is
accompanied by a large increase in the number of mitochon-
dria (18). A recent study has shown that the constitutive ex-
pression of endogenous mSIRT3 upregulates the expression of
mitochondrion-related genes, such as those for PGCla, UCPI,
cytochrome ¢ oxidase subunits IT and IV, and ATP synthetase,
in adipocytes (33). As we know that PGCla is a critical regu-
lator of proteins involved in mitochondrial function and bio-
genesis, it is likely that the elevated levels of nuclear SIRT3, as
seen in our study, have a role in controlling mitochondrial
propagation in cardiomyocytes under stress conditions (16).
This function of SIRT3 in cardiomyocytes, however, needs to
be formally demonstrated. Another important observation in
this study is that we found a considerable amount of mSIRT3
in the cytoplasm of cardiomyocytes, where no trace of nuclear
or mitochondrial contamination could be detected. This was
confirmed both in the myocardial tissue and in cultured cardio-
myocytes, with identical results. Although we have no expla-
nation for this finding at present, it is possible that in cardio-
myocytes SIRT3 targets other organelles in addition to
mitochondria. Studies are under way in our laboratory to ex-
plore this possibility.

Ku70, a target of SIRT3-mediated deacetylation. In this
study, we have identified Ku70 as a new target of SIRT3
deacetylase. Because Ku70 is not found in mitochondria, iden-
tifying this protein as a SIRT3 target again supports our finding
of nonmitochondrial localization of SIRT3 in cardiomyocytes
(30). Increased oxidative stress and DNA damage have been
proposed as key mechanisms leading to cell death of cardio-
myocytes during stress and aging (6). We used MNNG and
H,O, in this study to induce DNA damage and oxidative
stress-mediated cell death. This type of cell death is controlled
by PARP1 activation, which results in poly(ADP)-ribosylation
of key DNA repair proteins at the expense of NAD (21, 26,
39). It has been shown that in conditions where DNA damage
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is limited (e.g., by MNNG treatment at 20 to 40 pM) this
physiological machinery could repair the injury and the cell
could survive. However, when DNA damage is extensive (e.g.,
by 500 nM MNNG treatment), overactivation of PARP1 oc-
curs and this activates calpain, a Ca®>*-dependent protease
(21). Downstream steps from the gain of function of calpain
include activation of Bax and cleavage of mitochondrial apop-
tosis-inducing factor (AIF) to generate an active form of the
enzyme, tAIF (21). Activated Bax translocates from the cytosol
to the mitochondria, where it facilitates the release of tAIF
from the mitochondria to the cytosol. Once liberated in the
cytosol, tAIF translocates to the nucleus, where it generates
DNA breaks and chromatin condensation, resulting in cell
death (21). It has also been reported that ablation of Bax
prevents both tAIF release and DNA damage-induced cell
death, thus documenting that Bax translocation to mitochon-
dria is indispensable for oxidative and genotoxic stress-medi-
ated cell death (21).

In the quiescent state, Bax normally remains associated with
Ku70 (30). Acetylation of Ku70 during cellular stress or inhi-
bition of HDACs promotes Bax-mediated apoptosis, as acety-
lated Ku70 is incapable of binding and sequestering Bax (7).
Deacetylation of Ku70 by SIRT1 has been shown to cause
sequestration of Bax away from mitochondria (8). We pre-
sumed that SIRT3 may follow the same pathway to protect
cells from oxidative and genotoxic stress. Experiments carried
out for testing binding and deacetylation of Ku70 confirmed
that it is, in fact, as good a target of SIRT3 as was reported for
SIRT1 (8). By using a highly specific assay of Bax-mediated cell
death, we found that SIRT3 prevented cell death in coopera-
tion with Ku70. This finding suggested that SIRT3 and Ku70
might work together to modulate the susceptibility of cells to
stress-induced apoptosis, as has been reported in the case of
SIRT1-mediated cell protection (8). By knocking out SIRT1,
we found that both SIRT3 and SIRT1 have redundant func-
tions to protect cells from genotoxic stress-mediated cell death.
It is likely that in vivo SIRT3 and SIRTI, though working
through the same mechanism, are activated by different stress
stimuli in different cell types or to different magnitudes of
stimuli. They may also have additive effects to protect cells
from severely adverse conditions. Based on these findings and
our unreported data, we believe that, in addition to mitochon-
drial proteins, there are other targets which also come into play
for SIRT3-mediated cell protection. Our studies are in agree-
ment with a recent report in which Yang et al. have shown that
stress of cardiomyocytes (by serum withdrawal) induces ex-
pression of Nampt, an enzyme of NAD biosynthesis, and that
the Nampt-mediated cell protection requires SIRT3 (36).

Among the different members of the sirtuin family, SIRT3 is
the only protein whose increased expression has been directly
linked with an extended life span in humans (3, 28). Further-
more, in aging hematopoietic stem cells, a notably reduced
level of SIRT3 has been reported, suggesting that SIRT3 might
function to maintain the cellular repair process and delay aging
(5). Our data presented in this study provide the first evidence
that cardiomyocytes are made resistant to stress-mediated cell
death by SIRT3 overexpression. If a similar effect of SIRT3 is
observed also in other tissues such as brain, liver, and kidney
where it is highly expressed, this will suggest that SIRT3 might
be a key regulator of cell defense mechanisms during stress,
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which become weak and dysregulated with aging. Future stud-
ies directed toward examining the beneficial effect of SIRT3 at
the whole-organ level, where cells are subjected to pathological
stresses, should be able to shed more light on its effect on the
longevity of the organism.
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