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HSP25 down-regulation enhanced p53 acetylation by dissociation
of SIRT1 from p53 in doxorubicin-induced H9c2 cell apoptosis
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Abstract Heat shock proteins (HSPs) play important roles in
cellular stress resistance. Previous reports had already sug-
gested that HSP27 played multiple roles in preventing
doxorubicin-induced cardiotoxicity. Although HSP25 might
have biological functions similar to its human homolog
HSP27, the mechanism of HSP25 is still unclear in
doxorubicin-induced cardiomyocyte apoptosis. To investigate
HSP25 biological function on doxorubicin-induced apoptosis,
flow cytometry was employed to analyze cell apoptosis in
over-expressing HSP25 H9c2 cells in presence of doxorubi-
cin. Unexpectedly, the H9c2 cells of over-expressing HSP25
have no protective effect on doxorubicin-induced apoptosis.
Moreover, no detectable interactions were detected by
coimmunoprecipitation between HSP25 and cytochrome c,
and HSP25 over-expression failed in preventing cytochrome
c release induced by doxorubicin. However, down-regulation
of endogenous HSP25 by a specific small hairpin RNA
aggravates apoptosis in H9c2 cells. Subsequent studies
found that HSP25, but not HSP90, HSP70, and
HSP20, interacted with SIRT1. Knockdown of HSP25 de-
creased the interaction between SIRT1 and p53, leading to
increased p53 acetylation on K379, up-regulated pro-apopto-
tic Bax protein expression, induced cytochrome c release, and
triggered caspase-3 and caspase-9 activation. These findings

indicated a novel mechanism by which HSP25 regulated p53
acetylation through dissociation of SIRT1 from p53 in
doxorubicin-induced H9c2 cell apoptosis.
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Abbreviations
shRNA Small hairpin RNA
cDNA Complementary DNA
RNAi RNA interference
FITC Fluorescein isothiocyanate
HSPs Heat shock proteins
HSP25 Heat shock protein 25
HSP27 Heat shock protein 27
SIRT1 Sirtuin 1
DOX Doxorubicin
GAPDH Glycolytic glyceraldehyde-3-phosphate

dehydrogenase
VDAC Voltage-dependent anion channel
TBST Tris-buffered saline Tween
BSA Bovine serum albumin
FCS Fetal calf serum
DMEM Dulbecco’s modified Eagle’s medium

Introduction

The highly conserved heat shock proteins (HSPs), which
function mainly as molecular chaperones, allow cells to
adapt to changes in their environment and survive in
otherwise lethal conditions. Under conditions of cellular
stress, they interact and stabilize target proteins to protect
them from denaturation or, if damage has occurred,
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promote disaggregation and allow refolding back to an
active conformation. HSPs were classified into families
on the basis of their size, structure, and function: the
HSP110, HSP90, HSP70, HSP60, and small HSP families.
Small HSPs are molecular chaperones that play major roles
in organismic development, stress responses, and diseases.
One small HSP is a 25-kDa protein, termed HSP25 (a
homologue of human HSP27), whose expression is
correlated with increased survival in various stressful
conditions. As a molecular chaperone, HSP25 directly
influences on the mechanisms of caspase activation,
modulation of oxidative stress, and regulation of the
cytoskeleton (Clarke and Mearow 2013; Franke et al.
2003; Lee et al. 2005, 2012a; Mounier and Arrigo 2002).
Recently, the novel roles of extracellular soluble HSP25,
which is present in the blood, have been found to regulate
angiogenic balance (Lee et al. 2012b) and antagonize
doxorubicin-induced cardiotoxicity (Krishnamurthy et al.
2012). Undoubtedly, full elucidation of the role of HSP25
will have many potential benefits as therapies for several
ailments.

Doxorubicin, an antibiotic of the anthracycline group, is
used in chemotherapeutic protocols for the treatment of
different kinds of cancer. It affects the nucleic acid synthe-
sis, inhibiting DNA and RNA polymerase activity by
binding two strands of DNA helix, interspersing among
the pairs of adjacent nucleotides, with modification of
chromosome structure. But, the precise mechanism of
antitumor activity of this drug is still under investigation.
Notably, doxorubicin and its other formulations were
known to leading congestive heart failure because of
irreversible structural changes in the myocardium among
cancer patients. Previous studies explored that increased
cardiomyocyte apoptosis plays an important role in
doxorubicin-induced cardiotoxicity (Chua et al. 2006;
Nakamura et al. 2000). Some published work originally
described the protective role of human HSP27 against
doxorubicin (Ciocca et al. 1992; Vargas-Roig et al. 1998),
and subsequent studies also showed that HSP27 plays
multiple roles in preventing doxorubicin-induced
cardiotoxicity (Turakhia et al. 2007; Venkatakrishnan
et al. 2006, 2008). We are thus led to a hypothesis that
HSP25 might have the same function as its human homolog
in preventing doxorubicin-induced myocardial cell apopto-
sis. As a test of this hypothesis, the effect of HSP25 over-
expression on doxorubicin-induced rat cardiomyocyte-
derived H9c2 cell apoptosis was evaluated. However,
HSP25 over-expression showed unsuccessful protective
effect on doxorubicin-induced H9c2 cell apoptosis, which
was not the same as we expected. But, here, we define a novel
interplay between HSP25 and Sirtuin 1 (SIRT1) and suggest a
new mechanism by which HSP25 down-regulation enhanced
p53 acetylation through dissociation of SIRT1 from p53.

Materials and methods

Cell culture

H9c2 cardiac myoblast cell line was obtained from the
American Type Culture Collection (CRL-1446) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 15 % heat-inactivated fetal calf serum
(FCS; Gibco) at 37 °C in a fully humidified incubator with
5 % CO2 and 95 % air. The medium was replaced twice a
week, and cells were passaged every 4 days at a 1:3 ratio.

Cell transfection

The plasmid containing coding sequence of SIRT1 was a kind
gift of Professor Fuyuki Ishikawa (Takata& Ishikawa, 2003). A
full-length HSP25 complementary DNA (cDNA) inserts were
fragmented with restriction endonucleases and directionally
subcloned into the expression vector pcDNA3.1 (Invitrogen).
The integrity of the DNA constructs was verified by sequenc-
ing. Transient transfections of H9c2 cells have been achieved
using TurboFect™ in vitro Transfection Reagent (Fermentas),
according to themanufacturer’s instructions. Briefly, H9c2 cells
were trypsinized and plated in a total volume of 3 mL/plate of
DMEM plus 10 % FCS to achieve 70–80 % confluence. The
amount of DNA (4 μg/well) required to effectively transfect
cells was diluted in serum-free DMEM and then mixed with
TurboFect™ (8 μL/well) by pipet. After being incubated for
15–20 min at room temperature, the TurboFect™/DNAmixture
was added carefully to the cells while gently agitating the plate
to achieve even distribution of the complexes. The cells were
incubated in an incubator at 37 °C with 5 % CO2 and 95 % air.
The transgene expression was analyzed 24–48 h later.

An RNA interference (RNAi) kit for HSP25 gene (pGPU6/
GFP/Neo-small hairpin RNA (shRNA)) was purchased from
GenePharma Co. (Shanghai, China). The shRNA was de-
signed using parameters based on previously published mea-
surements (Goldbaum et al. 2009). pGPU6/GFP/Neo-shRNA
for HSP25 (reverse primer: 5′-GAT CCA AAA AAG GAA
CAG TCTGGAGCCAAG TCTCTTGAACTTGGC TCC
AGA CTG TTC C-3′; forward primer: 5′-CAC CGG AAC
AGT CTG GAG CCA AGT TCA AGA GAC TTG GCT
CCA GAC TGT TCC TTT TTT G-3′; target sequence: 5′-
GGA ACA GTC TGG AGC CAA G-3′) was transfected into
H9c2 cells using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. Briefly, H9c2 cells were seeded
onto a six-well plate at 4–6×105 cells/well and grew to 95 %
confluence. The cells were washed twice with serum-free
DMEM and then incubated with a mixture of DNA,
Lipofectamine, and serum-free medium for 6 h when the me-
dium was changed to the complete DMEM containing 10 %
FCS. Forty-eight hours after transfection, the cells were har-
vested and the gene-silencing efficiency was detected.
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Apoptosis assay by flow cytometry

The amount of apoptosis in the cardiomyocytes was deter-
mined using the annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection Kit (BD Biosciences, San Diego, CA) for
the detection of apoptosis according to the manufacturer’s
instructions. Cells in the initial stage of apoptosis were defined
as annexin V (+)/propidium iodide (PI) (−), while late apoptotic
cells were defined as annexin V (+)/PI (+). Finally, annexin V
(+) PI (−) and annexin V (+) PI (+) cells were detected under
flow cytometry, and the percentages in the total number of cells
in each group were compared. Briefly, H9c2 cells transfected
with pcDNA3.1-Neo or pcDNA3.1-HSP25-Myc and pGPU6/
GFP/Neo-shRNA for HSP25 gene or for negative control were,
respectively, treated with 1 μmol/L doxorubicin for 24 h and
then washed in phosphate-buffered saline and stained with
FITC-conjugated annexin V and PI for 15 min at room
temperature. The percentage of positive cells determined over
10,000 events was analyzed by a FACSCalibur system (BD
BioSciences, San Jose, CA, USA). The data were acquired
and analyzed using Cell Quest program (Becton Dickinson).

Isolation of subcellular fractionation

Mitochondria and cytosolic fractions from cultured H9c2 cells
were isolated with the Mitochondria Isolation Kit (PIERCE)
according to the manufacturer’s instructions. Cells were lysed
in lysis buffer A [20 mmol/L Tris (pH 7.4), 150 mmol/L NaCl,
2 mmol/L EDTA, and 1% Triton X100 with protease and phos-
phatase inhibitors] for 20 min at 4 °C, and mitochondria were
extracted in a Dounce homogenizer in mitochondrial buffer
(1 mmol/L EDTA, 210 mmol/L mannitol, 70 mmol/L sucrose,
and 5 mmol/L Tris-HCl, pH 7.5), followed by centrifugation at
1300×g for 10 min at 4 °C. The supernatant was further centri-
fuged at 17,000×g for 15 min at 4 °C to pellet the mitochondria,
and the resulting supernatant was stored as the cytosolic fraction.
The crude mitochondrial fraction was resuspended for washing
and centrifuged at 17,000×g for 15min at 4 °C. The pellets were
collected as the mitochondrial fraction. Subcellular fractionation
and Western blotting analysis were used to detect cytochrome c
content in cytosol and mitochondria. The increase in the cytosol
with a concomitant decrease in mitochondria is indicative of
cytochrome c release from mitochondria. Voltage-dependent
anion channel (VDAC), an outer mitochondrial membrane
protein, is used as a mitochondrial marker.

Protein preparation and Western blot

Cultured cardiomyocytes were extracted in radio-
immunoprecipitation assay (RIPA) lysis buffer [10 mmol/L
Tris-Cl, 1 mmol/L EDTA, 0.5 mmol/L EGTA, 140 mmol/L
NaCl, 1 % (v/v) Triton X-100, 0.1 % Na-deoxycholate, 0.1 %
sodium dodecyl sulfate, and 1 mmol/L PMSF], and cell lysates

were cleared by a brief centrifugation (12,000g for 10 min). All
buffers contained a cocktail of protease inhibitors (Roche).
Concentrations of proteins in the supernatant were determined
by the BCA assay. Total protein (10–50μg/lane) was electropho-
resed and separated on 10 or 15 % SDS-polyacrylamide gel and
transferred to a PVDF membrane (Millipore), which was soaked
in 5 % bovine serum albumin (BSA) in Tris-buffered saline
Tween (TBST, pH 7.6). The membrane was incubated overnight
with primary respective specific antibodies on a rotating platform
at 4 °C. Subsequently, the membrane was rinsed in TBST (pH
7.6) and incubated with horseradish peroxidase-conjugated IgG
antibodies diluted in TBST (1:2000) for 2 h on a rotating
platform at 4 °C. Bandswere visualized using anHRP developer,
and background-subtracted signals were quantified on a laser
densitometer (Bio-Rad). Relative protein loadingwas determined
by immunoblotting with glycolytic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies to ensure equal loading of
lysates. The following primary antibodies were used: SIRT1
(Millipore, 07-131), cytochrome c (Santa Cruz Biotechnology,
sc-7159), HSP25 (Stressgen, SPA-801), K379Ac-p53 (Cell
Signaling Technology, 2570), GAPDH (Cell Signaling
Technology, 2118), Flag-Tag (Cell Signaling Technology,
2368) and Myc-Tag (Cell Signaling Technology, 2276).

Coimmunoprecipitation

Cells were harvested and rapidly extracted in RIPA lysis
buffer. Protein (500 μg) was precleared with Protein G
Plus/Protein A Agarose Suspension (Calbiochem, IP05)
and then incubated with 4 μg respective specific antibod-
ies at 4 °C overnight. After the incubation, the reaction
mixture was gently rocked by adding 100 μL Protein G
Plus/Protein A Agarose Suspension at 4 °C for 4 h. The
agarose beads were collected by centrifugation and
washed three times with RIPA lysis buffer, boiled for
5 min in 2× SDS sample buffer, and frozen until used
for Western blot.

Assay of caspase-3 and caspase-9 activities

The enzymatic activities of the caspases were determined
by a colorimetric assay kit (R&D Systems, BF3100 and
BF10100) according to our previously published measure-
ments (Feng et al. 2012). Briefly, cells (1×106) were lysed
with 50 μL of cell lysis buffer for 10 min. After
microcentrifugation (12,000g, 1 min, 4 °C), the protein
concentration in the supernatant was determined by the
Bradford method (DingGuo Biotechnology). Supernatants
containing equal amounts of protein are used for assay of
caspase-3 and caspase-9 activities. After 2 h of incubation
at 37 °C, the absorbance at 405 nm was measured by a
microtiter plate reader. Fold increases in caspase-3 or
caspase-9 activities over their controls were determined.
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Statistical analysis

Data were collected from repeated experiments and are pre-
sented as mean±SD. One-way ANOVA and Student’s t test
were used for statistical analysis. Differences were considered
to be significant at P<0.05.

Results

HSP25 over-expression showed unsuccessful protective
effect on doxorubicin- induced H9c2 cell apoptosis

Forty-eight hours after pcDNA3.1-HSP25-Myc transfection,
HSP25 expressions were analyzed by Western blot using
HSP25 antibody. Exogenetic HSP25 expressed a relatively
higher level (Fig. 1a, b). To evaluate the role of HSP25 in
doxorubicin-induced apoptosis, H9c2 cells were transfected
with pcDNA3.1-HSP25-Myc or neo vector control after
48 h, and then, the cell apoptosis was induced by 1 μmol/L
doxorubicin for 24 h. Cell apoptosis was analyzed by flow

cytometry. The result showed that initial stage of cell apopto-
sis (R2), late apoptotic cells (R1), and total apoptotic cells (R1
+ R2) have no significant decrease in HSP25 over-expression
cell groups (R1 15.9±4.6 %, R2 14.1±2.8 %, R1 + R2 30.0±
5.5%) comparedwith neo vector control cell group (R115.1±
3.9 %, R2 15.3±2.5 %, R1 + R2 30.4±6.2 %; P>0.05,
Fig. 1c, d).

HSP25 down-regulation via shRNA aggravated
doxorubicin-induced H9c2 cell apoptosis

Forty-eight hours after shRNA-HSP25 expressing plasmid
transfection in H9c2 cells, Western blot was employed to val-
idate gene-silencing efficiency of HSP25 in control shRNA
and HSP25-shRNA groups (Fig. 2a, b). Cell apoptosis in-
duced by 1 μmol/L doxorubicin for 24 h was analyzed using
flow cytometry. Our data demonstrated that initial stage of cell
apoptosis (R2), late apoptotic cells (R1), and total apoptotic
cells (R1 + R2), as identified by annexin V and PI staining,
were significantly increased in HSP25-shRNA group (R1
16.5±4.7%, R2 21.9±6.4%, R1 + R2 38.4±8.7%) compared
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Fig. 1 Effects of HSP25 over-expression on doxorubicin (DOX)-
induced H9c2 cell apoptosis were measured by flow cytometry.
Western blot analyses of HSP25 expression were performed after
pcDNA3.1-HSP25-Myc transient transfection (left panel) or after
treated transfected cells by DOX for 24 h (right panel) (a).
Densitometric analysis of Western blots for HSP25 bands normalized to
GAPDH after H9c2 cell transfection by pcDNA3.1-HSP25-Myc or after
treated transfected cells by DOX for 24 h. *P<0.05 vs neo vector control

group (b). After the DOX treatment period of 24 h, cells were stainedwith
annexin V-FITC and PI followed by analysis in the flow cytometry (c).
Cells in the initial stage of apoptosis were defined as annexin V (+)/PI (−),
while late apoptotic cells were defined as annexin V (+)/PI (+). The
percentages of annexin V (+) PI (+) cells were shown as R1, and the
percentages of annexin V (+) PI (−) cells were shown as R2 (d).
Finally, R1, R2, and R1 plus R2 in each group were compared. Data
shown are representative of three separated experiments
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with control shRNA group (R1 13.2±4.1 %, R2 14.9±5.5 %,
R1 + R2 28.0±8.1 %; *P<0.05, Fig. 2c, d).

No interaction between HSP25 and cytochrome c could be
detected

Considering the possibility that HSP25 has biological func-
tions similar to HSP27 in binding to cytochrome c during cell
apoptosis as previously reported (Bruey et al. 2000; Paul et al.
2002), the interaction between HSP25 and cytochrome c was
detected by coimmunoprecipitation in H9c2 cells. However,
as shown in Fig. 3a, there were no detectable interactions
between HSP25 and cytochrome c in H9c2 cells with or with-
out doxorubicin treatment.

HSP25 over-expression failed in preventing cytochrome c
release induced by doxorubicin

After the doxorubicin treatment, cytosolic and mitochondrial
cytochrome c were measured by Western blot in HSP25 over-
expression or neo vector control H9c2 cells. To ensure that
there was no cross-contamination between the cytosolic and

mitochondrial fractions caused by the isolation procedure,
VDAC in each fraction was also measured. Doxorubicin sig-
nificantly increased the cytosolic cytochrome c, with a con-
comitant decrease in the mitochondria, as shown in Fig. 3b.
Quantitative data showed that the cytosolic cytochrome c in-
duced by doxorubicin treatment was increased to 52±8 % of
the total cellular concentration in the neo vector control cell
group, whereas HSP25 over-expression did not significantly
suppress this effect (P>0.05, Fig. 3c).

An interaction between SIRT1 and HSP25 appeared to be
important for SIRT1 function

We found that over-expressing HSP25 cells did not result in
perceivable change to resist the cell apoptosis induced by doxo-
rubicin treatment, which coincided with the release of cyto-
chrome c into the cytosol. But, down-regulation of HSP25 en-
hanced the cell apoptosis induced by doxorubicin treatment.
Therefore, we presume that HSP25 may play a major role as
molecular chaperone in affecting some important protein during
cell apoptosis. After coimmunoprecipitation analysis, a novel
and intriguing interaction between HSP25 and SIRT1 was

Fig. 2 Effects of HSP25 down-regulation on doxorubicin (DOX)-
induced H9c2 cell apoptosis were measured by cytometric analysis.
Western blot analyses of HSP25 expression were performed after
HSP25-specific shRNA transient transfection (left panel) or after treated
transfected cells by DOX for 24 h (right panel) (a). Densitometric
analysis of Western blots for HSP25 bands normalized to GAPDH after
H9c2 cell transfection by HSP25-specific shRNA or after treated
transfected cells by DOX for 24 h. *P<0.05 vs control shRNA group

(b). After the DOX treatment period of 24 h, cells were stained with
annexin V-FITC and PI followed by analysis in the flow cytometer (c).
Cells in the initial stage of apoptosis were defined as annexin V (+)/PI (−),
while late apoptotic cells were defined as annexin V (+)/PI (+). The
percentages of annexin V (+) PI (+) cells were shown as R1, and the
percentages of annexin V (+) PI (−) cells were shown as R2 (d).
Finally, R1, R2, and R1 plus R2 in each group were compared.
*P<0.05, Data shown are representative of three separated experiments
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discovered (Fig. 4a, b). Furthermore, members of other HSP
families, such as HSP90, HSP70, and HSP20, coincidently
have no detected interaction with SIRT1 (Fig. 4c).

HSP25 down-regulation enhanced p53 acetylation
on K379 via weakened SIRT1-p53 interaction

We also investigated the effect of HSP25 down-regulation on
SIRT1-mediated p53 deacetylation in response to doxorubicin
in H9c2 cells. The interaction between SIRT1 and p53 was
analyzed by coimmunoprecipitation after transfection with
HSP25-specific shRNA or control shRNA. Our results
showed that down-regulation of HSP25 weakened the inter-
action between SIRT1 and p53 (Fig. 5a) and increased the

level of acetylated K379 in p53 (Fig. 5b, c, *P<0.05). These
data suggested that the effect of SIRT1 on p53 deacetylation
was mediated byHSP25. To determine whether HSP25 down-
regulation contributed to doxorubicin-induced H9c2 cell apo-
ptosis, Bax, cytosolic cytochrome c, and activation of caspase-
3 and caspase-9 were analyzed after transfection with HSP25-
specific shRNA or control shRNA. The results showed that
HSP25 down-regulation could markedly up-regulate the ex-
pression of the pro-apoptotic Bax protein (Fig. 5b, d), signif-
icantly increase the cytosolic cytochrome c (Fig. 5e, f), and
obviously enhance doxorubicin-induced activation of
caspase-3 and caspase-9 (Fig. 5g, h) (*P<0.05).

Fig. 3 HSP25 has not been found to interact with cytochrome c and
failed in preventing cytochrome c release. The coimmunoprecipitation
assay was performed in triplicate and showed no direct interaction
between HSP25 with cytochrome c (a). The effect of HSP25 over-
expression on doxorubicin (DOX)-induced H9c2 cell cytochrome c
release from the mitochondria into the cytosol was validated by
Western blot. A band of cytochrome c in the cytosolic fraction and a
corresponding decrease in the mitochondrial fraction were observed (b).
Quantitative analysis of cytochrome c release from the mitochondria into
the cytosol (c). IP immunoprecipitation, WB Western blot, DOX
doxorubicin, Mito mitochondrial, Cyto cytosolic. Data shown are
representative of three separated experiments

Fig. 4 A novel interaction between HSP25 and SIRT1 was discovered.
Interaction of endogenous SIRT1 and HSP25 was confirmed by
coimmunoprecipitation assay (a). Coimmunoprecipitation studies of
cell lysates from H9c2 cells transfected with pcDNA3-SIRT1-Flag and
pcDNA3.1-HSP25-Myc demonstrate that SIRT1-Flag can interact with
HSP25-Myc (b). HSP25 interacts, but HSP90, HSP70, and HSP20 do not
interact, with SIRT1 in H9c2 cells (c). IP immunoprecipitation, WB
Western blot. Data shown are representative of three separated
experiments
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Fig. 5 The weakening SIRT1-p53 interaction induced by HSP25 down-
regulation enhanced p53 K379 acetylation, Bax protein expression,
cytochrome c release, and the activation of caspase-3 and caspase-9.
I n t e r a c t i o n be tween S IRT1 and p53 was ana l y z ed by
coimmunoprecipitation after transfection with HSP25-specific shRNA
or control shRNA (a). Western blot analyses of acetylated lysine (K)
379 in p53 and Bax protein level were performed after HSP25-specific
shRNA transient transfection (b). Densitometric analysis ofWestern blots
for p53 K379 and Bax bands normalized to GAPDH after transfection by

HSP25-specific shRNA or control shRNA (c, d). After being treated by
1μmol/L doxorubicin for 24 h, cytosolic andmitochondrial cytochrome c
distributions in HSP25 down-regulation cells or control group cells were
analyzed by Western blot (e, f). And, the cell lysates from the HSP25
down-regulation cells or control group cells were also assayed for in vitro
caspase-3 and caspase-9 activities (g, h). IP immunoprecipitation, WB
Western blot, DOX doxorubicin, Mito mitochondrial, Cyto cytosolic.
*P<0.05. Data shown are representative of three separated experiments
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Discussion

It was already known that HSPs constitute a group of chaper-
one proteins which help to maintain stability of client proteins
and/or target the degradation of unfolded proteins when cells
are exposed to heat shock or other kinds of stress. Similar to
other members of the HSP family, HSP27 was initially char-
acterized in response to heat shock as a molecular chaperone
to aid in refolding of nonnative proteins. It forms complexes
with such proteins, thus preventing their non-specific aggre-
gation and allowing them to be subsequently restored to their
native structure. Subsequent to its identification as a molecular
chaperone, HSP27 has been shown to have other functions,
including roles in cell proliferation, differentiation, and death.
In unstressed cells, constitutively expressed HSP27 is gener-
ally low levels and essential for maintaining cell homeostasis.
During the stress response, an increase in the level of HSP27
expression is preceded by a phosphorylation-induced reorga-
nization of the multimeric status of the protein and correlated
with the ability to prevent cell apoptosis (Concannon et al.
2003). Previous reports had already suggested an interaction
of HSP27 with components of the apoptotic cascade and an
antiapoptotic function. HSP27 binds DAXX during Fas-FasL-
mediated apoptosis and prevented the subsequent binding of
Ask1 by DAXX (Charette and Landry 2000). HSP27 was
involved in protection from programmed cell death by inhibi-
tion of caspase-dependent apoptosis (Calderwood et al. 2006).
Enhanced HSP27 expression also inhibited conformational
Bax activation, oligomerization, and translocation to mito-
chondria, having significantly improved cell survival after
stress (Havasi et al. 2008). The interaction between HSP27
and Akt was necessary for activation of Akt, leading to an
attenuated rate of constitutive neutrophil apoptosis (Rane
et al. 2003). Additionally, HSP27 bound to cytochrome c re-
leased from the mitochondria to the cytosol and inhibited ap-
optotic pathways triggered by cytochrome c-mediated activa-
tion of caspases (Bruey et al. 2000; Franke et al. 2003).

These previous investigations led us to hypothesize that
HSP25 has the same function as HSP27 in preventing cell
apoptosis. We therefore asked whether changes of HSP25
gene expression by using transient transfection are sufficient
to reveal anti-apoptosis functions of HSP25. However, an un-
expected observation was that HSP25 over-expression
showed unsuccessful protective effect on doxorubicin-
induced H9c2 cell apoptosis, and HSP25 over-expression
failed in preventing cytochrome c release induced by doxoru-
bicin. In spite of a previous study reporting that an enhance-
ment of the extracellular HSP25 level in circulation can have
beneficial consequences for the heart in resisting doxorubicin-
induced cardiotoxicity via a mechanism involving the antag-
onism of Toll-like receptor 2, but we should also realized that
HSP25-enriched blood plasma pretreatment have not signifi-
cantly increased the intracellular HSP25 protein level in

cardiomyocytes (Krishnamurthy et al. 2012). These results
suggested that cardioprotection against doxorubicin induced
by HSP25-enriched blood plasma transfusion could not be
due to a high intracellular level of HSP25. In our present study,
we also found that there was no obvious difference in cell
apoptosis induced by doxorubicin between HSP25 over-
expression and basal expression groups. Furthermore, our
intriguing finding is that HSP25 down-regulation aggravated
doxorubicin-induced H9c2 cell apoptosis. These data indicated
that HSP25 was involved in protection from cell apoptosis by
interaction with a key undiscovered regulator of apoptosis. To
further investigate the role of HSP25 in H9c2 cell apoptosis, we
extended our study and confirmed that HSP25, but not HSP90,
HSP70, and HSP20, interacts with SIRT1 in H9c2 cells.

SIRT1, a mammalian homologue of the Saccharomyces
cerevisiae chromatin silent information regulator Sir2, was
implicated in various cellular functions, ranging from gene
silencing, the control of the cell cycle, and apoptosis to energy
homeostasis (Yamamoto et al. 2007). Most importantly,
SIRT1 could deacetylate p53 and attenuate its ability to
transactivate its downstream target genes, such as p21 for cell
cycle arrest and Bax for apoptosis (Luo et al. 2001; Vaziri et al.
2001). As the p53 protein has several acetylation sites, whose
hyperacetylation stabilizes and activates itself to trigger the
apoptosis (Chen et al. 2009; Kim et al. 2013; Rokudai et al.
2013), it plays an important role in doxorubicin-induced car-
diomyocyte apoptosis (Ma et al. 2013; Zhang et al. 2011). Our
published work also showed that resveratrol, one of the nu-
merous polyphenolic compounds found in several vegetal
sources, attenuated doxorubicin-induced cardiomyocyte apo-
ptosis in mice through SIRT1-mediated deacetylation of p53.
Therefore, SIRT1 plays an important role in DOX-induced
cardiomyocyte apoptosis via deacetylating p53 and attenuat-
ing its ability to transactivate its downstream target genes
(Zhang et al. 2011).

Cardiac cell line H9c2, a clonal heart muscle cell line de-
rived from embryonic rat hearts that retains many cardiomyo-
cyte phenotypes, could be used as a model system to evaluate
various characteristics of cardiomyocytes, including investi-
gations on myocardial protection (Jin et al. 2013; Lin et al.
2013; Wang et al. 2013). In the present study, we also selected
the H9c2 cell line to explore a relationship between SIRT1 and
HSP25. To demonstrate that SIRT1 interacts with HSP25 in
H9c2 cells, the ability to coimmunoprecipitate endogenous
SIRT1 and HSP25 as well as transiently expressed epitope-
tagged vers ions of the pro te ins was examined .
Immunoprecipitation of whole-cell extracts from H9c2 cells
with anti-HSP25 or anti-SIRT1 antibodies followed by
Western blot analysis with anti-SIRT1 or anti-HSP25 anti-
body, respectively, demonstrated that the endogenous SIRT1
and HSP25 proteins interact under physiological conditions.
Consistent with this observation, FLAG-tagged SIRT1 and
Myc-tagged HSP25 were also coimmunoprecipitated from
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transfected H9c2 cells. Our further studies of the mechanism
whereby the HSP25 down-regulat ion augmented
doxorubicin-induced H9c2 cell apoptosis have shown that
HSP25 down-regulation decreased the interaction between
SIRT1 and p53, leading to increased p53 acetylation on
K379, up-regulated pro-apoptotic Bax protein expression, in-
duced cytochrome c released from mitochondria, and trig-
gered caspase-3 and caspase-9 activation. Therefore, in
H9c2 cells, we consider that SIRT1 may potentially be a key
regulator of doxorubicin-induced cardiomyocyte apoptosis.
HSP25 mediates the interaction between SIRT1 and p53,
and importantly, this interaction increased deacetylation of
p53 and consequently decreased cell apoptosis.
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