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Aims Expression of the heat shock protein 22 (Hsp22) in the heart stimulates cardiac cell survival through activation of the Akt
pathway and expression of the inducible nitric oxide (NO) synthase (iNOS), the mediator of ischaemic preconditioning
and the most powerful prophylaxis against cardiac cell death. The goal of the present study was to elucidate the down-
stream effector by which Hsp22 and Akt increase iNOS expression. We tested both in vivo and in vitro the hypothesis that
such an effector is the valosin-containing protein (VCP), an Akt substrate, which activates the transcription factor NF-kB,
using a transgenic mouse with cardiac-specific over-expression of Hsp22, as well as isolated rat cardiac myocytes.

Methods
and results

Using two-dimensional gel electrophoresis and mass spectrometry combined with immunoprecipitation, we found that
Hsp22 and Akt co-localize and interact together with VCP. Adeno-mediated over-expression of VCP in isolated cardiac
myocytes activated NF-kB and dose-dependently increased the expression of iNOS, which was abolished upon NF-kB
inhibition. Over-expression of a dominant-negative (DN) mutant of VCP did not increase iNOS expression. VCP, but not
itsDNmutant, protected against chelerythrine-inducedapoptosis,whichwas suppressedby inhibitionof eitherNF-kBor
iNOS. VCP-mediated activation of the NF-kB/iNOS pathway was also prevented upon inhibition of Akt.

Conclusion We conclude that the Akt substrate, VCP, mediates the increased expression of iNOS downstream from Hsp22 through
an NF-kB-dependent mechanism.
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1. Introduction
The cardiac expression of the small molecular weight heat shock protein
(Hsp) H11 kinase/Hsp22 increases in response to myocardial ischae-
mia.1,2 Cardiac-specific over-expression of Hsp22 in vivo in a transgenic
(TG) mouse model3 provides protection against myocardial ischaemia
equally powerful to ischaemic preconditioning.4 We showed previously
that these protective effects of Hsp22 correlate with the activation of
Akt.3 –5 Hsp22 physically associates with Akt, and both proteins
accumulate at the nuclear membrane of myocytes from the TG
mouse.4 We also showed that Hsp22 over-expression leads to the
increased expression of the inducible isoform of nitric oxide (NO)
synthase (iNOS),4 the effector of the second window of ischaemic

preconditioning.6 Furthermore, inhibition of iNOS abolishes the cardio-
protection conferred by Hsp22.7 However, the mechanistic link
between Hsp22 and iNOS expression remains unclear.

The purpose of the present investigation was to elucidate further the
pathway of Hsp22-mediated induction of iNOS, and to determine
whether such induction is Akt-dependent. We hypothesized that the
valosin-containing protein (VCP) plays a critical role in that process.
VCP is a ubiquitously expressed and highly conserved member of the
type II AAA (ATPases associated with various cellular activities) family
with an apparent molecular weight of 97 kDa, and which contains four
main domains: a N-terminal domain binding ubiquitinated substrates,8

two ATPase domains (D1 and D2), and a C-terminal domain involved
in nuclear localization.9 VCP participates in various cellular processes
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requiring ubiquitination and proteasome degradation, including cell
cycle control, transcriptional regulation, apoptosis, membrane fusion,
and endoplasmic reticulum (ER)-associated degradation.9,10 Increased
expression of VCP correlates with cell growth and survival, particularly
in cancer cells,11 whereas its depletion, oxidation, or mutation lead to
apoptosis triggered by ER stress.12– 14 At the molecular level, VCP is acti-
vated by Akt,15,16 and it activates the transcription factor NF-kB10 re-
sponsible for iNOS induction.17 However, despite the extensive
information obtained from cell lines and cancer tissues, the potential
role of VCP in the heart remains unknown. In the present study, we
tested the hypothesis that VCP represents the link between
Hsp22-mediated activation of Akt and NF-kB-induced expression of
iNOS in cardiac myocytes, thereby playing a central role in the mechan-
isms of cardiac cell survival promoted by Hsp22.

2. Methods

2.1 Animal model
Three-month-old male TG mice with cardiac-specific over-expression of
the haemagglutinin-tagged human Hsp22 and their wild-type (WT) litter-
mates were used. Characteristics of the TG mouse were described
before.3,4 Animals were euthanized with 100 mg/kg pentobarbital. The

investigation conforms with the ‘Guide for the Care and Use of Laboratory
Animals’ published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996), and with the local ethics review board.

2.2 Protein extraction and immunoblotting
Proteins were extracted at 48C in a buffer4 supplemented with protease and
phosphatase inhibitors, followed by centrifugation at 12 000 g for 20 min at
48C. Sub-cellular fractions were prepared by differential centrifugation of
tissue homogenized in hypotonic buffer as before.18 Briefly, sub-cellular frac-
tions were prepared by differential centrifugation of tissue homogenized
manually in a Dounce homogenizer using hypotonic buffer. After an initial
spin at 100 g (5 min) to discard the cellular debris and unbroken cells, the
nuclear fraction was pelleted at low-speed centrifugation (500 g, 10 min).
The supernatant was further centrifuged (10 000 g, 10 min) to pellet the
mitochondrial fraction. The resulting supernatant was ultracentrifuged
(100 000 g, 90 min) to obtain a cytosolic fraction (supernatant) and a micro-
somal fraction (pellet). The nuclear, mitochondrial, and microsomal frac-
tions were washed three times with 1× phosphate-buffered saline and
resuspended in buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1%
sodium dodecyl sulphate, SDS, 50 mM Tris—pH 8.0).

Proteins were denatured by boiling, resolved on SDS–polyacrylamide gel
electrophoresis (PAGE) gels, and transferred onto nitrocellulose mem-
branes. Correct separation of the fractions was verified by western blotting
for cytosol, (glucose-6-phosphate dehydrogenase, G6PDH; Sigma-Aldrich,

Figure1 (A)Two-dimensional gel electrophoresiswith 8%polyacrylamide gels in apHrange from3 (left) to10 (right), usingnuclear fractions fromhearts
of WT and TG mice. The panel represents a representative example in each group for n ¼ 3 per group. The VCP spot is circled. Other identified spots are
reported in Table 1. (B) Sub-cellular fractionation of hearts fromWTand TG mice between cytosol (Cyt), microsomes (Mic), mitochondria (Mit), and nuclei
(Nuc). Specific markers show the purity of the fractions. (C) Quantitation of VCP expression in total protein extracts, and of VCP, Akt, and Hsp22 in sub-
cellular fractions. The loading controls correspond to the markers shown in B. The bar graph represents the mean+ SEM for n ¼ 3 per group. *P , 0.05 vs.
correspondingWT. (D) ImmunoprecipitationofVCP, Akt, andHsp22with specific antibodies, followedbywesternblotting for the threeproteins innuclear
fractions from hearts of WT and TG mice. Experiments are in duplicate to show the reproducibility. Protein loading is indicated in each case. After immu-
noprecipitation, the resulting supernatant was submitted to a second immunoprecipitation (IgG + Sup) as a negative control for specificity.
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St Louis, MO, USA, 1:10 000), nucleus (histone 1; Cell Signaling, 1:1000),
mitochondria (NDUFA9; Invitrogen 1:1000), and microsomes (calnexin;
Abcam 1:1000). Immunoblots were performed with the corresponding anti-
bodies (Cell Signaling, 1:1000 for VCP, Akt, p65, STAT3, p-STAT3 Y705;
Sigma-Aldrich, 1:1000 for a-actinin; and Invitrogen, 1:200 for iNOS) and
incubated overnight at 48C. The Hsp22 antibody was generated as reported
before.4 After washing and incubation with the secondary antibody, detec-
tion was performed by chemiluminescence (Dupont/NEN, Boston, MA,
USA), and quantified by densitometry.

Immunoprecipitation was performed using 30 mL of phosphate-buffered
saline (PBS)-washed protein A-sepharose incubated overnight at 48C with
1 mg of antibody, as before.4 Proteins were denatured, resolved on SDS–
polyacrylamide gels, and transferred onto nitrocellulose membranes. After
incubationwith the secondaryantibody, the signalwasdetected byenhanced
chemiluminescence (Dupont/NEN), and quantified by densitometry.

2.3 Two-dimensional gel electrophoresis and
mass spectroscopy
Left ventricular tissue samples were homogenized in a two-dimensional
compatible buffer (7 M urea, 2 M thiourea, 4% 3- (3-cholamidopropyl)di-
methylammonio-1-propanesulfonate, 0.5% Biolytes, 1% Triton, 1% dithio-
threitol, and phosphatase and protease inhibitors). Following the protein
assay, 100 mg of proteins were separated in the first dimension according
to their isoelectric point by isoelectric focusing (IEF), and then resolved in
the second dimension, according to the molecular weight by SDS–
PAGE.19 IEF was performed using Immobilized pH Gradient strips with a
pH range of 3–10 on a BioRad IEF cell with a programmed voltage gradient.
SDS–PAGEwasperformed on 8 and 12% polyacrylamide gels to detect pro-
teins in different ranges of molecular weight. Matrix-assisted laser desorp-
tion time-of-flight mass spectrometry (MALDI-TOF MS, Applied
Biosystems) was used to identify proteins using the ‘Peptide Mass
Mapping’ method.20 Measured peptide masses were imported into protein
‘Peptide Mass Mapping’ identification programmes for identification using
search programmes (ProFound, Mascot, and MS-Fit).

2.4 Cell culture
Neonatal rat cardiac myocytes were cultured as before3 from 2-day-old
Sprague-Dawley rat pups (Charles River Laboratories, Wilmington, MA,
USA) and plated at a density of 106 cells/cm2. Myocytes were dispersed
from the ventricles by five digestions of 15 min each, with 0.1% collagenase
type IV (WorthingtonBiochem,Lakewood,NJ,USA), 0.1% trypsin (GIBCO),
and 15 mg/mL DNase I (Sigma-Aldrich). Cell suspensions were applied on a
discontinuous Percoll gradient (1.050/1.060/1.082 g/mL), and a myocyte
layer was collected between densities 1.060 and 1.082. These cells were
washed in cell culture medium containing Dulbecco’s Modified Eagle
Medium (DMEM)/F12 (1:1) (Sigma-Aldrich) with 17 mM NaHCO3, 2 mM
glutamine, and 50 mg/mL gentamycin and centrifuged. These cells were pre-
plated for 30 min to remove fibroblasts. The cell culture medium was
changed to serum-free medium after 24 h. Myocytes were further cultured
under serum-free conditions for another 24 h before the experiments were
performed.

All inhibitors were added to the medium for 24 h. Inhibition of NF-kB was
performed by the addition of 1 mM SN50 (Sigma-Aldrich). Inhibition of NO
synthase was performed by the addition of 10 mM L-N-nitro-arginine
(L-NNA), 100 mM aminoguanidine (AG), or 100 mM 1400W inhibitor (all
from Sigma-Aldrich). Akt inhibition was performed upon incubation with
10 mM of Akt inhibitor IX (Calbiochem, San Diego, CA, USA).

Apoptotic cell death was stimulated upon incubation with 1 mM cheler-
ythrine (Sigma-Aldrich) for 4 h. Apoptosis was measured both by enzyme-
linked colorimetric assay (caspase-3 activation for early-stage apoptosis)
and by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining (DNA degradation for late-stage apoptosis).21 For
TUNEL staining, incorporation of biotin-16-dUTP was measured with

FITC-ExtrAvidin (Sigma-Aldrich). Slides were read at ×40 objective
field. Nuclear counterstaining was performed with Vecto 4′-6-diamino-2-
phenylindole (DAPI). TUNEL-positive and DAPI-positive cells were
counted on at least 10 different fields. The number of apoptotic cells was
calculated as a ratio of TUNEL/DAPI.21

2.5 Adeno-mediated over-expression of VCP
The VCP coding sequence was amplified by PCR from a human heart library.
AVCP dominant-negative (DN) mutant was generated, in which the cloned
sequence lacks the first 600 nucleotides encoding the N-terminus domain, as
characterized before.8 The sequences were ligated downstream from the
cytomegalovirus promoterof theAdEasyXL adenoviral vector system (Stra-
tagene), followed by homologous recombination with the adenoviral back-
bone plasmid.3 The recombinant adenovirus was propagated in HEK 293
cells and titered. The adenovirus harbouring the Hsp22 sequence was
described before.3 An adenovirus harbouring LacZ was prepared similarly
and used as a negative control as before.21 Myocytes were collected 48 h
after adenovirus infection.

2.6 DNA binding activity
Cardiac myocytes were transfected with 20 moi Cignal lentivirus particles
designed for NF-kB reporter assays (SABiosciences, Frederick, MD), using
the SureENTRY Transduction Reagent (SABiosciences). After 48 h of incu-
bation, cells were infected with the adenovirus harbouring the VCP se-
quence or with the b-Gal control for 36 h, after which the cells were
collected for the measurement of firefly luciferase activity using the Lucifer-
ase Reporter Gene Assay (Roche, Indianapolis, IN, USA) in an automated
96-well plate luminometre. The results were normalized with respect to
the cell number according to the manufacturer’s instructions, and reported
as a percentage of b-Gal control.

2.7 Immunofluorescence
Cardiac myocytes were cultured confluently on a four-chamber slide. The
cells were washed with PBS and fixed in methanol at 2208C for 10 min.
After fixation, the slides were washed in PBS and blocked with 5% bovine
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Table 1 Identification of proteins found by 2D gel
electrophoresis

Protein name Gi ID Total ion C.I%

Proteins enriched in nuclear fraction of TG mice

GRP 78 2506545 100

Valosin-containing protein 6005942 100

Hsp73 42542422 100

Hsp70.2 31560686 100

Hsp74 6754256 100

H-2 class II histocompatibility antigen 758148 99

Alpha-fetoprotein 191765 100

Immt protein 51874032 85

Regulator of G-protein signalling 18 12738845 99

Lymphoid-restricted membrane protein 34328142 100

Oestrogen-related receptor alpha 1916861 99

Toll-like receptor 5 precursor 20140822 97

Hsp22/H11 kinase 13507646 100

HSP27 424145 100

Alpha B crystallin 6753530 100

Peroxiredoxin 5 protein 15928397 100

Gi ID: GenInfo Identifier Identification.
Total Ion C.I%: Total ion confidence interval: a score generated by GPS Explorer to
describe the confidence of the identification.
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serum albumin for 1 h, and incubated with primary antibody. After washing
three times, the cells were incubated with a fluorescein-labeled secondary
antibody, washed again, and mounted in a Vecto DAPI medium for fluores-
cent microscopic observation at a ×40 objective field.

2.8 Statistical analysis
Results are the mean+ SEM for the number of samples indicated in the
figure legends. Comparison was performed using Student’s t-test.
Two-way analysis of variance with Fisher correction was performed for mul-
tigroup comparisons. A value of P , 0.05 was considered significant.

3. Results

3.1 Characterization of VCP expression
in the heart in vivo
Weshowed previously that cardiac-specificover-expressionof Hsp22 is
accompanied by an accumulation and co-localization of Hsp22 and Akt
in the peri-nuclear area, where both proteins interact.4 We investigated
whether other proteins might also accumulate and interact with Hsp22
and Akt in the peri-nuclear space of myocytes from hearts of TG mice
with Hsp22 over-expression. Hearts from 3-month-old WT and
Hsp22 TG mice were submitted to sub-cellular fractionation and sepa-
rated into nuclear, mitochondrial, microsomal, and cytosolic fractions.

Proteins from the nuclear fraction of both WT and TG mice were sepa-
rated by two-dimensional (2D) gel electrophoresis (Figure 1A). Sixteen
different spots were submitted to in-gel tryptic digestion and identified
by mass spectrometry. The identities of proteins that showed increased
abundance in the nuclear fractions from TG mice are reported in Table 1.
Among these proteins are Hsp22, other small molecular weight Hsps,
and VCP (circled in Figure 1A).

This qualitative experiment was further validated by immunoblotting,
both in total cardiacprotein extracts and in specific sub-cellular fractions
(Figures 1B and C ). In total extracts, VCP expression was increased by
about four-fold in the hearts of TG mice when compared with WT lit-
termates (Figure 1C). When measured in different sub-cellular fractions,
a three-fold increase in abundance of VCP was observed in the nuclear
fraction of TG mice compared with WT (Figure 1C), and its distribution
was also significantly increased in the mitochondrial and microsomal
fractions of hearts from the TG mice (Figure 1B). However, VCP expres-
sion could not be detected in the cytosolic fractions, indicating that it is a
mostly membrane bound protein (Figure 1C).

To determine whether VCP potentially interacts with the Hsp22/Akt
complex, immunoprecipitation experiments were performed using
nuclear fractions from the hearts of WT and TG mice. Antibodies
against VCP, Hsp22, or Akt were used for immunoprecipitation, fol-
lowed by western blotting with the other antibodies. Loading controls

Figure 2 Over-expression of VCP activates NF-kB. (A) Rat neonatal cardiomyocytes were incubated with various moi of VCP or VCP DN adenovirus.
GAPDH wasused as a loading control. (B) Immunofluorescence showing the nuclear translocationof the NF-kBsubunit p65 upon over-expression of VCP,
which is blocked in the presence of the NF-kB inhibitor, SN50. Over-expression of the VCP DN mutant or of theb-Gal control does not affect p65 trans-
location. The red lines represent the planes of spectral analysis shown in C. (C) Spectral analysis of the immunofluorescence, confirming the difference in
distribution of NF-kB (green line) in the presence or in the absence of SN50 upon VCP over-expression. The blue line represents the DAPI staining to
localize the nucleus. (D) NF-kB DNA binding activity in cardiac myocytes infected with the adenovirus harbouring the VCP sequence vs. a b-Gal
control (n ¼ 3 per group). *P , 0.05 vs. the b-Gal control.
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were included, along with a sample submitted to repeated immunopre-
cipitation (labelled ‘IgG + Sup.’ in Figure 1D, and used as a negative
control for specificity). A co-precipitation between VCP, Akt, and
Hsp22 was confirmed after pull down. The co-precipitation between
these three proteins was more abundant in hearts from the Hsp22 TG
mice than in the WT mice (Figure 1D).

3.2 VCP activates NF-kB
To reproduce the increased abundance of VCP found in the Hsp22 TG
mouse, we generated an adenovirus harbouring the coding sequence of
VCP (Figure 2A). A second adenovirus was also generated (Figure 2A),
harbouring a DN mutant of VCP (VCP DN), which lacks the first 600
nucleotides of the coding sequence responsible for the binding of
VCP to ubiquitin and its client proteins normally targeted to the
ubiquitin-proteasome system (UPS).8,10

VCP modulates NF-kB activity in cancer cells by targeting the inhibi-
tor of NF-kB (IkBa) to the UPS through its N-terminal domain.8,10,11

We showed before that the expression of Hsp22 modulates the ex-
pression and activity of NF-kB.22 Therefore, we investigated
whether VCP over-expression activate NF-kB in cardiac myocytes.
Compared with a b-Gal control, over-expression of VCP was

accompanied by a strong nuclear translocation of the NF-kB subunit
p65, which was inhibited by the addition of the NF-kB inhibitor
SN50 (Figure 2B). Over-expression of the VCP DN mutant did not
modify the sub-cellular distribution of p65 (Figure 2B). Spectral analysis
of the immunostainings confirmed the difference in p65 distribution in
the presence and in the absence of SN50, upon over-expression of
VCP (Figure 2C). Increased transcriptional activity of NF-kB by VCP
was confirmed by DNA binding assay, showing a four-fold increase
upon VCP over-expression when compared with the b-Gal control
(Figure 2D). Therefore, over-expression of VCP, but not VCP DN, acti-
vates NF-kB.

3.3 VCP increases iNOS expression via
NF-kB
Since Hsp22 expression controls the expression of the inducible
isoform of NO synthase (iNOS), a well-known target gene of
NF-kB,22 we determined whether VCP participates in iNOS induction.
Upon adeno-mediated infection of VCP, expression of iNOS showed a
dose-dependent increase (Figure 3A). To determine whether such in-
crease is mediated by NF-kB, cardiac myocytes were infected with 20

Figure3 VCP increases iNOSexpressionvia NF-kB. (A)Ratneonatal cardiomyocyteswere incubatedwith variousmoiofVCPadenovirus. Westernblot
analysis shows an increased expression of iNOS in response to over-expression of VCP (n ¼ 3 per group). GAPDH was used as a loading control. (B)
Increased iNOS expression in the presence of VCP is abolished by the NF-kB inhibitor, SN50. (C) Over-expression of the VCP DN mutant does not in-
crease, but it significantly decreases iNOS expression (n ¼ 3 per group). *P , 0.05 vs. respective controls; #P , 0.01 vs. corresponding group without
SN50.
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moi of VCP adenovirus, and the nuclear translocation of NF-kB was
blocked by administration of SN50. In these conditions, the increased
expression of iNOS mediated by VCP was abolished (Figure 3B). Recip-
rocally, over-expression of the VCP DN was unable to increase iNOS
expression, and instead it dose-dependently decreased the endogenous
levels of iNOS in cardiac myocytes (Figure 3C).

3.4 Akt participates in VCP-mediated iNOS
expression
We showed before that Hsp22 over-expression activates Akt.21 We
also showed previously that Hsp22 over-expression promotes the
nuclear translocation and activation of two transcription factors that
increase the expression of iNOS, namely NF-kB and STAT3.4,22 The ac-
tivation of NF-kB is shown here to be reproduced by VCP. Therefore,
we tested whether Akt represents a plausible candidate mediating
VCP-mediated induction of iNOS via NF-kB together with STAT3.

This possibility was investigated in cardiac myocytes using the Akt in-
hibitor IX, a specific inhibitor of the Akt serine/threonine kinase activity.
As shown by immunofluorescence in Figure 4A, VCP over-expression
increased the nuclear translocation and the tyrosine phosphorylation
of STAT3 on Y705, a marker of its transcriptional activation, together
with the nuclear translocation of the p65 subunit of NF-kB.

VCP-mediated translocation of both transcription factors, as well as
Y705 phosphorylation of STAT3, was prevented using Akt inhibition
(Figure 4A). In a more quantitative approach, immunoblotting confirmed
that VCP increases iNOS expression and tyrosine phosphorylation of
STAT3, and that these effects were blocked by the addition of the Akt
inhibitor (Figure 4B).

3.5 VCP provides iNOS-dependent
protection against apoptosis
Because increased expression of iNOS in the heart is central to the
cardioprotective mechanisms of the delayed window of ischaemic pre-
conditioning,6 we tested whether activation of the NF-kB/iNOS axis
by VCP would provide cardioprotection. Cardiac myocytes were
exposed to apoptosis by the addition of chelerythrine, and compared
with vehicle-treated myocytes. Upon over-expression of VCP, apop-
tosis was reduced by half even in the absence of chelerythrine when
compared with theb-Gal control (Figure 5A). Upon addition of cheler-
ythrine, apoptosis increased by three-fold in the b-Gal group, and this
was significantly less in myocytes over-expressing VCP (Figure 5A). In
contrast, over-expression of the VCP DN mutant did not decrease
apoptosis in control conditions, and did not protect against
chelerythrine-induced apoptosis, when compared with the b-Gal

Figure 4 VCP acts downstream of Akt to promote cardiac cell survival. (A) Immunofluorescence of the NF-kB subunit p65 and Y705 tyrosine phosphor-
ylation of STAT3 in myocytes infected with the adenovirus harbouringb-Gal, Hsp22, or VCP, in the presence or in the absence of Akt inhibitor IX. Nuclear
counterstaining wasperformed by DAPI. (B) Immunoblotting of iNOS, Y705 P-STAT3, total STAT3, and Akt in the same experimental groups as A. GAPDH
was used as a loading control. **P , 0.01 vs. b-Gal; #P , 0.05 vs. same group without Akt inhibitor.
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control (Figure 5A). The anti-apoptotic effects of VCP over-expression
was abolished by the addition of the NF-kB inhibitor, SN50, as well as
upon the addition of the pan-NOS inhibitor, L-NNA, or upon the add-
ition of AG or 1400W, which are more specific iNOS inhibitors
(Figure 5A). Therefore, VCP provides cardioprotection through the
NF-kB/iNOS pathway.

Because no single method is recognized as a gold standard to measure
apoptosis, the TUNEL results presented above were confirmed by a
caspase-3 colorimetric assay (Figure 5B). Chelerythrine treatment in
the b-Gal control group induced a four-fold increase in caspase activa-
tion, while addition of the VCP adenovirus markedly limited such an in-
crease (Figure 5B).

4. Discussion
In this study, we characterized the expression and regulation of VCP in
the heart, and in particular iNOS-mediated mechanisms of inhibition of
apoptosis. We have shown that Hsp22 through Akt stimulates
VCP-mediated activation of NF-kB, resulting in iNOS expression and in-
hibition of apoptosis. These findings are summarized in Figure 6.

Using 2D gel electrophoresis followed by mass spectrometry, we
identified VCP in Hsp22 TG mice. We found that both Hsp22 and Akt

co-localize and co-precipitate with VCP. This interaction between
Hsp22, Akt, and VCP predominated in the nuclear fraction of adult
mouse cardiac myocytes, and it was markedly increased in the Hsp22
TG mouse. However, immunofluorescence experiments presented
here and in our previous publication4 show that the Hsp22/Akt/VCP
complex does not penetrate the nuclear compartment, but rather
adheresat thenuclearmembrane. It is thereforepossible that, in addition
to the role of Hsp22 in specific signalling pathways, Hsp22 redistributes
signalling molecules between different compartments, thereby promot-
ing the formation of a multiprotein complex in a specific sub-cellular
locale. Therefore, the identification of molecules participating in this
complex by Hsp22 can provide vital information towards understanding
the mechanisms of Hsp22-mediated survival.

The identification of VCP and its potential role as a novel player in car-
dioprotection conferred by Hsp22 is particularly interesting based on
the existing literature related to the role of VCP as a survival agent in
cancer cells.11 In such cell types, VCP is directly involved in the mechan-
ism of NF-kB activation,8,10 a transcription factor central to cardiopro-
tection by Hsp22. Therefore, wealso tested the hypothesis thatVCP can
trigger the transcriptional activation of NF-kB in the heart upon stimu-
lation by Hsp22. It is known that NF-kB is activated upon cardiac stress,
such as overload or ischaemia, by the proteasomal degradation of its

Figure 5 VCP provides cardioprotection through iNOS. (A) Apoptosis measured by TUNEL in vehicle-treated (open bars) vs. chelerythrine-treated
(closed bars) cardiac myocytes, upon over-expression of VCP (in the presence of SN50, L-NNA, AG, 1400 W or Akt inhibitor, compared with
vehicle), or of the VCP DN mutant. (B) Apoptosis, as measured by caspase-3 activity in vehicle-treated (open bars) vs. chelerythrine-treated (closed
bars) cardiac myocytes, upon over-expression of VCP. *P , 0.05 vs. same group without chelerythrine; #P , 0.05 vs. corresponding b-Gal control.
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specific inhibitor, IkBa, thereby freeing NF-kB to move into the nucleus,
where it becomes transcriptionally active.23 However, phosphorylation
of IkBa is not sufficient for its degradation, and it has to be physically
carried to the ubiquitin-proteasome pathway by a shuttle protein.23

VCP has been shown to act as such a carrier.8,10,24

In addition, we demonstrate in this study that VCP is both sufficient
(by over-expression of VCP) and necessary (by over-expression of
VCP DN) for NF-kB activation and STAT3, which are both necessary
for the transcriptional activation of iNOS expression.22 Interestingly,
the VCP-mediated activation of NF-kB and STAT3 is abolished by the
inhibition of Akt. Not only have we shown before that Akt mediates
the cardioprotection by Hsp22,4,21 but also it has been published previ-
ously that three specific serine residues of VCP (Ser 352, Ser746, and
Ser748) are phosphorylated by Akt.15,16 Whether such mechanism
applies to our conditions will require further investigation. Our experi-
ments involving the Akt inhibitor IX further support the conclusion that
Akt activates VCP in the heart. Taken together, these results provide
further support to the description of a linear signalling pathway involving
Akt, VCP, NF-kB/STAT3, and iNOS, and which results in protection
against cell death.

In conclusion, these experiments shed more light on novel signalling
mechanisms of cardioprotection related to preconditioning. Identified
first as a downstream target of Hsp22, this study highlights the cardio-
protective role of VCP, which was previously not known to be cytopro-
tective in the heart. The relevance of VCP in these mechanisms of
cardioprotection is supported by the following lines of evidence. First,
we show that VCP, but not its DN mutant, is sufficient to protect

against chelerythrine-induced apoptosis. Secondly, this protection was
abolished by NF-kB inhibition, the pan-NOS inhibitor, L-NNA, and by
more specific iNOS inhibitors. In addition, we also show that VCP is ne-
cessary for cardiac cell survival, since over-expression of VCP DN does
not confer cardioprotection and actually decreases iNOS expression.
We conclude that the Akt substrate, VCP, mediates the increased
expression of iNOS downstream from Hsp22 through an NF-kB-
dependent mechanism. These data provide more insights as to how
VCP expression promotes cell survival, and thereby may improve our
therapeutic opportunities to treat ischaemic heart disease.
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