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yocardial ﬁbrosis is a hallmark of cardiac hypertrophy and a proposed substrate
for heart failure (1, 2). The extracellular space is frequently the site for such
abnormal accumulation of ﬁbrillar collagen, accounting for myocardial stiffness and
ventricular dysfunction during cardiac hypertrophy (3). The cardiac ﬁbroblast is the
principal cell type in the myocardium and synthesizes and secretes collagen in response
to pressure-overload hypertrophy (4). A close relationship between angiotensin II
(AngII) and proﬁbrotic cytokines has been suggested, and several molecular signaling
networks have been implicated in the progression of cardiac ﬁbrosis (5, 6). A few
reports have also shown that the role of myocytes in myocardial collagen production
is mediated by myocyte-derived paracrine factors (7, 8). However, the precise mechanisms involving the role of different signaling intermediates in the regulation of
collagen gene expression during cardiac hypertrophy have remained unsolved.
In an earlier report, we described the mechanism of interleukin-6 (IL-6)-mediated
activation of the signal transducer and activator of transcription 3 (STAT-3) and consequent collagen synthesis in the hypertrophied rat heart (9). STAT-3 activation has also
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naling in relation to upregulated collagen expression in ﬁbroblasts during cardiac
hypertrophy is well deﬁned. Our recent ﬁndings have identiﬁed heat shock protein
90 (Hsp90) to be a critical modulator of ﬁbrotic signaling in cardiac ﬁbroblasts in
this disease milieu. The present study was therefore intended to analyze the role of
Hsp90 in the STAT-3-mediated collagen upregulation process. Our data revealed a
signiﬁcant difference between in vivo and in vitro results, pointing to a possible involvement of myocyte-ﬁbroblast cross talk in this process. Cardiomyocyte-targeted
knockdown of Hsp90 in rats (Rattus norvegicus) in which the renal artery was ligated
showed downregulated collagen synthesis. Furthermore, the results obtained with cardiac ﬁbroblasts conditioned with Hsp90-inhibited hypertrophied myocyte supernatant
pointed toward cardiomyocytes’ role in the regulation of collagen expression in ﬁbroblasts during hypertrophy. Our study also revealed a novel signaling mechanism
where myocyte-derived Hsp90 orchestrates not only p65-mediated interleukin-6
(IL-6) synthesis but also its release in exosomal vesicles. Such myocyte-derived
exosomes and myocyte-secreted IL-6 are responsible in unison for the biphasic
activation of STAT-3 signaling in cardiac ﬁbroblasts that culminates in excess collagen synthesis, leading to severely compromised cardiac function during cardiac
hypertrophy.
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RESULTS
Differential activation of STAT-3 in vitro and in vivo during Hsp90 inhibition.
The ratio of phosphorylated STAT-3/total STAT-3 in Hsp90-inhibited hypertrophied
ﬁbroblasts remained unaltered from that in AngII-treated cells (Fig. 1a and b). Hypertrophied myocytes also showed an insigniﬁcant change in the phosphorylation status
of STAT-3 during Hsp90 inhibition compared with that for AngII-treated cells (Fig. 1c
and d). Treatment with Hsp90 small interfering (siRNA) yielded similar results in both
cell types, as observed by the chemical inhibition of Hsp90 (Fig. 1a to d). Successful
knockdown of Hsp90 during hypertrophy in both cell types was conﬁrmed by immunoblotting with anti-Hsp90 antibody (Fig. 1e).
However, Hsp90 inhibition in vivo showed signiﬁcant downregulation (2.46-fold ⫾
0.10-fold) in the level of phosphorylation of STAT-3 Y705 and STAT-3 S727 compared to
that in rat hearts in which the renal artery was ligated (Fig. 2a, left, and b). Myocytespeciﬁc knockdown of Hsp90 expression during hypertrophy in vivo also signiﬁcantly
decreased the ratio of phosphorylated STAT-3/total STAT-3 (2.13-fold ⫾ 0.10-fold and
1.88-fold ⫾ 0.17-fold for STAT-3 Y705 and STAT-3 S727, respectively) compared to that
in ligated rat hearts (Fig. 2a, right, and b). Successful knockdown of Hsp90 expression
in the myocardium during hypertrophy was conﬁrmed by immunoblotting with antiHsp90 antibody (Fig. 2e).
Moreover, myocyte-ﬁbroblast coculture in vitro revealed the signiﬁcant downregulation of phosphorylation of STAT-3 in ﬁbroblasts during Hsp90 inhibition in myocytes.
Fibroblasts incubated with Hsp90 siRNA and inhibitor-treated hypertrophied myocyteconditioned medium (MCM) showed 5.11-fold ⫾ 0.27-fold and 3.38-fold ⫾ 0.21-fold
downregulation in STAT-3 Y705 and STAT-3 S727 phosphorylation levels, respectively,
compared to those for ﬁbroblasts incubated with the AngII-treated myocyte culture
supernatant (Fig. 2c and d). Similar results were observed when ﬁbroblasts were
cocultured with Hsp90 siRNA-treated hypertrophied myocytes grown on inserts (data
not shown).
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been reported in the pressure-overloaded feline myocardium (10). AngII has been
shown to act in concert with hyperglycemia to upregulate collagen synthesis in cardiac
ﬁbroblasts via a STAT-3-dependent mechanism (11). STAT-3 is now considered a
multifaceted molecule initially found to be regulated by the IL-6 – gp130 system (12).
The activation of STAT-3 by the paracrine action of IL-6 has been extensively documented in different cell types (13–15). Such cytokine-mediated signal transduction by
STATs has been found to involve a continuous signaling cycle (16), where Janus kinase
(JAK) and tyrosine kinase 2 (Tyk-2) at the intracytoplasmic domain of the gp130
receptor regulate the phosphorylation of STAT-3 at tyrosine-705 (17, 18). The cytokineinduced activation of STAT-3 has also been associated with its decreased rate of nuclear
exit, resulting in its retention at a higher level within the nucleus (19, 20). Another
critical level of regulation of STAT-3 activity includes its interaction with the chaperone
heat shock protein 90 (Hsp90) (21–23). Schoof et al. (24) have shown the central role of
Hsp90 in JAK-STAT signaling during classical Hodgkin’s lymphoma. IL-6-activated
STAT-3 signaling has also been found to be sensitive to Hsp90 inhibition in multiple
myeloma cells (25). However, until now there have been no reports describing the role
of Hsp90 in STAT-3 activation during cardiac hypertrophy.
Our recent ﬁndings (26) as well as those of other groups have indicated that Hsp90
is a critical modulator of ﬁbrosis via alteration of the TGF␤ signaling pathway (27–30).
To further develop this line of research, the present study was designed to look into the
possible role of Hsp90 in STAT-3-mediated ﬁbrotic signaling during cardiac hypertrophy
and associated ﬁbrosis.
A signiﬁcant difference between in vivo and in vitro results in a pilot study hinted
toward a possible involvement of cellular cross talk. This study aims to determine how
Hsp90 of the myocytes acts as a node of control over collagen biosynthesis in
ﬁbroblasts via regulation of the biphasic activation of STAT-3.
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FIG 1 Hsp90 inhibition during hypertrophy has no effect on STAT-3 phosphorylation either in ﬁbroblasts or in
myocytes alone. (a) Western blots showing the unchanged ratio of phosphorylated-STAT-3 (p-STAT-3)/total STAT-3
in hypertrophied ﬁbroblasts upon treatment with either 17-AAG or Hsp90 siRNA. GAPDH was used as a loading
control. Results are expressed as the mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). (b)
Graphical representation showing the unchanged ratio of phosphorylated STAT-3/total STAT-3 in hypertrophied
ﬁbroblasts upon treatment with either 17-AAG or Hsp90 siRNA. Results are expressed as the mean ⫾ SE from three
independent experiments (n ⫽ 10 for each group). **, P ⬍ 0.01 with respect to the respective control; ***, P ⬍ 0.001
with respect to the respective control. (c) Western blots showing the ratio of phosphorylated STAT-3/total STAT-3
in hypertrophied cardiomyocytes upon treatment with either 17-AAG or Hsp90 siRNA. GAPDH was used as a
loading control. Results are expressed as the mean ⫾ SE from three independent experiments (n ⫽ 10 for each
group). (d) Graphical representation showing the unchanged ratio of phosphorylated STAT-3/total STAT-3 in
hypertrophied cardiomyocytes upon treatment with either 17-AAG or Hsp90 siRNA. Results are expressed as the
mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). **, P ⬍ 0.01 with respect to the respective
control; ***, P ⬍ 0.001 with respect to the respective control. (e) Western blots conﬁrming the siRNA-mediated
knockdown of Hsp90 expression during hypertrophy in different cell types. GAPDH was used as a loading control
(n ⫽ 10 for each group).

Consistent with the reduced level of STAT-3 phosphorylation, collagen gene expression was signiﬁcantly downregulated in ﬁbroblasts incubated with Hsp90 siRNA-treated
hypertrophied MCM (2.66-fold ⫾ 0.02-fold for Col-1 and 2.13-fold ⫾ 0.04-fold for Col-3)
compared to that in ﬁbroblasts incubated with AngII-treated MCM (Fig. 3a, right).
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FIG 2 Hsp90 inhibition in myocytes abrogates STAT-3 phosphorylation in myocyte-conditioned ﬁbroblasts. (a)
Western blots showing the signiﬁcantly reduced phosphorylation of STAT-3 in 17-AAG-treated hypertrophied rat
hearts compared to ligated rat hearts in vivo. GAPDH was used as a loading control (n ⫽ 10 for each group).
Myocyte-speciﬁc knockdown of Hsp90 by CMC-peptide-conjugated Hsp90 siRNA treatment during hypertrophy
also signiﬁcantly reduced the ratio of phosphorylated STAT-3/total STAT-3 compared to that for hypertrophied rat
heart subjected to treatment with CMC-peptide-conjugated NS siRNA. GAPDH was used as a loading control (n ⫽
10 for each group). (b) Graphical representation showing the downregulated phosphorylation of STAT-3 during
Hsp90 inhibition in hypertrophied hearts. Results are expressed as the mean ⫾ SE from three independent
experiments (n ⫽ 10 for each group). **, P ⬍ 0.01 with respect to the respective control rats that underwent a sham
operation; ***, P ⬍ 0.001 with respect to the respective control rats that underwent a sham operation; ††, P ⬍ 0.01
with respect to the respective hypertrophy group. (c) Western blots showing signiﬁcant downregulation of
phosphorylated STAT-3 in ﬁbroblasts conditioned with 17-AAG-treated hypertrophied MCM compared to ﬁbroblasts conditioned with AngII-treated myocyte supernatant. The results observed in ﬁbroblasts conditioned with
Hsp90 siRNA-treated hypertrophied MCM were similar to those observed in ﬁbroblasts conditioned with NS
siRNA-treated hypertrophied MCM. GAPDH was used as a loading control. Results are expressed as the mean ⫾ SE
from three independent experiments (n ⫽ 10 for each group). (d) Graphical representation showing the signiﬁcant
downregulation of phosphorylated STAT-3 in MCM-treated ﬁbroblasts during Hsp90 inhibition in myocytes. Results
are expressed as the mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). ***, P ⬍ 0.001 with
respect to the respective controls; **, P ⬍ 0.01 with respect to the respective controls; †††, P ⬍ 0.001 with respect
to the respective hypertrophied MCM-treated ﬁbroblasts; †, P ⬍ 0.05 with respect to the respective hypertrophied

(Continued on next page)
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A hydroxyproline assay also revealed a signiﬁcant reduction in the amount of secreted
collagen (1.46-fold ⫾ 0.05-fold) in these ﬁbroblasts (Fig. 3b).
Myocyte-targeted Hsp90 knockdown during hypertrophy in vivo showed a signiﬁcant downregulation in collagen gene expression (1.90-fold ⫾ 0.02-fold and 2.50fold ⫾ 0.16-fold for Col-1 and Col-3, respectively) as well as the left ventricular collagen
content (1.39-fold ⫾ 0.04-fold) compared to those for hypertrophy samples (Fig. 3a, left,
and c). Histological analysis with Masson’s trichrome staining also revealed a signiﬁcantly reduced collagen volume fraction (CVF) in rat hearts in which the renal artery was
ligated and that were treated with carboxy methyl chitosan (CMC) peptide-conjugated
Hsp90 siRNA compared to that in the hypertrophy group (2.86-fold ⫾ 0.29-fold
compared with that in the hypertrophy group) (Fig. 3d). Myocyte-speciﬁc Hsp90
knockdown in rats in which the renal artery was ligated also resulted in improved
cardiac function, as evidenced by a decreased left ventricular diastolic dimension
(LVDD; 5.18 ⫾ 0.12 mm), and restored the percentage of fractional shortening (FS;
40.92% ⫾ 0.65%) compared to the LVDD and FS in rats in which the renal artery was
ligated (LVDD, 5.93 ⫾ 0.06 mm; FS, 33.25% ⫾ 1.11%) (Fig. 3e).
Activation of STAT-3 in fibroblasts depends on IL-6 secreted from myocytes.
Hsp90 siRNA-treated hypertrophied myocyte supernatants showed signiﬁcantly decreased amounts of secreted IL-6 (3.38-fold ⫾ 0.20-fold) compared to that for nonspeciﬁc (NS) siRNA-treated hypertrophied myocyte supernatants, as evident from an IL-6
enzyme-linked immunosorbent assay (ELISA) (Fig. 4a). Myocyte-derived IL-11 or leukemia inhibitory factor (LIF) was found in trace amounts in the culture supernatants
compared to the amount of IL-6 that was found. The amount of IL-11 or LIF from culture
supernatants of both hypertrophied and Hsp90 siRNA-treated myocytes also was not
signiﬁcantly altered compared to that from culture supernatants of untreated myocytes
(data not shown). Immunoblot analysis revealed downregulated IL-6 expression during
Hsp90 knockdown in AngII-treated myocytes and in ligated heart samples (3.26-fold ⫾
0.24-fold in vitro and 2.07-fold ⫾ 0.04-fold in vivo) compared to that in the respective
NS siRNA-treated hypertrophy samples (Fig. 4b). An immunoﬂuorescence study using
IL-6 antibody in ventricular tissue sections in vivo reconﬁrmed these data (Fig. 4c).
Fibroblasts incubated with IL-6-neutralized hypertrophied myocyte supernatant
signiﬁcantly downregulated the expression of phosphorylated STAT-3 (3.70-fold ⫾
0.51-fold and 2.83-fold ⫾ 0.23-fold for STAT-3 Y705 and STAT-3 S727, respectively)
compared to that in ﬁbroblasts conditioned only with hypertrophied myocyte supernatant (Fig. 5a). Successful IL-6 neutralization was again conﬁrmed by the IL-6 ELISA
(data not shown). IL-6-neutralized myocyte supernatant-conditioned ﬁbroblasts also
showed reduced expression of collagen genes (2.35-fold ⫾ 0.11-fold and 2.12-fold ⫾
0.13-fold regression for Col-1 and Col-3, respectively) compared to that in AngII-treated
myocyte-conditioned ﬁbroblasts (Fig. 5b).
IL-6 synthesis in myocytes is regulated by Hsp90. Western blot analyses revealed
the signiﬁcant downregulation of total and nuclear p65 and C/EBP␤ in Hsp90 siRNAtreated hypertrophy samples compared to that in the NS siRNA-treated hypertrophy
groups both in vitro and in vivo (Fig. 6a and b).
p65 siRNA treatment of hypertrophied myocytes also resulted in the signiﬁcant
downregulation of IL-6 activity (2.41-fold ⫾ 0.20-fold) compared to that in AngII-treated
myocytes (Fig. 6c). However, C/EBP␤ siRNA treatment of hypertrophied myocytes had
no signiﬁcant effect on IL-6 activity (Fig. 6c).
Fibroblasts conditioned with p65 siRNA-treated hypertrophied myocytes showed
signiﬁcantly reduced levels of expression of phosphorylated STAT-3 (2.80-fold ⫾ 0.07fold for STAT-3 Y705 and 1.69-fold ⫾ 0.06-fold for STAT-3 S727) as well as the collagen
genes (1.47-fold ⫾ 0.13-fold for Col-1 and 1.84-fold ⫾ 0.17-fold for Col-3) compared to
FIG 2 Legend (Continued)
MCM-treated ﬁbroblasts. (e) Western blot analysis revealed the successful knockdown of Hsp90 expression in
CMC-peptide-conjugated Hsp90 siRNA-treated hypertrophied hearts but not the CMC-peptide-conjugated NS
siRNA-treated hypertrophy samples in vivo. GAPDH was used as a loading control (n ⫽ 10 for each group).
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FIG 3 Hsp90 inhibition in hypertrophied myocytes regresses ﬁbrosis and restores cardiac function. (a)
Cardiomyocyte-speciﬁc Hsp90 siRNA treatment in rats in which the renal artery was ligated showing the signiﬁcant
downregulation of collagen gene expression compared to that in NS siRNA-treated rat hearts in which the renal
artery was ligated in vivo, as revealed by RT-PCR. A signiﬁcant reduction in collagen gene expression was also
observed in ﬁbroblasts conditioned with Hsp90 siRNA-treated hypertrophied MCM compared to that in ﬁbroblasts
conditioned with NS siRNA-treated hypertrophied MCM in vitro. Rpl-32 was used as a loading control (n ⫽ 10 for
each group). (b) A hydroxyproline assay showed a signiﬁcant reduction in the secreted collagen content from
ﬁbroblasts conditioned with Hsp90 siRNA-treated hypertrophied MCM (333.33 ⫾ 9.21 ng/ml) compared to that in
ﬁbroblasts conditioned with NS siRNA-treated hypertrophied MCM (488 ⫾ 14.46 ng/ml). Results are expressed as
the mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). (c) A hydroxyproline assay showed
a signiﬁcant reduction in the total left ventricular collagen content in CMC-peptide-conjugated Hsp90 siRNAtreated hypertrophied rat hearts (278.5 ⫾ 13.5 g/g) compared to that in CMC-peptide-conjugated NS siRNAtreated rats in which the renal artery was ligated (201.3 ⫾ 13.6) in vivo. (d) Masson’s trichrome staining showing
a signiﬁcant reduction in the collagen volume fraction (CVF) in CMC-peptide-conjugated Hsp90 siRNA-treated
hypertrophied rat hearts compared to CMC-peptide-conjugated NS siRNA-treated hypertrophy samples in vivo.
Results are expressed as the mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). S⫹ NS
siRNA, hearts from control rats that underwent a sham operation treated with CMC-peptide-conjugated NS siRNA;
L⫹ NS siRNA, hearts from rats in which the renal artery was ligated treated with CMC-peptide-conjugated NS siRNA;
L⫹ Hsp90 siRNA, hearts from rats in which the renal artery was ligated treated with CMC-peptide-conjugated

(Continued on next page)
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those for hypertrophied MCM-treated ﬁbroblasts (Fig. 6d and e). However, C/EBP␤
siRNA treatment of hypertrophied myocytes showed no signiﬁcant effect on either
STAT-3 phosphorylation or subsequent collagen expression in similar MCM-treated
ﬁbroblasts (Fig. 6d and e).
The transcriptional activity of p65 in isolated myocytes was then assessed by a
luciferase assay. p65 activity was signiﬁcantly downregulated (4.34-fold ⫾ 0.20-fold) in
Hsp90 siRNA-treated hypertrophied myocytes compared to the level of regulation in NS
siRNA-treated AngII-infused cells in vitro (Fig. 7a). The immunoﬂuorescence study also
showed a signiﬁcant reduction in the amount of phospho-p65-positive nuclei in Hsp90
siRNA-treated hypertrophied myocytes compared to that in NS siRNA-treated hypertrophied cells (76% ⫾ 3.43% versus 43% ⫾ 2.71%) (Fig. 7b).
Hsp90-mediated regulation of p65 in myocytes. The expression status of the
proteins upstream of p65 was assessed by Western blot analyses both in vitro and
in vivo and revealed markedly reduced levels of expression of IB kinase (IKK␤)
(2.03-fold ⫾ 0.06-fold regression in vitro and 2.58-fold ⫾ 0.21-fold regression in
vivo) and phospho-IB (5.27-fold ⫾ 0.18-fold regression in vitro and 6.05-fold ⫾
0.18-fold regression in vivo) in Hsp90 siRNA-treated hypertrophy samples compared
to those in hypertrophy samples alone (Fig. 7c). The binding of Hsp90 to IKK␤
studied in 17-allylamino-17-demethoxygeldanamycin (17-AAG)-treated hypertrophied myocytes revealed a signiﬁcant reduction in the amount of Hsp90-bound
IKK␤ (2.48-fold ⫾ 0.19-fold) compared to that in AngII-treated cells, as shown by
coimmunoprecipitation experiments (Fig. 7d). The direct binding efﬁciency of the
Hsp90 N-terminal ATPase domain to IKK␤ was further assessed by ﬂuorescence
recovery after photobleaching (FRAP) analysis, which revealed a signiﬁcant ﬂuorescence resonance energy transfer (FRET) efﬁciency (27.3% ⫾ 2.88%) between the two
proteins (Fig. 8a). Treatment of cells with 17-AAG reduced the FRET efﬁciency to
12% ⫾ 1.3%, thus conﬁrming the speciﬁcity of the interaction.
Immunoprecipitation with anti-Hsp90 antibody followed by Western blotting with
anti-Cdc37 antibody revealed a signiﬁcantly higher level of association of Cdc37 with
Hsp90 in AngII-treated myocytes compared to that for the control, which was signiﬁcantly blocked by treatment with celastrol (2.14-fold ⫾ 0.16-fold) (Fig. 8b). Blocking of
such an interaction between Hsp90 and Cdc37 with celastrol in hypertrophied myocytes signiﬁcantly reduced the level of binding of IKK␤ to Hsp90 (1.46 ⫾ 0.07-fold)
compared to that in hypertrophied myocytes alone (Fig. 8b). However, celastrol treatment of hypertrophied myocytes did not alter the binding of IKK␤ to Cdc37 (Fig. 8c).
Stabilization of IKK␤ by the Hsp90/Cdc37 complex in myocytes is crucial for
induction of collagen from fibroblasts. (i) The absence of Hsp90/Cdc37 activity
degrades IKK␤ via the ubiquitin proteasome machinery. The expression level of
IKK␤ in hypertrophied myocytes was quantiﬁed after simultaneous pretreatment of
these myocytes with either 17-AAG and MG132 or celastrol and MG132. MG132
treatment signiﬁcantly rescued the regressed expression levels of IKK␤ in either 17AAG-treated hypertrophied myocytes (1.71-fold ⫾ 0.16-fold) or celastrol-treated hypertrophied myocytes (1.82-fold ⫾ 0.14-fold), indicating the compromised stability of IKK␤
in the absence of its interaction with Hsp90 (Fig. 9a).
Immunoprecipitation of proteins with IKK␤ followed by immunoblotting with an
antiubiquitin antibody showed a signiﬁcantly higher level of polyubiquitination of IKK␤,
as evident in either 17-AAG- or celastrol-treated hypertrophied cells under conditions
of proteasomal inhibition (1.92-fold ⫾ 0.09-fold and 3.48-fold ⫾ 0.34-fold, respectively)
compared with that in MG132-treated hypertrophied myocytes, suggesting the induc-

FIG 3 Legend (Continued)
Hsp90 siRNA. Bars, 50 m. Magniﬁcation, ⫻40. (e) The restored FS (in percent) and decreased LVDD in CMCpeptide-conjugated Hsp90 siRNA-treated hypertrophied rat hearts compared to those in CMC-peptide-conjugated
NS siRNA-treated rat hearts in which the renal artery was ligated. Results are expressed as the mean ⫾ SE from
three independent experiments (n ⫽ 10 for each group). ***, P ⬍ 0.001 with respect to the control that underwent
a sham operation; †, P ⬍ 0.05 with respect to the NS siRNA-treated ligated rat heart.
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FIG 4 Hsp90 inhibition downregulates IL-6 expression during hypertrophy. (a) Graphical representation
of results of IL-6 ELISA, which showed signiﬁcant downregulation of the concentration of active IL-6 in
supernatants of Hsp90 siRNA-treated hypertrophied myocytes compared to that in supernatants of
AngII-treated myocytes. AngII-induced IL-6 secretion is signiﬁcantly higher in myocytes than ﬁbroblasts.
Results were analyzed by one-way ANOVA followed by Tukey’s post hoc test and expressed as the
mean ⫾ SE from three independent experiments (n ⫽ 5 for each group). ***, P ⬍ 0.001 with respect to
control myocytes; ##, P ⬍ 0.01 with respect to hypertrophied myocytes; ^^, P ⬍ 0.01 with respect to
AngII-treated ﬁbroblasts. (b) Western blot analysis showing the signiﬁcant downregulation of IL-6
expression in Hsp90 siRNA-treated hypertrophy samples compared to the respective hypertrophy groups
both in vitro (myocyte) and in vivo. Results are expressed as the mean ⫾ SE from three independent
experiments (n ⫽ 10 for each group). (c) Immunoﬂuorescence study showing reduced expression of IL-6
in CMC-peptide-conjugated Hsp90 siRNA-treated hypertrophied rat hearts compared to that in CMCpeptide-conjugated NS siRNA-treated hypertrophy samples. (i to iii) DAPI staining; (iv to vi) IL-6
expression; (vii to ix) actinin expression; (ix to xii) merged images (n ⫽ 5 for each group). S⫹ NS siRNA,
hearts from control rats that underwent a sham operation treated with CMC-peptide-conjugated NS
siRNA; L⫹ NS siRNA, hearts from rats in which the renal artery was ligated treated with CMC-peptideconjugated NS siRNA; L⫹ Hsp90 siRNA, hearts from rats in which the renal artery was ligated treated with
CMC-peptide-conjugated Hsp90 siRNA. Bars, 50 m. Magniﬁcation, ⫻40.
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tion of ubiquitination of IKK␤ by 17-AAG and celastrol treatment during myocyte
hypertrophy (Fig. 9b).
(ii) Proteasomal inhibition in 17-AAG- or celastrol-treated hypertrophied myocytes partially restores collagen expression in fibroblasts. Conditioning of ﬁbroblasts with proteasome-inhibited 17-AAG- or celastrol-treated hypertrophied myocyte
supernatant restored collagen gene expression (1.81-fold ⫾ 0.12-fold and 1.66-fold ⫾
0.11-fold, respectively, for Col-1; 1.86-fold ⫾ 0.08-fold and 1.74-fold ⫾ 0.05-fold, respectively, for Col-3), compared to groups where ﬁbroblasts were conditioned with
either 17-AAG- or celastrol-treated hypertrophied myocyte supernatant (Fig. 9c).
Myocyte-derived exosomes containing Hsp90 and IL-6 transmigrate to fibroblasts during hypertrophy. The exosomal protein concentration was signiﬁcantly
higher in AngII-treated myocyte supernatant (2.31-fold ⫾ 0.11-fold) than the control
myocyte supernatant, in which the exosomal protein content was again downregulated
during Hsp90 siRNA treatment in hypertrophied myocytes (1.62-fold ⫾ 0.05-fold), as
revealed by a micro-bicinchoninic acid (micro-BCA) protein estimation assay (Fig. 10a).
Expression of the exosomal marker CD63 in myocytes revealed an altered pattern of
CD63 glycosylation in Hsp90 siRNA-treated hypertrophied myocytes compared to that
in NS siRNA-treated hypertrophied cells (Fig. 10b). Coimmunoprecipitation analysis
showed an association of Hsp90 with a speciﬁc glycosylated form of CD63 (molecular
mass, between 40 and 50 kDa) in AngII-treated myocytes. Such an interaction was
completely abolished when hypertrophied myocytes were treated with Hsp90 siRNA
(Fig. 10b). A signiﬁcant increase in the expression of Hsp90 and IL-6 in myocyte-derived
exosomes was observed by AngII treatment; the expression was signiﬁcantly reduced
in the supernatant of Hsp90 siRNA-treated hypertrophied myocyte-derived exosomes
(Fig. 10c).
Furthermore, Western blot analysis of exosomal fractions revealed the presence of
Hsp90 in the exosomal membrane after carbonate treatment. Carbonate treatment
followed by proteinase K treatment removed Hsp90. However, IL-6 was present in
exosome isolates treated only with proteinase K (Fig. 10d).
To conﬁrm the transmigration of the same exosomes from myocytes inside ﬁbroblasts during hypertrophy, CD63 was overexpressed in myocytes, and culture supernatants from each treatment group were then transferred to ﬁbroblast cultures. Fibroblasts treated with hypertrophied MCM showed a signiﬁcantly higher rate of positivity
for green ﬂuorescent protein (GFP)-tagged CD63 (CD63-GFP) (32% ⫾ 5%) than ﬁbroMarch 2017 Volume 37 Issue 6 e00611-16
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FIG 5 Hsp90-mediated regulation of IL-6 in myocytes is crucial for STAT-3-driven collagen gene expression in ﬁbroblasts during cardiac hypertrophy. (a) Western blot analysis revealed the signiﬁcant downregulation of phosphorylated STAT-3 in ﬁbroblasts conditioned with IL-6-neutralized hypertrophied MCM
compared to ﬁbroblasts conditioned with hypertrophied MCM. GAPDH was used as an internal loading
control (n ⫽ 10 for each group). Control and hypertrophied myocytes treated with either NS IgG (used
as an isotype control) or NS siRNA yielded similar results. (b) RT-PCR analysis showing signiﬁcantly
reduced levels of collagen gene expression in ﬁbroblasts conditioned with IL-6-neutralized hypertrophied MCM compared to ﬁbroblasts conditioned with NS IgG-treated hypertrophied MCM (n ⫽ 10 for
each group). Rpl-32 was used as an internal loading control.

Molecular and Cellular Biology

FIG 6 Hsp90 inhibition in hypertrophied myocytes alters IL-6 expression and consequent ﬁbrosis predominantly via p65.
(a) Western blot analysis revealed the signiﬁcant downregulation of p65 and C/EBP␤ expression upon Hsp90 siRNA
treatment during hypertrophy compared to that in the respective hypertrophy samples in vitro and in vivo (n ⫽ 10 for
each group). GAPDH was used as an internal loading control. (b) Western blot analysis revealed the signiﬁcant
downregulation of nuclear expression of p65 and C/EBP␤ upon cardiomyocyte-speciﬁc knockdown of Hsp90 in
hypertrophied myocardium compared to that in rat hearts in which the renal artery was ligated in vivo. HDAC-1 was used
as a loading control (n ⫽ 5 for each group). (c) Graphical representation of the IL-6 ELISA results showing a signiﬁcant
reduction in the amount of secreted IL-6 in p65 siRNA-treated hypertrophied myocytes (1,723.6 ⫾ 117.64 pg/ml)
compared to that in NS siRNA-treated hypertrophied cells (4,143.33 ⫾ 130.47 pg/ml). C/EBP␤ siRNA treatment in
hypertrophied myocytes had no signiﬁcant effect on secreted IL-6 (4,019.8 ⫾ 166.67 pg/ml). Results were analyzed by
one-way ANOVA followed by Tukey’s post hoc test and are expressed as the mean ⫾ SE from three independent
experiments (n ⫽ 5 for each group). ***, P ⬍ 0.001 with respect to control myocytes; ††, P ⬍ 0.001 with respect to NS
siRNA-treated hypertrophied myocytes. (d) Western blots showing the signiﬁcant downregulation of phosphorylated
STAT-3 in ﬁbroblasts conditioned with p65 siRNA-treated hypertrophied MCM compared to ﬁbroblasts conditioned with
AngII-treated myocyte supernatant. Fibroblasts conditioned with C/EBP␤ siRNA-treated hypertrophied MCM showed no

(Continued on next page)
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FIG 7 Hsp90 modulates IKK␤ in myocytes to regulate p65 activity during hypertrophy. (a) Relative changes in
luciferase assay, revealing the reduced transcriptional activity of NF-B on the IL-6 promoter sequence in Hsp90
siRNA-treated hypertrophied myocytes compared to that in AngII-treated myocytes. Results were normalized by the
Renilla luciferase activity in all the treatment groups (n ⫽ 5 for each group). ***, P ⬍ 0.001 with respect to control
myocytes; ###, P ⬍ 0.001 with respect to hypertrophied myocytes. (b) Graphical representation of the results of the
immunoﬂuorescence study showing signiﬁcantly reduced amounts of phospho-p65 (p-p65)-positive nuclei in Hsp90
siRNA-treated hypertrophied myocytes compared to AngII-treated cells (n ⫽ 5 for each group). ***, P ⬍ 0.001 with
respect to the control; ##, P ⬍ 0.01 with respect to hypertrophied myocytes. (c) Western blot analysis showing the
downregulated expression of IKK␤ and the ratio of phosphorylated IB (p-IB)/total IB upon Hsp90 inhibition in
hypertrophy groups both in vitro and in vivo (n ⫽ 10 for each group). GAPDH was used as an internal loading control.
(d) Coimmunoprecipitation experiments were done using anti-Hsp90 antibody followed by immunoblotting with an
anti-IKK␤ antibody in vitro. 17-AAG treatment signiﬁcantly reduced the binding of IKK␤ to Hsp90 compared to that
for AngII-treated myocytes (n ⫽ 5 for each group). Lane NL, no lysate; lanes C, control myocytes; lanes A, AngII-treated
myocytes; lanes G, 17-AAG-treated hypertrophied myocyte. The cells in lanes C and A were also treated with DMSO.
IP, immunoprecipitation; Neg con, negative control.

blasts conditioned with either Hsp90 siRNA-treated hypertrophied MCM (5% ⫾ 2%) or
GW4869-treated hypertrophied MCM (3% ⫾ 1%) (Fig. 11a).
Delayed activation of STAT-3 in fibroblasts is mediated by myocyte-secreted
exosomal IL-6. Conditioning of ﬁbroblasts with GW4869-treated hypertrophied myoFIG 6 Legend (Continued)
signiﬁcant alteration in STAT-3 phosphorylation. GAPDH was used as an internal loading control (n ⫽ 10 for each group).
(e) RT-PCR analyses showing signiﬁcant downregulation in collagen expression in ﬁbroblasts conditioned with p65
siRNA-treated hypertrophied MCM compared to ﬁbroblasts conditioned with AngII-treated myocyte supernatants.
Fibroblasts conditioned with C/EBP␤ siRNA-treated hypertrophied MCM showed no signiﬁcant alteration in collagen
gene expression. Rpl-32 was used as an internal loading control (n ⫽ 10 for each group).
March 2017 Volume 37 Issue 6 e00611-16

mcb.asm.org 11

Downloaded from https://journals.asm.org/journal/mcb on 30 July 2021 by 52.40.116.66.

Hsp90 of Myocytes Mediating Cardiac Fibrosis

Molecular and Cellular Biology

FIG 8 The interaction between Hsp90 and IKK␤ is facilitated by Cdc37 during myocyte hypertrophy. (a)
Hypertrophied myocytes were transfected with HATP-FLAG and then treated with AngII in either the
presence or the absence of 17-AAG. Myocytes were probed for anti-FLAG and endogenous IKK␤
expression. Cells were then stained with FLAG-FITC (donor) and IKK␤-TRITC (acceptor). TRITC was
subjected to 50% photobleaching. Fluorescence recovery after photobleaching (FRAP) of the acceptor
showed a positive FRET efﬁciency in AngII-treated cells (i to vi) which was signiﬁcantly reduced by
17-AAG treatment (vii to xii). (i and vii) Prebleaching donor intensities; (ii and viii) postbleaching donor
intensities; (iii and ix) prebleaching acceptor intensities; (iv and x) postbleaching acceptor intensities; (v
and xi) delta donor (postbleaching ⫺ prebleaching) intensities; (vi and xii) FRET efﬁciencies alongside a
color scale. FRET efﬁciencies were calculated and expressed as the mean ⫾ SE from three independent
experiments. (b) Coimmunoprecipitation experiments were done using an anti-Hsp90 antibody followed
by immunoblotting with anti-IKK␤ and anti-Cdc37 antibodies (n ⫽ 5 for each group). Lane NL, no lysate;
lanes C, control myocytes; lanes A, AngII-treated myocytes; lanes CA, celastrol-treated hypertrophied
myocytes. Lanes C and A were also treated with DMSO. (c) Coimmunoprecipitation experiments were
done using an anti-IKK␤ antibody followed by immunoblotting with an anti-Cdc37 antibody in myocytes.
Celastrol treatment failed to alter the binding of Cdc37 to IKK␤ compared to that in AngII-treated
myocytes (n ⫽ 5 for each group). Lane NL, no lysate; lanes C, control myocytes; lanes A, AngII-treated
myocytes; lanes CS, celastrol-treated hypertrophied myocytes. Lanes C and A were also treated with
DMSO.

cyte supernatant resulted in a signiﬁcant downregulation of phosphorylation of STAT-3
(2.21-fold ⫾ 0.11-fold and 1.59-fold ⫾ 0.11-fold for STAT-3Y705 and STAT-3S727,
respectively) along with a signiﬁcantly reduced level of collagen gene expression
(1.68-fold ⫾ 0.11-fold and 1.61-fold ⫾ 0.05-fold for Col-1 and Col-3, respectively) in such
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FIG 9 Formation of a ternary complex of IKK␤ with Hsp90/Cdc37 in cardiomyocytes is necessary for collagen gene
synthesis in ﬁbroblasts. (a) Western blot analysis showing the restoration of IKK␤ expression with simultaneous
MG132 treatment in either 17-AAG-treated or celastrol-treated hypertrophied myocytes in vitro. GAPDH was used
as an internal loading control. Results were analyzed by one-way ANOVA followed by Tukey’s post hoc test and are
expressed as the mean ⫾ SE from three independent experiments (n ⫽ 5 for each group). ***, P ⬍ 0.001 with
respect to the control; ^^^, P ⬍ 0.001 with respect to AngII-treated cells; ^^, P ⬍ 0.01 with respect to AngII-treated
cells; ††, P ⬍ 0.01 with respect to 17-AAG-treated hypertrophied myocytes; ‡‡, P ⬍ 0.01 with respect to
celastrol-treated hypertrophied myocytes. (b) Coimmunoprecipitation experiment showing the signiﬁcantly increased polyubiquitination of IKK␤ in the presence of MG132 in either 17-AAG-treated or celastrol-treated
hypertrophied myocytes compared to AngII-treated cells (n ⫽ 5 for each group). (c) RT-PCR showing a signiﬁcant
restoration of Col-1 and Col-3 gene expression in ﬁbroblasts treated with culture supernatants from hypertrophied
myocytes subjected to simultaneous MG132 treatment in the presence of either 17-AAG or celastrol compared to
that in hypertrophied MCM treated only with 17-AAG or celastrol. Rpl-32 was used as an internal loading control
(n ⫽ 5 for each group).

ﬁbroblasts compared to ﬁbroblasts conditioned with hypertrophied myocyte supernatant (Fig. 11b and c).
The effect of the myocyte supernatant on STAT-3 activation in ﬁbroblasts was
studied at different time points. Supplementation of the ﬁbroblast culture with the
AngII-treated myocyte supernatant resulted in STAT-3 phosphorylation in these cells
that was maintained through the time course from 3 h until 12 h, while Hsp90
siRNA-treated hypertrophied myocyte supernatant-conditioned ﬁbroblasts showed
downregulated STAT-3 phosphorylation at similar time points. When the AngII-treated
myocyte supernatant was neutralized with IL-6-neutralizing antibody, it failed to activate STAT-3 at an earlier time point (3 h), although it had a signiﬁcant late-phase
induction of STAT-3 phosphorylation (at 12 h) in myocyte-conditioned ﬁbroblasts.
The GW4869-treated hypertrophied myocyte supernatant did not affect the early
induction of STAT-3 in myocyte-conditioned ﬁbroblasts; however, it caused a
signiﬁcant downregulation in STAT-3 phosphorylation at 12 h compared with that
at 3 h (Fig. 12a and b).
DISCUSSION
Increased collagen synthesis in cardiac ﬁbroblasts as a result of prohypertrophic
modules of cardiomyocytes has long been known. However, the precise mechanism of
cardiac ﬁbroblast-cardiomyocyte cross talk in the cardiac ﬁbrosis process is still poorly
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FIG 10 Hsp90 inhibition alters the release of myocyte-derived exosomes containing IL-6 during hypertrophy. (a) A micro-BCA assay showed a signiﬁcant reduction in the exosomal protein content in Hsp90
siRNA-treated hypertrophied myocytes compared to that in AngII-treated myocytes. Results are expressed as the mean ⫾ SE from three independent experiments (n ⫽ 10 for each group). ***, P ⬍ 0.001
with respect to the control; ††, P ⬍ 0.01 with respect to AngII-treated myocytes. (b) Immunoprecipitation
with anti-Hsp90 antibody followed by Western blot analyses with CD63 and Hsp90 showing an interaction between Hsp90 and a speciﬁc glycosylated form of CD63 during myocyte hypertrophy. Western
blot analysis alone showed several glycosylated forms of CD63 in the different treatment groups (n ⫽ 10
for each group). (c) Western blots of a myocyte-derived exosomal isolate showing the presence of Hsp90
and IL-6 only in AngII-treated myocyte-derived exosomes. A major band from a Coomassie blue-stained
SDS-polyacrylamide gel of fractionated exosomal proteins was used as a loading control (n ⫽ 5 for each
group). (d) Western blot analysis revealed the presence of Hsp90 in the exosomal membrane after
carbonate treatment. Hsp90 was removed by subsequent treatment with proteinase K. IL-6 was present
in exosome isolates treated only with proteinase K (n ⫽ 3 for each group).

understood. The present study gives us a mechanistic insight by analyzing the novel
role of Hsp90 from cardiomyocytes in the regulation of collagen synthesis in cardiac
ﬁbroblasts during cardiac hypertrophy. A recent report suggested a role of ﬁbroblastderived microRNA-enriched exosomes as a potential regulator of cardiomyocyte hypertrophy (31). Our study also demonstrates for the ﬁrst time the mechanism of
Hsp90-mediated modulation of IL-6 from cardiomyocytes either in secreted forms or in
exosomal forms, in which IL-6 alters the ﬁbrotic responses in ﬁbroblasts via biphasic
STAT-3 activation during progression of the disease.
The STAT-3-dependent mechanism of collagen synthesis in ﬁbroblasts has been well
documented (9, 32). Although a direct interaction between STAT-3 and Hsp90 has been
reported previously (21–23), our previous ﬁndings suggested that Hsp90 inhibition in
cardiac ﬁbroblasts alone had no effect on STAT-3 activation in vitro (Fig. 1a). Hsp90
inhibition also failed to exert any effect on STAT-3 signaling in isolated hypertrophied
myocytes (Fig. 1b). However, Hsp90 inhibition in rats in which the renal artery was
ligated together with myocyte-speciﬁc Hsp90 knockdown in vivo led to deactivation of
the STAT-3 signal along with the regression of ﬁbrosis and a consequent improvement
in cardiac function during cardiac hypertrophy (Fig. 2a and 3a and c to e). This
observation led us to believe that the in vitro and in vivo effects of Hsp90 inhibition are
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FIG 11 The transmigration of myocyte-derived exosomes is critical in the regulation of STAT-3-mediated
collagen gene expression in ﬁbroblasts during hypertrophy. (a) Immunoﬂuorescence study showing the
presence of myocyte-derived exosomes (green ﬂuorescence) in ﬁbroblasts conditioned with CD63-eGFPtransfected hypertrophied myocyte supernatants. Either Hsp90 siRNA or GW4869 treatment of CD63-eGFPtransfected hypertrophied myocytes inhibited the transmigration of myocyte-derived exosomes into the
MCM-treated ﬁbroblasts. Fibroblasts were stained with primary antibody against vimentin (red ﬂuorescence),
and nuclei were stained with DAPI (n ⫽ 5 for each group). (i to iv) DAPI staining; (v to viii) GFP-positive cells
(marked by arrows); (ix to xii) vimentin expression; (xiii to xvi) merged images. Immunoblotting of myocytes
with an anti-GFP antibody conﬁrmed the equal transfection of CD63. C, ﬁbroblasts conditioned with control
MCM; A, ﬁbroblasts treated with hypertrophied MCM; Si, ﬁbroblasts conditioned with Hsp90 siRNA-treated
hypertrophied MCM; GW, ﬁbroblasts conditioned with GW4869-treated hypertrophied MCM. Control and
hypertrophied myocytes were treated with either DMSO or NS siRNA, yielding similar results. Bars, 20 m.
Magniﬁcation, ⫻100. (b) Western blot analysis revealed the signiﬁcant downregulation of phosphorylated
STAT-3 in ﬁbroblasts conditioned with the GW4869-treated hypertrophied myocyte supernatant compared to
ﬁbroblasts conditioned with the AngII-treated myocyte supernatant. GAPDH was used as an internal loading
control (n ⫽ 5 for each group). Lanes C, ﬁbroblasts conditioned with control MCM; lanes A, ﬁbroblasts treated
with hypertrophied MCM; lanes Si, ﬁbroblasts conditioned with Hsp90 siRNA-treated hypertrophied MCM;
lanes GW, ﬁbroblasts conditioned with GW4869-treated hypertrophied MCM. Control and hypertrophied
myocytes were treated with either DMSO or NS siRNA, yielding similar results. (c) RT-PCR showing signiﬁcantly
reduced levels of collagen gene expression in ﬁbroblasts conditioned with GW4869-treated hypertrophied
MCM compared to that in ﬁbroblasts conditioned with the AngII-treated myocyte supernatants. Rpl-32 was
used as an internal loading control (n ⫽ 5 for each group). Lanes C, ﬁbroblasts conditioned with control MCM;
lanes A, ﬁbroblasts treated with hypertrophied MCM; lanes Si, ﬁbroblasts conditioned with Hsp90 siRNAtreated hypertrophied MCM; lanes GW, ﬁbroblasts conditioned with GW4869-treated hypertrophied MCM.
Control and hypertrophied myocytes were treated with either DMSO or NS siRNA, yielding similar results.
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FIG 12 Hsp90 of myocytes is critical in the temporal regulation of STAT-3 activation in ﬁbroblasts during
cardiac hypertrophy. (a) Western blot analysis showing changes in the ratio of phosphorylated STAT-3/
total STAT-3 at different time points in ﬁbroblasts conditioned with culture supernatants of myocytes
subjected to various treatments (n ⫽ 5 for each group). GAPDH was used as an internal loading control.
(b) Graphical representations of the Western blots shown in panel a showing temporal changes in STAT-3
phosphorylation. Results were analyzed by one-way ANOVA followed by Tukey’s post hoc test. C,
ﬁbroblasts conditioned with control MCM; A, ﬁbroblasts conditioned with hypertrophied MCM; A⫹GW,
ﬁbroblasts conditioned with GW4869-treated hypertrophied MCM; A⫹Hsp90 siRNA, ﬁbroblasts conditioned with Hsp90 siRNA-treated hypertrophied MCM; A⫹anti-IL-6, ﬁbroblasts conditioned with anti-IL-6
neutralizing antibody-treated hypertrophied MCM. Control and hypertrophied myocytes were treated
with either DMSO, NS siRNA, or NS IgG, yielding similar results.

different and Hsp90 inhibition in myocytes might have an indirect effect on collagen
synthesis in cardiac ﬁbroblasts. To have an insight into the underlying cellular inﬂuence
of myocytes, ﬁbroblasts were conditioned with Hsp90-inhibited hypertrophied myocytes or their culture supernatant, which produced a signiﬁcant downregulation of
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STAT-3 activity as well as subsequently reduced the level of collagen gene expression
in myocyte-conditioned ﬁbroblasts. This clearly indicates that paracrine factors from
myocytes can regulate STAT-3 activation in ﬁbroblasts (Fig. 2c and 3a and b).
The autocrine/paracrine effect of IL-6 type cytokines upon STAT-3 activation is a
well-known phenomenon found to occur in several cell types (9, 13–15). Fredj et al. (33)
reported a paracrine role of myocyte-secreted IL-6 in ﬁbroblast proliferation. In our
study, Hsp90 inhibition, which led to decreased levels of IL-6 production in hypertrophied cardiomyocytes together with decreased levels of STAT-3 activation in myocyteconditioned ﬁbroblasts, pointed to a probable role of Hsp90 of the myocytes in
IL-6-mediated paracrine regulation of STAT-3 in ﬁbroblasts (Fig. 4). This was further
conﬁrmed by conditioning ﬁbroblasts with an IL-6-neutralized hypertrophied myocyte
supernatant, which resulted in reduced levels of STAT-3 phosphorylation and the
subsequent downregulation of collagen synthesis compared to the ﬁndings for ﬁbroblasts conditioned with AngII-treated myocyte supernatant (Fig. 5). An IL-6 activity
assay indicated signiﬁcantly higher levels of activity of IL-6 secreted from hypertrophied
myocytes than IL-6 secreted from AngII-treated ﬁbroblasts (Fig. 4a), suggesting that
myocyte-derived IL-6 plays a pivotal paracrine role in the regulation of STAT-3mediated ﬁbrotic signaling, while the autocrine action of IL-6 on cardiac ﬁbroblasts
is merely signiﬁcant during AngII-mediated cardiac hypertrophy. In addition to IL-6,
IL-11 and LIF were reported in human adult ventricular myocyte culture supernatants
(34). However, it was observed that the levels of IL-11 and LIF secreted from hypertrophied cardiomyocytes were signiﬁcantly less than the levels of IL-6 secreted under
similar conditions, and moreover, the levels of IL-11 and LIF remained unaltered by
Hsp90 siRNA treatment (data not shown). Myocyte-derived IL-6 thus surfaced as a major
player in the regulation of STAT-3-mediated collagen expression in ﬁbroblasts during
cardiac hypertrophy.
As reported earlier, IL-6 promoters contain a putative p65 binding site, and thus, the
synthesis of IL-6 is tightly regulated by p65 in different cell types (35, 36). Apart from
p65, earlier reports also provided evidence of the positive regulation of the IL-6 gene
by the C/EBP and AP-1 families of proteins (37, 38). Our study has shown that Hsp90
inhibition in hypertrophied myocytes signiﬁcantly downregulated the nuclear expression of both p65 and C/EBP␤ (Fig. 6a and b); however, no change in the levels of AP-1
expression (c-fos and c-jun) were observed under similar treatment conditions (data not
shown). To further assess the roles of p65 and C/EBP␤ in IL-6 expression during
hypertrophy, hypertrophied myocytes were treated with either p65 siRNA or C/EBP␤
siRNA. Although p65 knockdown in hypertrophied myocytes resulted in the signiﬁcant
downregulation of secreted IL-6, C/EBP␤ knockdown failed to alter IL-6 secretion from
these cells, indicating that altered IL-6 expression during cardiac hypertrophy is predominantly regulated by p65 and not by C/EBP␤ (Fig. 6c), as was previously reported
during hypoxia (39). Reduced levels of C/EBP␤ expression by Hsp90 inhibition could be
attributed to the reduced IL-6 levels found under similar conditions in hypertrophied
myocytes, as reported previously by Stephanou et al. (40), who showed a probable role
of IL-6 in the regulation of C/EBP␤ expression.
In an effort to decipher the role of p65 and C/EBP␤ in the regulation of STAT-3mediated collagen synthesis, it was observed that p65 knockdown in hypertrophied
myocytes signiﬁcantly downregulated STAT-3 phosphorylation as well as the levels of
collagen gene expression, whereas C/EBP␤ knockdown failed to alter the expression of
either of these proteins in hypertrophied MCM-treated ﬁbroblasts (Fig. 6d and e),
thereby establishing the pivotal role of myocyte-derived p65 in the regulation of
collagen expression in ﬁbroblasts during hypertrophy.
Induction of p65 during cardiac hypertrophy has previously been associated with
the fate of cardiomyocytes (41); however, the signiﬁcance of p65 upregulation in
hypertrophied cardiomyocytes has not yet been colligated to excess collagen synthesis
in ﬁbroblasts. Our data revealed decreased levels of nuclear translocation of p65 in
Hsp90-inhibited hypertrophied myocytes and, subsequently, a reduced level of tranMarch 2017 Volume 37 Issue 6 e00611-16
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scriptional activity of p65 in these cells, suggesting that Hsp90 modulates IL-6 synthesis
in myocytes via alteration of its p65 activity (Fig. 7a and b).
Classically, p65 activation requires phosphorylation of IKK␤, which in turn phosphorylates IB to relieve its inhibition of p65, and the free p65 then translocates to the
nucleus to bind to the promoters of its target genes (42). The requirement for Hsp90
in such activation of IKK␤ and its downstream signaling cascade has been described
previously (43, 44). Lee et al. (45) already reported on the role of Hsp90 in IKK␤mediated p65 activation during myocyte hypertrophy in vitro. Myocyte-targeted knockdown of Hsp90 in our study, which led to the reduced activation of the IKK␤-p65 axis
during cardiac hypertrophy, corroborated the earlier reports (Fig. 7c). Coimmunoprecipitation of IKK␤ with Hsp90 during cardiac hypertrophy in vitro and in vivo provided
evidence of physical interactions between these proteins, and the inability of IKK␤ to
immunoprecipitate with Hsp90 in the presence of 17-AAG conﬁrmed the speciﬁcity of
such interactions (Fig. 7d). FRET-FRAP analysis showed signiﬁcant FRET efﬁciency,
indicating that direct physical interactions exist between IKK␤ and the ATPase domain
of Hsp90 (Fig. 8a). The signiﬁcantly reduced FRET efﬁciency during 17-AAG treatment
again conﬁrmed the speciﬁcity of such interactions.
Cdc37 had been shown to interact with Hsp90 during the processing of its client
kinases (46, 47). Our results clearly showed that disruption of the Hsp90-Cdc37 interaction by celastrol treatment during hypertrophy abrogated subsequent interactions
between Hsp90 and IKK␤ in myocytes, indicating that the Hsp90-Cdc37 interaction is
essential to stabilize IKK␤ prior to the formation of a ternary complex with Hsp90.
However, the blockage of Hsp90-Cdc37 interactions did not alter the binding of Cdc37
and IKK␤, thus indicating that Cdc37 might ensure the efﬁcient loading of IKK␤ on
Hsp90, resulting in the activation of p65 and subsequent IL-6 synthesis in hypertrophied myocytes. The downregulated expression of IKK␤, consistent with the loss of its
interaction with Hsp90, raises questions about the fate of IKK␤ in Hsp90-inhibited
hypertrophy samples (Fig. 8b and c).
The ubiquitination of IKK␤ during Hsp90 inhibition was previously reported (44). Our
data showed the restoration of IKK␤ expression and increased polyubiquitination either
in 17-AAG-treated or in celastrol-treated hypertrophied myocytes in the presence of a
proteasome inhibitor, MG132 (Fig. 9a and b). This suggests that ubiquitin-mediated
proteasomal degradation plays a key role in the downregulation of IKK␤ in the absence
of active chaperoning by the Hsp90/Cdc37 complex during AngII-mediated myocyte
hypertrophy. These results altogether indicate that the stabilization of functional IKK␤
depends on its physical interaction with Hsp90 and that the loss of such interactions
during 17-AAG or celastrol treatment renders IKK␤ vulnerable to ubiquitin-mediated
proteasomal degradation and results in the subsequent loss of p65-induced transcription of IL-6 in hypertrophied myocytes. Fibroblasts conditioned with supernatants of
MG132-treated hypertrophied myocytes along with 17-AAG or celastrol showed a
signiﬁcant restoration of regressed collagen expression compared with that in ﬁbroblasts conditioned with similar myocyte supernatants without proteasomal inhibition
(Fig. 9c). This indicates that the modulation of IKK␤ by Hsp90 in the myocyte is
necessary for collagen gene expression in ﬁbroblasts during cardiac hypertrophy.
Besides occurring in a secreted form, IL-6 may also reside in cell-derived exosomes,
as suggested earlier (48). Myocyte-derived exosomes have not yet been characterized
during AngII-mediated hypertrophy. Our study showed a signiﬁcant increase in the
myocyte-derived exosome content during hypertrophy, which was again reduced by
knocking down Hsp90 expression in myocytes (Fig. 10a).
One pertinent question was how Hsp90 regulates exosomal release from myocytes.
However, the regulation of exosome release has not been well documented in any
system so far. Glycosylation of CD63 was reported in various cell types, and CD63
knockdown resulted in decreased exosomal release (49–51). This prompted us to check
the expression of CD63 in treated myocytes, which revealed a signiﬁcantly altered
pattern of glycosylation of CD63 by Hsp90 knockdown in hypertrophied cells, along
with a decrease in the amount of exosome released compared to the amount released
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from AngII-treated cells (Fig. 10a and b). Such an altered glycosylation of CD63 in the
absence of Hsp90 might play a role in the modulation of myocyte-derived exosomal
release during cardiac hypertrophy. However, the relation between Hsp90 and CD63
was poorly understood. A coimmunoprecipitation experiment revealed a positive
interaction of Hsp90 with a speciﬁc pattern of glycosylation of CD63 in hypertrophied
myocytes that was signiﬁcantly downregulated by Hsp90 siRNA treatment (Fig. 10b).
Taken together, our results thus indicate that the interaction between Hsp90 and
glycosylated CD63 might be a crucial regulator of exosome release from myocytes
during hypertrophy. However, further studies in this direction might elucidate the
precise mechanism of Hsp90 in the modulation of exosomal release during cardiac
hypertrophy.
Exosomes derived from hypertrophied myocytes were further characterized. Hsp90
and IL-6 were found to be incorporated into exosomes derived from hypertrophied
myocytes (Fig. 10c). The presence of Hsp90 in exosomes has been reported previously
(52); however, the precise location of Hsp90 in myocyte-derived exosomes was unknown. Treatment of exosomes with carbonate and proteinase K revealed the presence
of IL-6 inside the lumen and showed that Hsp90 was an adherent protein on the surface
of the exosomal membrane (Fig. 10d), as observed by Gupta and Knowlton (53) in the
case of Hsp60. Identifying their precise location within myocyte-derived exosomes
might provide important clues to decipher the mechanism of exosome-mediated
signaling pathways in ﬁbroblasts during cardiac hypertrophy and ﬁbrosis.
Extracellular Hsp90-mediated modulation of proinﬂammatory cytokines has been
reported earlier (54). The autocrine effect of TNFR-1 in myocyte-derived exosomes
during hypoxia and the paracrine effect on myocytes by IL-6-containing exosomes from
macrophages during sepsis were shown previously (55, 56). However, it was still unclear
whether the same myocyte-derived exosomes can transmigrate to ﬁbroblasts, thereby
initiating ﬁbrosis. Colocalization experiments showed a signiﬁcant amount of GFP-positive
ﬁbroblasts when ﬁbroblasts were conditioned with supernatants derived from hypertrophied myocytes transfected with CD63-enhanced green ﬂuorescent protein (eGFP). This
indicated the transmigration of myocyte-derived exosomes with its content to ﬁbroblasts
during cardiac hypertrophy (Fig. 11a, panels vi and xiv). When exosome release was blocked
in hypertrophied myocytes, GW4869-treated myocyte supernatant-conditioned ﬁbroblasts
showed a signiﬁcant reduction in STAT-3 activity and subsequent collagen synthesis (Fig.
11b and c). Interestingly, Hsp90 inhibition also led to reduced exosome release during
myocyte hypertrophy, indicating a potential role of Hsp90 in the regulation of exosomemediated STAT-3 activation in ﬁbroblasts.
To have a better insight into the effect of myocyte-derived exosomes on STAT-3
signaling in ﬁbroblasts, time-dependent STAT-3 phosphorylation was assessed. The
delayed activation of STAT-3 in vascular smooth muscle cells and in response to
tumor-derived exosomes in THP-1 cells has been reported (48, 57). In this study,
exosomal blockade in hypertrophied cardiomyocytes had no effect on STAT-3 phosphorylation in myocyte-conditioned ﬁbroblasts at earlier time points; however, it
dampened STAT-3 activity at later phases. IL-6 neutralized the hypertrophied myocyte
supernatant; on the other hand, it abolished STAT-3 phosphorylation at earlier time
points but failed to do so in the later phases. These results indicate that the effect of
secreted IL-6 and exosomal IL-6 on STAT-3 activation in ﬁbroblasts was temporally
different. While IL-6 secreted from myocytes is presumed to be required for the early
induction of STAT-3 phosphorylation, exosomal IL-6 might have a delayed role in the
maintenance of STAT-3 activation in ﬁbroblasts. Also, knockdown of Hsp90 in hypertrophied myocytes abrogated STAT-3 phosphorylation throughout the time course,
conﬁrming its role in the regulation of biphasic activation of STAT-3 in ﬁbroblasts (Fig.
12a and b).
Our study proposes a novel signaling mechanism where Hsp90 orchestrates the
synthesis of IL-6 and its release in exosomes from myocytes during cardiac hypertrophy.
IL-6 secreted from such myocytes and IL-6 secreted from myocyte-derived exosomes
are together responsible for the activation and maintenance of STAT-3 signaling in
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cardiac ﬁbroblasts, resulting in excess collagen synthesis and deposition in the diseased
myocardium during cardiac hypertrophy (Fig. 13). In conclusion, our data reveal for the
ﬁrst time a proﬁbrotic role exerted by Hsp90 of the myocytes via the regulation of
myocyte-synthesized IL-6 and the biphasic activation of STAT-3 in ﬁbroblasts. Future
studies are required to resolve the mechanism of IL-6 incorporation into the exosomes
and its release in the in vivo system to develop a better therapeutic regime to treat
cardiac hypertrophy and ﬁbrosis.
MATERIALS AND METHODS
Animals used. The 28-week-old male Wistar rats used in this study (n ⫽ 40) were procured from the
National Institute of Nutrition, Hyderabad, AP, India. The investigation conforms with the guidelines in
the Institutional Administrator’s Manual for Laboratory Animal Care and Use, published by the National
Institutes of Health (58), and was also approved by the Institutional Animal Ethics Committee, University
of Calcutta (registration number 885/ac/05/CPCSEA), and registered with the Committee for the Purpose
of Control and Supervision of Experiments on Laboratory Animals (CPCSEA), Ministry of Environment and
Forests, Government of India.
Cell culture techniques. Neonatal cardiomyocytes and ﬁbroblasts were cultured and treated as
described in the following sections. For coculture experiments, culture supernatants from different
experimental groups of myocytes were transferred to ﬁbroblast plates and were conditioned for 24 h
(myocyte-conditioned medium [MCM]-treated ﬁbroblasts). Also, ﬁbroblasts were cocultured with myocytes on coverslips and inserts (7). For time point analysis, ﬁbroblasts were incubated with MCM for 3 h
to 12 h.
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FIG 13 Schematic representation of a plausible pathway for Hsp90-mediated regulation of STAT-3 that
subsequently alters collagen gene expression during cardiac hypertrophy involving myocyte-ﬁbroblast
cross talk.
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(i) Culture of neonatal cardiomyocytes. Neonatal myocytes were isolated from the hearts of 2- to
3-day-old rat pups and cultured on laminin-coated standard six-well plates (Sigma-Aldrich, St. Louis, MO)
using a previously described procedure (59), and cover glasses were placed on the plates. On the third
day, myocytes were incubated in serum-starved Dulbecco modiﬁed Eagle medium for 8 to 12 h before
experimentation. Approximately 90% pure isolated cardiomyocytes were conﬁrmed by staining with
␣-actinin antibody (41).
(ii) Treatment of neonatal cardiomyocytes. Neonatal rat cardiomyocytes were incubated for 24 h
at 37°C in the absence (control) or presence (treated) of 10⫺8 mol/liter Sar1 AngII (Bachem, Torrance, CA).
AngII was replenished every 6 h throughout the incubation period (41). Myocytes were treated with 1 M
the Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG; Sigma), 2 M the Hsp90-Cdc37
interaction blocker celastrol (Sigma-Aldrich, St. Louis, MO), 20 M the proteasome inhibitor MG132
(Z-Leu-Leu-Leu-Ala; Sigma-Aldrich, St. Louis, MO), and 20 M the exosome release blocker GW4869
(Sigma-Aldrich, St. Louis, MO) for 2 h prior to AngII treatment as previously described (26). An equivalent
concentration of dimethyl sulfoxide (DMSO) was added for the other experimental groups where
applicable. In the case of GW4869 treatment, cell culture supernatants were collected after the treatment
period for the determination of AchE activity in order to conﬁrm successful exosome release blockade.
Myocytes were also treated with neutralizing antibodies to IL-6 (Abcam, UK). Cells in the other treatment
groups were treated with an equivalent amount of a goat IgG isotype control (Thermo Fisher, MA).
Treatment of myocytes with anti-p65 RelA siRNA, anti-C/EBP␤ siRNA, Hsp90 ab1 siRNA (Qiagen Flexitube
siRNA), or negative-control siRNA (catalogue no. 1027280; AllStars negative-control siRNA; Qiagen) was
done using the HiPerfect transfection reagent (Qiagen) per the manufacturer’s instruction.
(iii) Isolation and treatment of cardiac fibroblasts. Cardiac ﬁbroblasts were isolated from the
hearts of 28-week-old rats by the collagenase dispersion method described by Mir et al. (9). Cells were
maintained at 37°C with 5% CO2 and were subsequently passaged. Fibroblasts were conﬁrmed by
staining with antivimentin antibody. The treatment of ﬁbroblasts with AngII, 17-AAG, and Hsp90 siRNA
was done as previously described (26).
Generation of cardiac hypertrophy in vivo. Cardiac hypertrophy in vivo was generated by ligating
the right renal artery of 28-week-old male rats (weight, 250 to 300 g) as described earlier (9). Rats were
anesthetized with an intraperitoneal (i.p.) injection of a mixture of ketamine (80 mg/kg of body weight)
and xylazine (12 mg/kg). Rats that underwent a similar procedure without aortic ligation (a sham
operation) were designated the control group. Animals were maintained under optimum conditions for
14 days and were sacriﬁced on the 15th day after surgery. Hearts were taken out and stored in liquid
nitrogen for future use. Hypertrophy was measured from the heart weight (HW; in milligrams)-to-body
weight (BW; in grams) ratio (41).
Administration of 17-AAG in vivo. 17-AAG was administered i.p. for 3 consecutive days at a dose
of 0.2 mg/kg/day before renal artery ligation. Control and ligated rats were treated with equivalent
amounts of DMSO (26).
Cardiomyocyte-targeted delivery of Hsp90 siRNA in vivo. Hsp90 siRNA was encapsulated in
stearic acid-modiﬁed carboxy methyl chitosan (CMC) conjugated to a cardiomyocyte-targeting peptide
at a weight ratio of 1:100 by incubation for 2 h at 4°C as described previously (60). Hsp90 siRNA with
CMC-peptide was injected intravenously at a dose of 2 mg/kg of body weight into rats in which the renal
artery was ligated on alternate days starting from the 8th day until the 14th day of ligation. Rats that
underwent a sham operation and treated with nonspeciﬁc (NS) siRNA tagged with CMC-peptide were
used as negative controls.
RT-PCR. Total RNA was isolated from cells (obtained after 24 h of treatment) and tissues (obtained
on the 15th day after surgery) using the TRIzol reagent (Invitrogen) by following the manufacturer’s
instructions. One microgram of total RNA was used to make cDNA using a cloned avian myeloblastosis
virus (AMV) ﬁrst-strand cDNA synthesis kit (Invitrogen). Reverse transcription-PCR (RT-PCR) for Col-1,
Col-3, and Rpl-32 was done with appropriate primers (26).
Estimation of total collagen content by hydroxyproline assay. The total collagen content in
ventricular tissue in which the renal artery was ligated as well as in the ﬁbroblast culture supernatant was
measured by a hydroxyproline assay. With the help of a standard curve, the hydroxyproline content in
the unknown samples was calculated. The amount of collagen was calculated by multiplying the
hydroxyproline content by a factor of 8.2 (9).
Histological analysis. Heart tissues from each group of animals were taken for analysis of the
collagen volume fraction (CVF). Coronal sections obtained from the equator of the left ventricle were
ﬁxed, and sections were stained with Masson’s trichrome (Sigma-Aldrich, MO) to analyze collagen
deposition under a microscope (Nikon NIS BR). Thirty sections were scanned, and at least 10 images were
captured from each section. Images were digitized and processed by the use of ImageJ, a computer
morphometric program. CVF was calculated as the sum of all collagen-stained tissue areas of the coronal
sections divided by the total surface area of the section. Color segmentation was applied to separate the
stained tissues from other nonspeciﬁc objects (60).
Determination of cardiac function. Two-dimensional echocardiography was performed to determine cardiac function in vivo. Lightly sedated rats were evaluated using the M-mode views on a
transthoracic study, measuring the left ventricular diastolic dimension (LVDD) and fractional shortening
(FS; in percent). Data were correlated with the timing of the QRS complex. Digitized images were
obtained using an ultrasound system (Vivid S5 system; GE Healthcare, Milwaukee, WI) (41, 61).
Protein isolation. Proteins were isolated from myocytes and adult ﬁbroblasts using a mammalian
protein extraction reagent (M-PER; Thermo Scientiﬁc, IL) according to the manufacturer’s protocol.
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Protein extracts were prepared from ventricular tissue using a previously described procedure (7).
Nuclear fractions from tissue samples were isolated by standard differential centrifugation methods (41).
Western blotting. Western blot analysis was performed as described by Mir et al. (9). Brieﬂy, the
proteins in 30- to 50-g protein samples were separated by 10 to 12.5% SDS-PAGE and transferred to a
polyvinylidene diﬂuoride membrane. After the membranes were blocked, they were incubated with
polyclonal antibodies to Hsp90 (Abcam, UK), ubiquitin (Abcam, UK), and CD63 and C/EBP␤ (Santa Cruz
Biotechnology, Santa Cruz, CA), a monoclonal antibody to Cdc37 (Cell Signaling, MA), phosphorylated
and total antibodies to p65, IB, IKK␤, and STAT-3 (Cell Signaling, MA), and horseradish peroxidase
(HRP)-conjugated secondary antibodies (Thermo Fisher, MA). Immunoreactive bands were visualized
using an Immobilon Western chemiluminescence HRP-conjugated substrate (Millipore, MA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and histone deacetylase 1 (HDAC-1) (Cell Signaling, MA) were used as loading controls for cytosolic and nuclear proteins, respectively. Blots were
normalized by the appropriate loading controls and were scanned and quantitated using a GelDoc XR
system and Quantity One software, version 4.6.3 (Bio-Rad, CA).
Estimation of IL-6, IL-11, and LIF in culture supernatants. The amounts of IL-6, LIF, and IL-11
secreted in the culture supernatants of the different groups were estimated by the use of respective
ELISA kits (an IL-6 ELISA kit [RayBiotech] and IL-11 and LIF ELISA kits [MyBioSource]) following the
manufacturers’ protocols. Results are expressed as the number of picograms of cytokine per milliliter of
culture supernatant.
Immunofluorescence study. Myocytes grown on coverslips were treated with AngII and Hsp90
siRNA as described above and then stained with the primary antibodies for actinin and phospho-p65
(Cell Signaling, MA), followed by incubation with Alexa Fluor 488- and Alexa Fluor 633-labeled secondary
antibodies (Molecular Probes) as previously described (9). After the slides were mounted with Vectashield
(with DAPI [4=,6-diamidino-2-phenylindole]) (Vector Laboratories, CA), the slides were examined under a
confocal microscope (FV1200; Olympus, Singapore).
An immunoﬂuorescence study was performed in vivo with frozen ventricular tissue sections (4 mm),
prepared using a CM1850 cryostat (Leica, CA), from the different experimental groups. The tissue sections
were ﬁxed and stained with antibodies against IL-6 (Santa Cruz Biotechnology, Santa Cruz, CA) and
sarcomeric alpha-actinin (Abcam, UK), followed by incubation with labeled secondary antibodies and
mounting with DAPI.
Coimmunoprecipitation. Coimmunoprecipitation was done following the manufacturer’s protocol
(Pierce coimmunoprecipitation kit; Thermo Fisher, MA). Brieﬂy, proteins were incubated with fast-ﬂow
protein G- or protein A-Sepharose beads and centrifuged to eliminate nonspeciﬁcally bound proteins
(62). The concentration of the precleared proteins was estimated by Bradford’s assay. Two hundred
micrograms of protein was immunoprecipitated using the primary antibodies anti-IKK␤ and anti-Hsp90,
respectively. The immunoprotein complex was again incubated with protein G- or protein A-Sepharose
beads. Attached proteins were then eluted from the beads in 1% SDS buffer, followed by immunoblotting with monoclonal antibodies against Cdc37 and ubiquitin (26). Normalization was done by immunoblotting using the same antibodies.
Measurement of transcriptional activity of NF-B by Dual-Luciferase assay. IL-6 –luciferase and
pRL-TK were used for the Dual-Luciferase NF-B reporter assay (Promega), performed according to the
manufacturer’s protocol. Brieﬂy, myocytes were plated on six-well plates and transfected with 3 g of
reporter plasmid carrying the ﬁreﬂy luciferase gene under the control of the IL-6 promoter containing the
NF-B binding consensus sequence (PGL-3) and 3 g of reference plasmid pRL-TK carrying the Renilla
luciferase gene under the control of the simian virus 40 enhancer and promoter (Promega). The
Lipofectamine 2000 reagent (Invitrogen) was used as a transfection reagent following the manufacturer’s
protocol. After 16 h, cells were treated with 17-AAG followed by AngII and kept for another 24 h. Cells
were lysed in 200 l of passive lysis buffer (Promega). Fireﬂy luciferase and Renilla luciferase activities in
20 l of cell lysate were measured by use of a Dual-Luciferase reporter assay system (Promega) and a
luminometer (Varioskan multimode reader; Thermo Fisher, MA). Relative activity was deﬁned as the ratio
of ﬁreﬂy luciferase activity to Renilla luciferase activity.
Plasmid construction and transfection. The Hsp90 ATPase domain (HATP; nucleotides 148 to 610,
corresponding to amino acids 36 to 190 of Hsp90 ab1) was ampliﬁed from extracted RNA by RT-PCR and
cloned in frame into the FLAG vector (HATP-FLAG) as previously described (26). The plasmid expressing
CD63-eGFP was a kind gift from Paul Luzio’s lab (Addgene). All the clones were conﬁrmed by sequencing
(3730 DNA analyzer; Applied Biosystems). Plasmids were transfected to AngII-treated cardiomyocytes
with the help of the TurboFect transfection reagent (Thermo Scientiﬁc, IL) per the manufacturer’s
protocol.
FRAP. Hypertrophied myocytes were transfected with HATP-FLAG in either the presence or the
absence of 17-AAG. Cells were then stained with FLAG-ﬂuorescein isothiocyanate (FITC) and IKK␤tetramethyl rhodamine isocyanate (TRITC). The FITC and TRITC dyes were used as the donor and
acceptor, respectively, in this ﬂuorescence recovery after photobleaching (FRAP) analysis. TRITC was
subjected to 50% photobleaching, and the intensity of FITC was measured. Fluorescence resonance
energy transfer (FRET) efﬁciency was calculated from the difference between the postbleaching and
prebleaching donor intensities (delta donor) using a confocal microscope (FV1200; Olympus) (26).
Isolation of exosome from myocyte-conditioned medium. Exosomes were isolated according to
the method of Savina et al. (63, 64). Brieﬂy, 5 ml of medium was collected on ice and centrifuged ﬁrst
at 800 ⫻ g for 10 min to remove any cells and then at 12,000 ⫻ g for 30 min to eliminate any cellular
debris. Exosomes were then separated from the supernatant by centrifugation at 110,000 ⫻ g for 2 h. The
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exosomal pellet was washed once in phosphate-buffered saline (PBS) and then resuspended in 200 l
of PBS (exosomal fraction) (53, 65).
Characterization of exosomal proteins. (i) Determination of the quantity of exosomes. The
quantity of exosomes was determined by a micro-BCA assay (Pierce, Rockford, IL) by measuring the total
amount of exosomal protein (55).
(ii) Carbonate treatment. Exosomes were treated with 1 M Na2CO3, pH 11.5, for 30 min at 37°C.
Carbonate treatment opens and ﬂattens membranes, releasing proteins that are not integrated into the
membrane (53).
(iii) Proteinase K treatment. Carbonate-treated exosomes were resuspended in either 7 mM
proteinase K, 10 mM EDTA, 5 mM N-ethylmaleimide (NEM) or 10 nM EDTA, 5 mM NEM as a control. The
membranes were incubated at 37°C for 10 min, which digests proteins that are present on the surface
of the membrane. The membranes were then centrifuged and resuspended in sample buffer (53).
Identification of myocyte-derived exosomes in fibroblasts. The plasmid expressing CD63-eGFP
was transfected into myocytes followed by different treatments. Cell culture supernatants from all the
treatment groups were transferred to the respective ﬁbroblast plates, and the plates were incubated for
24 h. Fibroblasts were then stained with antivimentin antibody (Abcam, UK), and the presence of GFP
was observed after mounting with DAPI under a ﬂuorescence microscope (Nikon NIS BR). Equal
transfection of CD63-eGFP in myocytes was conﬁrmed by immunoblotting with anti-GFP antibody from
the proteins collected from the myocyte plates.
Statistical analysis. All the results are expressed as the mean ⫾ standard error (SE) from three
independent experiments. Data were analyzed using an independent-sample t test with SPSS software
(version 14.0). For experiments with multiple comparisons, one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was conducted. Results with P values of ⬍0.05 were considered
signiﬁcant.
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