
Cavin-2 promotes fibroblast-to-myofibroblast
trans-differentiation and aggravates cardiac fibrosis
Yusuke Higuchi1, Takehiro Ogata1,2* , Naohiko Nakanishi1, Masahiro Nishi1, Yumika Tsuji1, Shinya Tomita1,
Simon J. Conway3 and Satoaki Matoba1

1Department of Cardiovascular Medicine, Graduate School of Medical Science, Kyoto Prefectural University of Medicine, Kyoto, Japan; 2Department of Pathology and Cell
Regulation, Graduate School of Medical Science, Kyoto Prefectural University of Medicine, Kyoto, Japan; and 3Herman B. Wells Center for Pediatric Research, Department of
Pediatrics, Indiana University School of Medicine, Indianapolis, IN, USA

Abstract

Aims Transforming growth factor β (TGF-β) signalling is one of the critical pathways in fibroblast activation, and several
drugs targeting the TGF-β/Smad signalling pathway in heart failure with cardiac fibrosis are being tested in clinical trials. Some
caveolins and cavins, which are components of caveolae on the plasma membrane, are known for their association with the
regulation of TGF-β signalling. Cavin-2 is particularly abundant in fibroblasts; however, the detailed association between
Cavin-2 and cardiac fibrosis is still unclear. We tried to clarify the involvement and role of Cavin-2 in fibroblasts and cardiac
fibrosis.
Methods and results To clarify the role of Cavin-2 in cardiac fibrosis, we performed transverse aortic constriction (TAC)
operations on four types of mice: wild-type (WT), Cavin-2 null (Cavin-2 KO), Cavin-2flox/flox, and activated fibroblast-specific
Cavin-2 conditional knockout (Postn-Cre/Cavin-2flox/flox, Cavin-2 cKO) mice. We collected mouse embryonic fibroblasts (MEFs)
from WT and Cavin-2 KO mice and investigated the effect of Cavin-2 in fibroblast trans-differentiation into myofibroblasts and
associated TGF-β signalling. Four weeks after TAC, cardiac fibrotic areas in both the Cavin-2 KO and the Cavin-2 cKO mice
were significantly decreased compared with each control group (WT 8.04 ± 1.58% vs. Cavin-2 KO 0.40 ± 0.03%, P < 0.01;
Cavin-2flox/flox, 7.19 ± 0.50% vs. Cavin-2 cKO 0.88 ± 0.44%, P < 0.01). Fibrosis-associated mRNA expression (Col1a1, Ctgf,
and Col3) was significantly attenuated in the Cavin-2 KO mice after TAC. α1 type I collagen deposition and non-vascular
αSMA-positive cells (WT 43.5 ± 2.4% vs. Cavin-2 KO 25.4 ± 3.2%, P < 0.01) were reduced in the heart of the Cavin-2 cKO mice
after TAC operation. The levels of αSMA protein (0.36-fold, P < 0.05) and fibrosis-associated mRNA expression (Col1a1, 0.69-
fold, P < 0.01; Ctgf, 0.27-fold, P < 0.01; Col3, 0.60-fold, P < 0.01) were decreased in the Cavin-2 KO MEFs compared with the
WT MEFs. On the other hand, αSMA protein levels were higher in the Cavin-2 overexpressed MEFs compared with the control
MEFs (2.40-fold, P < 0.01). TGF-β1-induced Smad2 phosphorylation was attenuated in the Cavin-2 KO MEFs compared with
WT MEFs (0.60-fold, P < 0.01). Heat shock protein 90 protein levels were significantly reduced in the Cavin-2 KO MEFs com-
pared with the WT MEFs (0.69-fold, P < 0.01).
Conclusions Cavin-2 loss suppressed fibroblast trans-differentiation into myofibroblasts through the TGF-β/Smad signalling.
The loss of Cavin-2 in cardiac fibroblasts suppresses cardiac fibrosis and may maintain cardiac function.
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Introduction

Cardiac fibrosis is an essential pathological process associated
with impaired cardiac function and subsequent heart failure
(HF),1 which is one of the major causes of death worldwide.

Although several novel drugs, such as angiotensin receptor-
neprilysin inhibitors and sodium/glucose cotransporter 2
inhibitors, improve the prognosis of patients with HF, about
half of the patients with HF die within 5 years of diagnosis,2

suggesting the insufficiency of modern therapy. The treatment
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focused on cardiac fibrosis can improve the progression of pa-
tients with HF: However, despite intense research on cardiac
fibrosis, effective anti-fibrosis treatments have not been es-
tablished for clinical applications.3,4 Therefore, understanding
the detailed mechanisms of cardiac fibrosis and identifying
novel modalities to regulate this process will have a substan-
tial impact on the mechanism of HF and greatly help advance
HF treatment.

Cardiac fibrosis is caused by fibroblast activation, and
activated fibroblasts facilitate excessive extracellular matrix
(ECM) accumulation and excessive ECM turnover.1 Cardiac
fibroblast activation strongly correlates with HF
development,5,6 and resident fibroblast plays pivotal roles
for cardiac fibrosis in pressure over-loaded hearts.7,8 The
transforming growth factor β (TGF-β) family are central medi-
ators of fibroblast activation, and TGF-β signalling is impli-
cated in myocardial infarction, pressure-overloaded hearts,
and various cardiomyopathies.9 However, long-term direct in-
hibition of TGF-β signalling has a risk of unacceptable adverse
effects.10 TGF-β signalling pathway is affected by heat shock
protein 90 (HSP90) activity in renal fibrosis, dermal fibrosis,
cancer cell lines, and idiopathic pulmonary fibrosis.11–14

HSP90 inhibition attenuated fibroblast activation, myofibro-
blast accumulation, and collagen deposition without any
detectable toxic effects in pulmonary fibrosis.15 Accordingly,
the anti-fibrosis therapies indirectly targeting the TGF-β
signalling pathway potentially apply to the treatment of HF.

Caveola is a cholesterol-rich membrane microdomain that
acts as a signalling platform in facilitating specific signal
transduction events. Coat proteins, caveolins, and adaptive
proteins, cavins, modulate the morphology and functions of
caveolae. Caveolin-1 interacts with the Type I TGF-β receptor
and suppresses the downstream signalling of the TGF-β
pathway.16 Caveolin-1 also affects epithelial–mesenchymal
transition and endothelial–mesenchymal transition.17,18

Previously, we showed that Cavin-1 and Cavin-4 affect
cardiomyocyte function and cardiac fibrosis.19,20 Cavin-2 is
expressed in various cells and is also expressed in human
and mouse fibroblasts.21 Because previous studies showed
that Cavin-2 was crucial for proliferation, migration, and inva-
sion in the endothelial cells22 and adipocyte differentiation,23

Cavin-2 may be directly involved in intra-fibroblast signalling
essential for cardiac fibrosis, as well as endothelial cells and
adipocytes. However, the role of Cavin-2 in cardiac fibroblasts
remains unclear.

Here, we demonstrate a role for Cavin-2 in the
trans-differentiation from fibroblast to myofibroblast.
Cavin-2 deficiency attenuates TGF-β/Smad signalling
with the reduction of HSP90. In addition, activated-
fibroblast-selective Cavin-2 knockout mice reveal attenuated
cardiac fibrosis and preserved cardiac function in the
pressure-overloaded HF. Our results indicate that Cavin-2 is
essential in the early stages of fibrosis and a potential thera-
peutic target for treating fibrosis.

Material and methods

Reagents

The rabbit polyclonal antibodies to ERK (#9102),
phospho-ERK (#9101), Akt (#9272), phospho-Akt (#9271),
Smad2 (#5339), phospho-Smad2 (#3108), phospho-Smad2/3
(#9510), and the horseradish peroxidase-conjugated second-
ary antibodies [anti-mouse-HRP (#7076S), and anti-rabbit-
HRP (#7074S)] were purchased from Cell Signalling Technol-
ogy, Inc. (Danvers, MA, USA); the rabbit polyclonal antibody
to Cavin-2 (12339-1-AP) was purchased from ProteinTech
Group, Inc. (Rosemont, IL, USA); the rabbit polyclonal
antibodies to α smooth muscle actin (αSMA) (ab5694), the
mouse monoclonal antibody to HSP90 (ab13492), and the
horseradish peroxidase-conjugated monoclonal antibody to
GAPDH (ab9385) were from Abcam plc (Cambridge, UK); the
Cy3-conjugated mouse monoclonal antibody to αSMA
(C6198) was purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). TRIzol was obtained from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Dulbecco’s modified Eagle medium
(DMEM), penicillin/streptomycin solution (×100), phosphate-
buffered saline, 4% paraformaldehyde, and isopropyl alcohol
were purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Tokyo, Japan). DAPI Fluoromount-G® was purchased
from Southern Biotech (Birmingham, AL, USA). Recombinant
human TGF-β protein was purchased from R&D Systems,
Inc. (Minneapolis, MN, USA).

Animals

Cavin-2 KO mice and Cavin-2flox/flox mice were generated as
previously described.23 Transgenic mice in which Cre
recombinase is driven by a 3.9-kb mouse Postn promoter,
named Postn-Cre mice, were generated by Dr. Conway and
colleagues.24 We generated mice with Cavin-2 loss in acti-
vated fibroblasts (Cavin-2 cKO) by breeding Cavin-2flox/flox

mice with Postn-Cre mice. All aspects of animal care and ex-
perimentation performed in this study were approved by the
Institutional Animal Care and Use Committee of Kyoto Prefec-
tural University of Medicine. The investigation conforms to
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1985).

Transverse aortic constriction operation

Male C57BL/6 wild-type (WT), Cavin-2 KO, Cavin-2flox/flox, and
Cavin-2 cKO mice at 8 to 10 weeks of age were subjected to
transverse aortic constriction (TAC) or sham operation. In
brief, mice were anaesthetized with 1.0% isoflurane and
then given medetomidine (0.75 mg/kg) and butorphanol
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(5.0 mg/kg) intraperitoneally for analgesia. Aortic constriction
was performed by ligation of the transverse thoracic aorta
between the innominate artery and left common carotid
artery with a 27-gauge needle using a 6-0 silk string as
previously described.25 The pressure gradient in the thoracic
aorta was measured by Doppler echocardiography to confirm
significant pressure overload in both WT, Cavin-2 KO,
Cavin-2flox/flox, and Cavin-2 cKO mice. The sham operation
was identical, except that the thread was not ligated.
Samples were obtained 4 weeks after the TAC or sham
procedure.

Mouse embryonic fibroblasts isolation

WT mouse embryonic fibroblasts (MEFs) and Cavin-2 KO
MEFs were isolated from 13–14 days pregnant WT mice and
Cavin-2 KO mice respectively as previously described.26 MEFs
were cultured from the embryo from which the head and the
visible internal organs were removed. MEFs from WT and
Cavin-2 KO mice were collected at the same time.

Histological staining and analysis

Mouse heart samples were isolated, fixed with 4% parafor-
maldehyde at 4°C for 24 h, then embedded in paraffin, and
sectioned at 5 μm. Masson’s trichrome staining was per-
formed to assess the degree of cardiac fibrosis. Picrosirius
red staining was performed to identify collagen fibres, follow-
ing the manufacturer’s instructions. Picrosirius red-stained
interstitial fibrosis was observed under light microscopy
(BZ-X800, KEYENCE) at ×20 magnification. The percent area
of extracellular Masson’s trichrome staining was computed
from 8 to 10 random fields within the mid-myocardium in
each murine sample, in order to exclude large epicardial
arteries/veins and any cutting/compression artefacts. Cardiac
hypertrophy was evaluated in 100 to 200 cells from the
cross-sectional area of cardiomyocytes for each mouse
sample. The digital photomicrographs were quantified with
Adobe Photoshop (Adobe Photoshop CC 2017).

Immune-fluorescence staining

MEFs were fixed with 4% paraformaldehyde at room
temperature for 15 min and stained with the anti-αSMA
(1:200), anti-pSmad2/3 (1:200), or phalloidin (1:2000).
Secondary antibodies were conjugated with Alexa Fluor
488 or 555 (1:500), and nuclei were visualized using DAPI
Fluoromount-G®. Fluorescent signals were detected using a
Zeiss LSM510 META Confocal Imaging System (Carl Zeiss,
Jena, Germany) or a Keyence BZ-X700 digital microscope
(Osaka, Japan).

Transthoracic echocardiography

Mice were anaesthetized with 1.0% isoflurane inhalation.
Echocardiographic analysis was performed with a Visual
Sonics Vevo 2,100 equipped with an 18- to 38-MHz trans-
ducer (Visual Sonics, Toronto, ON, Canada). Left ventricular
end-diastolic internal dimension, left ventricular systolic
internal dimension, and diastolic left ventricular posterior
wall were evaluated with M-mode tracing at the papillary
muscle level of a parasternal short-axis view. Echocardio-
graphic measurement was assessed 0, 2, and, 4 weeks after
the sham or TAC operation.

Cell culture and induction of trans-differentiation

MEFs were maintained in DMEM containing 100 U/mL
penicillin, and 100 mg/mL streptomycin, and supplemented
with 10% (v/v) heat-inactivated fetal bovine serum at 37°C
in a 5% CO2 atmosphere. For investigating trans-differentia-
tion, cells were induced 1-day post-confluence with DMEM
supplemented with 10% FBS, 10 ng/mL TGF-β1, 100 U/mL
penicillin, and 100 μg/mL streptomycin for 24 h.

Gene transfer

Recombinant adenoviruses expressing HA-tagged human
SDPR/Cavin-2 (Ad-Cavin-2-HA) and Ad-β-galactosidase (Ad-
LacZ) were described previously.20 Twenty-four hours after
seeding on a plate, WT MEFs were infected with Ad-Cavin-
2-HA or Ad-LacZ diluted in culture media at a multiplicity of
infection of 30 and incubated at 37°C for 24 h. The viral
suspension was removed, and the MEFs were cultured with
fresh media.

RNA isolation and gene expression analysis by
qPCR or scRNA-seq

Reverse transcription-mediated quantitative polymerase
chain reaction was conducted as described previously.20

Total RNA was extracted from cultured cells or tissues using
TRIzol and converted to cDNA using a high capacity cDNA re-
verse transcription kit (Applied Biosystems/Thermo Fisher
Scientific, Foster City, CA, USA). Synthesized cDNA was
analysed by kinetic real-time PCR using Takara PCR thermal
cycler dice (Takara Bio Inc., Kusatsu, Japan) with Platinum
SYBR Green qPCR Supermix (Invitrogen/Thermo Fisher Scien-
tific). The primer sequences are provided in Table S1.

Heart tissue single-cell RNA-seq (scRNA-seq) data
were accessed from the Tabula Muris data set (https://
tabula-muris.ds.czbiohub.org/). These data were from the
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mice hearts of four male and three female, chow-fed 10–15
weeks old C57BL/6JNmice obtained from Charles River Labs.27

Western blot analysis

Cell lysates were extracted using a lysis buffer (50 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 50 mM EDTA, 1% Triton X-100
and protease-phosphatase inhibitor mixture). Protein sam-
ples were subjected to SDS-PAGE, then transferred to
polyvinylidene difluoride membranes that were subsequently
incubated with primary antibodies against phospho-Akt, Akt,
phospho-ERK1/2, ERK1/2, phosphor-Smad2, Smad2, αSMA,
HSP90, Cavin-2, and GAPDH. Horseradish peroxidase-conju-
gated anti-rabbit and anti-mouse IgG were used as secondary
antibodies.

Biotin identification screening

The Humanized BirA (hBirA) sequence was obtained from a
previously published sequence28 by adding a Kozac sequence
at the 5′ site and an EcoRI sequence at the 3′ site. This
sequence was inserted into pcDNA3.1(+)-HA (Clonetech, CA,
USA) to generate pcDNA3.1+/hBirA-HA. HA-tagged hBirA
was cloned by PCR from the pcDNA3.1+/hBirA-HA plasmid
with forward and reverse primers (F: 5′-TTAGATCTCTCGA-
GGCCACCATGAAGGACAACACCGTGCC-3′, R:5′-CCTACCCGG-
TAGAATTCTCAAGCGTAATCTGGAACATCGTATGGGTACTTCTCT-
GCGCTTCTCAGGG-3′). HA-tagged hBirA was inserted into
pMSCV- puromycin to generate pMSCV-hBirA-HA-puromycin
using the Gibson Assembly® kit (New England Biolabs,
Ipswich, MA, USA). mCavin-2 was cloned by PCR from
pEGFP-C1-mCavin-2 (Adgene 68398, Rob Parton) was
inserted into pMSCV-hBirA-HA-puromycin to create pMSCV-
hBirA-mCavin-2-HA-puromycin. MEFs expressing hBirA-HA
or hBirA-mCavin-2-HA by retrovirus infection were incubated
with 50 μM biotin for 6 h. The lysate was collected and mixed
with MagCapture Tamavidin2-REV beads (FUJIFILM Wako
Pure Chemical Corporation, Tokyo, Japan) at 4°C overnight.
The beads were washed with phosphate-buffered saline,
and mass spectrometry was performed (CERI, Tokyo, Japan)
as previously described. LC–MS/MS analyses were
performed using a nano LC (UltiMate® 3,000). (Dionex,
Sunnyvale, CA, USA) coupled with a Q Exactive Plus
Orbitrap mass. Spectrometer (Thermo Scientific, Waltham,
MA, USA). Instrument operation and data acquisition were
performed using Xcalibur Software (Thermo Scientific,
Waltham, MA, USA).

LC–MS/MS data analysis

The MS/MS raw data were processed using Mascot version
2.6.0 (Matrix Sciences, London, US) and were searched in

the Swiss-Prot database with humans as the species, carba-
midomethylation of cysteine as a static modification, oxida-
tion of methionine as a dynamic modification, precursor mass
tolerance of 1.0 Da, and a fragment mass tolerance of 0.8 Da.
The dat files of all fractions obtained were processed with
Scaffold version 5.0.1 (Proteome Software Inc.). The parame-
ters of scaffold were adjusted as follows to ensure accurate
identification of peptides and proteins: protein identifications
were accepted if they were established with a probability
greater than 99.9%, and peptide identifications were ac-
cepted if they contained at least four peptides identified with
a probability >80% (using the Scaffold Local FDR algorithm).
The normalized spectral abundance factor (Weighted Spec-
tra) was calculated for each protein and compared between
Cavin-2 and HA samples.

Statistical analysis

The experiments were carried out at least three times
unless otherwise stated. All data were expressed as
mean ± standard errors. Statistical analysis was performed
by one-way ANOVA followed by Tukey’s post hoc test, and
P-values below 0.05 were considered significant. Statistical
analyses were performed using GraphPad Prism 8 statistical
packages (GraphPad Software, Inc.).

Results

Cavin-2 KO attenuates cardiac fibrosis in
pressure-overload heart failure

We first used Cavin-2 KO mice to examine the involvement of
Cavin-2 in the progression of HF and cardiac fibrosis. The
cardiac function of the Cavin-2 KO mice was comparable with
that of the WT mice (Figure S1A). We performed TAC opera-
tions to induce pressure-overload HF. Four weeks after the
TAC operation, we confirmed the peak pressure gradient at
the transverse aorta (Figure S1B) and evaluated their cardiac
function (Figure 1A). A decrease in systolic function after
TAC operation was observed in the WT mice, and it was
attenuated in the Cavin-2 KO mice (Figure 1B,C). In the as-
sessment of cardiac remodelling, cardiomyocyte hypertrophy
and cardiac fibrosis following TAC operation were observed in
the WT mice. They were attenuated in the Cavin-2 KO mice
(Figure 1D–F). After TAC operation, the mRNA expression
levels of cardiac remodelling and fibrosis-related genes
(Nppa, Nppb, Col1a1, Ctgf, and Col3) were significantly
suppressed in the Cavin-2 KO mice compared with the
WT mice (Figure 1G and Figure S1C). Consistent with
the attenuation of cardiac fibrosis by Cavin-2 loss, the
number of αSMA-positive myofibroblasts and collagen1α1
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Figure 1 Systemic Cavin-2 KO attenuates fibrosis and preserves function in the pressure-overloaded heart. Schematic of the experimental design (A)
and representative M-mode images (B) and data (C) of echocardiography in wild-type (WT) and Cavin-2 KO mice 4 weeks after Sham or TAC operation
(WT sham, n = 10; Cavin-2 KO Sham, n = 10; WT TAC, n = 12; Cavin-2 KO TAC, n = 9). (D) Gross appearance of whole heart (upper raw) and heart
weight/body weight ratio (lower graph) of the mice (n = 8 per group). Representative HE-stained sections of the heart and quantification of cardio-
myocyte cross-sectional area (E) after 4 weeks of Sham or TAC operation, and Masson’s trichrome staining and quantification of fibrotic area (F,
n = 5 per group). The scale bar is 100 or 500 μm. (G) Relative mRNA expression of genes associated with heart failure (Nppa and Nppb) and fibrosis
(Ctgf and Col1a1) in the hearts of indicated mice (n = 5 per group). (H) Representative fluorescence images of left ventricle tissues stained with αSMA
and Collagen type 1α antibodies as indicators of fibroblast activation and fibrosis. The scale bar is 100 μm. *P < 0.05, **P < 0.01 versus Sham oper-
ation groups,

#
P < 0.05,

##
P < 0.01 versus WT group after same operation. The data are shown as means ± SEM. IVSTd, interventricular septal thick-

ness at end-diastole; LVDd, left ventricular diameter at end-diastole; PWTd, posterior wall thickness at end-diastole; TAC, transverse aortic constriction.
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accumulation was decreased in the TAC-operated heart
of Cavin-2-KO mice compared with that of the WT mice
(Figure 1H and Figure S1D).

Cavin-2 promotes the trans-differentiation from
fibroblast to myofibroblast

The roles of Cavin-2, including the caveolae morphology, in
the fibroblasts, are still unknown. To explore the caveolae
in the cardiac fibroblasts, we isolated primary cardiac fibro-
blasts to assess the relationship between Cavin-2 and the
number of caveolae. The number of caveolae was signifi-
cantly reduced in Cavin-2 KO cardiac fibroblasts compared
with WT cardiac fibroblasts (Figure 2A). Single-cell RNA-seq
data from the Tabula Muris Consortium27 showed that
Cavin-2 expression level in myofibroblasts is high in mouse
heart tissues (Figure S2A). Therefore, we focused on the
fibroblasts for the cardiac fibrosis associated with Cavin-2.
We isolated MEFs from Cavin-2 KO and WT mice and
evaluated trans-differentiation into myofibroblast, migration,
and proliferation (Figure 2B and Figure S2B). Cavin-2 KO MEFs
significantly attenuated TGF-β1-induced αSMA expression
compared with WT MEFs, suggesting the reduced
trans-differentiation into myofibroblasts (Figure 2C, Figure
S2C, and Figure S2D). TGF-β1-induced mRNA expression of
fibrosis-associated genes was also significantly decreased in
the Cavin-2 KO MEFs (Figure 2D). Migration, but not prolifer-
ation, was reduced in the Cavin-2 KO MEFs (Figure 2E and
Figure S2E). On the contrary, Cavin-2 overexpression facili-
tated the trans-differentiation into myofibroblast and the
mRNA expression of fibrosis-associated genes (Figure 2F–H).

Cavin-2 deficiency in fibroblasts attenuates
TGF-β/Smad signalling

TGF-β signalling activates fibrosis-associated gene expres-
sions in fibroblasts via mobilization of transcription factors,
Smad2/3. Therefore, we evaluated TGF-β/Smad signalling
and the transcription of plasminogen activator inhibitor-1
(PAI-1), one of its downstream genes. The PAI-1 is an ECM
protease inhibitor and contributes to tissue ECM stabilization.
Smad2/3 transfer into the nucleus by TGF-β1 was reduced in
the Cavin-2 KO MEFs compared with that in the WT MEFs
(Figure 3A). TGF-β-induced Smad2 phosphorylation was
significantly reduced in the Cavin-2 KO MEFs (Figure 3B). In
contrast, the phosphorylation of Akt or ERK was no difference
between the WT MEFs and the Cavin-2 KO MEFs (Figure S3).
TGF-β-induced Pai-1 mRNA expression in the Cavin-2 KO
MEFs was significantly decreased compared with the WT
MEFs (Figure 3C). Similarly, the Pai-1 mRNA expression after
the TAC operation was considerably reduced in the Cavin-2
KO hearts compared with the WT hearts (Figure 3D). Using

proximity-dependent biotin identification, we screened for
proteins that interact with Cavin-2 to explore the factors
affecting with TGF-β/Smad signalling. Biotin identification
identified the proteins interacting with Cavin-2 in MEFs. The
Volcano plot showed that HSP90 proteins interacted with
Cavin-2 strongly (Figure 3E). A previous study has demon-
strated that HSP90 regulates TGF-β signalling by its ability
to chaperone TGF-β receptors.29 The protein expression of
HSP90 in the Cavin-2 KO MEFs was significantly decreased
compared with that in the WT MEFs (Figure 3F). Our results
suggested that Cavin-2 deficiency attenuates TGF-β/Smad
signalling by reducing HSP90 protein levels.

Fibroblast-specific Cavin-2 cKO attenuates cardiac
fibrosis resulting in the suppression of heart
failure

To elucidate the role of Cavin-2 in fibroblasts in cardiac fibro-
sis, we generated activated fibroblast-specific Cavin-2 condi-
tional KO (Cavin-2 cKO) mice and induced pressure-overload
HF. The cardiac function was comparable in the Cavin-2 cKO
mice and the Cavin-2flox/flox mice (Figure S4A). The peak pres-
sure gradient at the transverse aorta was similar between
Cavin-2flox/flox mice and Cavin-2 cKO mice operated with TAC
(Figure S4B). The postn mRNA expression was significantly in-
creased in the TAC-operated Cavin-2flox/flox mice than in the
sham-operated Cavin-2flox/flox mice (Figure S4C). Systolic and
diastolic functions of the heart 2 and 4 weeks after the TAC
operation were preserved in the Cavin-2 cKO mice compared
with the Cavin-2flox/flox mice (Figure 4B and Figure S4D).
TAC-induced cardiac hypertrophy was reduced in the
Cavin-2 cKO mice compared with the Cavin-2flox/flox mice
(Figure 4C). Fibrotic area in the heart 4 weeks after the TAC
operation was also significantly reduced in the Cavin-2 cKO
mice (Figure 4D, Figure S4E). Furthermore, the degree of
heart weight-to-body weight ratio (HW/BW) was positively
correlated with the severity of fibrosis in the TAC-operated
hearts. Cardiac fibrosis was consistently less from the early
phase of cardiac hypertrophy in the Cavin-2 cKO mice com-
pared with the Cavin-2flox/flox mice (Figure 4D). These results
indicate that Cavin-2 in fibroblasts is preferentially involved
in cardiac fibrosis than cardiac hypertrophy. The mRNA
expression levels of cardiac remodelling and fibrosis-related
genes were significantly suppressed in the Cavin-2 cKO mice
compared with the Cavin-2flox/flox mice (Figure 4E).

Discussion

In this study, we report that Cavin-2 in fibroblasts plays an
essential role in the fibrotic remodelling of HF. Although
the relationship between several caveolae-related proteins
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Figure 2 Cavin-2 promotes trans-differentiation from fibroblast to myofibroblast. (A) Representative electron micrographs of cardiac fibroblasts from
WT and Cavin-2 KO mice and quantification of caveolae density (n = 7 per group). The scale bar is 200 nm. (B) Schematic of the experimental design for
mouse embryonic fibroblast (MEF) culture. (C) Representative fluorescence images of MEFs stained with phalloidin-FITC and αSMA-Cy3, as indicators
of myofibroblast and percentage of αSMA positive cell (n = 3 per group). The scale bar is 100 μm. (D) Relative mRNA expression of genes associated
with myofibroblast (Acta2) and fibrosis (Ctgf, Col1a1, and Col3) in MEFs (n = 3 or 6 per group). (E) In vitroMEF migration quantification by scratch assay
(n = 7 per group). (F) Schematic of the experimental design for Cavin-2 overexpression in MEFs. (G) Representative fluorescence images of MEFs
stained with phalloidin-FITC and αSMA-Cy3. The scale bar is 100 μm. (H) Relative mRNA expression of Acta2 and Ctgf in MEFs (n = 6 per group).
*P < 0.05, **P < 0.01 versus PBS groups, ##P < 0.01 versus WT group with same stimulation. The data are shown as mean ± SEM.
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Figure 3 Cavin-2 loss attenuates TGF-β1-induced Smad signalling in fibroblasts. (A) Representative fluorescence images of MEFs stained with αSMA-
Cy3 and pSmad2/3 antibodies. The bar is 100 μm. (B) Representative western blot images (upper) and quantitation graph (lower) of Smad2 phosphor-
ylation in MEFs (n = 3 per group). Relative mRNA expression level of Pai-1 as a downstream target of TGF-β1/Smad signalling in MEFs (C, n = 6 per
group) and mice after Sham or TAC operation (D, n = 5 per group). (E) The Volcano plot about interacted proteins with Cavin-2 by the screening with
BioID in MEFs. Each dot represents one protein. The orange dots are caveolae-related proteins (Cav-1, Cavin-1, and Cavin-2) that have already been
reported to interact with Cavin-2. The red dots represent HSP90 proteins. (F) Representative western blot images (upper) and quantitation graph
(lower) of HSP90 in MEFs (n = 4 or 5 per group). *P < 0.05, **P < 0.01 versus PBS groups, ##P < 0.01 versus WT group with same stimulation.
The data are shown as mean ± SEM.
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Figure 4 Activated fibroblast-specific Cavin-2 cKO attenuates cardiac fibrosis and preserves left ventricular diastolic function. (A) Schematic of the ex-
perimental design for activated fibroblast-specific Cavin-2 cKO mice. (B) Representative M-mode images and data of echocardiography in Cavin-2flox/flox

and Cavin-2 cKO mice 4 weeks after Sham and TAC operation. (Cavin-2flox/flox Sham, n = 15; Cavin-2 cKO Sham, n = 10; Cavin-2flox/flox TAC, n = 15; Cavin-
2 cKO TAC, n = 17). (C) Gross appearance of whole heart (upper raw), and heart or lung weight/body weight ratio (mg/g) (lower graphs) in the mice
(Cavin-2flox/flox Sham, n = 15; Cavin-2 cKO Sham, n = 12; Cavin-2flox/flox TAC, n = 15; Cavin-2 cKO TAC, n = 17). (D) Representative images of Masson’s
trichrome staining after 4 weeks of Sham or TAC operation, quantification of fibrotic area, and correlation diagram (Cavin-2

flox/flox
Sham, n = 15; Cavin-

2 cKO Sham, n = 11; Cavin-2flox/flox TAC, n = 16; Cavin-2 cKO TAC, n = 16). The scale bar is 1 mm. (E) Relative expression of genes associated with heart
failure (Nppa, Nppb) and fibrosis (Ctgf and Col1a1) in hearts of indicated mice (Cavin-2flox/flox Sham, n = 7; Cavin-2 cKO Sham, n = 8; Cavin-2flox/flox TAC,
n = 7; Cavin-2 cKO TAC, n = 8). *P < 0.05, **P < 0.01 versus Sham operation groups,

#
P < 0.05,

##
P < 0.01 versus Cavin-2

flox/flox
group after same

operation. The data are shown as mean ± SEM. BW, body weight; E/E′, the ratio of early diastolic mitral inflow velocity to early diastolic mitral annular
velocity; HW, heart weight; IVSTd, interventricular septal thickness at end-diastole; LVDd, left ventricular diameter at end-diastole; LW, lung weight;
PWTd, posterior wall thickness at end-diastole; TAC, transverse aortic constriction.
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and HF has been previously reported, the role of Cavin-2 in
HF remained unclear. Here, we demonstrate that
fibroblast-specific deletion of Cavin-2 prevents adverse
fibrotic remodelling and the progression of HF in a
pressure-overloaded HF. Cavin-2 is expressed abundantly in
fibroblasts in the heart and promotes fibroblast-to-myofibro-
blast trans-differentiation in HF. Cavin-2 deletion suppresses
TGF-β-induced Smad2/3 phosphorylation. HSP90, a regulator
of TGF-β/Smad signalling,29 was decreased in Cavin-2 KO
MEFs. Overall, Cavin-2 modulates TGF-β/Smad signalling by
reducing HSP90, promotes trans-differentiation from fibro-
blasts to myofibroblasts, and is involved in cardiac fibrosis.

There are various reports on the percentage of fibroblasts
in the heart, but fibroblasts comprise a relatively large pro-
portion of non-cardiomyocytes.30 In addition, fibroblasts are
important for myocardium injury and play pivotal roles in car-
diac fibrosis, adverse remodelling, and arrhythmogenesis.31 In
the heart of patients with HF, myofibroblasts with α-smooth
muscle actin stress fibres are predominantly present in
interstitial fibrosis.32 Fibrosis is regulated by many complex
pathways. Trans-differentiation into myofibroblasts is known
to be regulated by changes in the mitochondrial biogenesis
and transcriptional regulation of αSMA via miRNAs.33,34 In
addition, it has been reported that cardiomyocyte-specific
miRNAs translocate into fibroblasts in the form of exosomes,
which cause myofibroblast activation.35 In the present study,
we demonstrated that Cavin-2 is associated with trans-
differentiation of fibroblasts to myofibroblasts in vitro, and
fibroblast-specific Cavin-2 deletion attenuated cardiac fibrosis
in vivo. Although the mechanism details require further inves-
tigation, our results suggest that loss of Cavin-2 may suppress
cardiac fibrosis by suppressing trans-differentiation from
fibroblasts to myofibroblasts.

The TGF-β signalling pathway regulates cardiac fibrosis,
and various signalling are involved downstream of the TGF-β
pathway, including Smad2/3, ERK, p38, and Akt.36

Muscleblind-like protein 1 (MBNL1) is increasingly recognized
as a central regulator of fibrosis. Recently, MBNL1 was
reported to regulate αSMA by converging on SRF via its target
p38.37 As these signalling pathways are affected by TGF-β
receptor activation,38 direct long-term inhibition of TGF-β
signalling can be a risk of unacceptable side effects in HF
treatment.10 On the other hand, selective blockade of
Smad-dependent signalling in fibroblasts suppress the
progression of cardiac fibrosis and HF.39 HSP90 is one of the
regulators of the TGF-β/Smad signalling pathway. Inhibition
of HSP90 suppresses the phosphorylation of Smad2/3,
resulting in attenuation of the translocation of Smad2/3 into
the nucleus and gene transcription.40 In the present study,
Cavin-2 deletion in MEFs reduced HSP90 protein expression
levels and suppressed the phosphorylation of Smad2 and
translocation of Smad2/3 into the nucleus. Deletion of
Cavin-2 also attenuated the expression level of fibrosis-
related genes and Pai-1, which is activated by Smad signal-

ling. Interestingly, Cavin-2 deletion only suppressed the phos-
phorylation of Smad2 but not that of ERK and Akt. Further-
more, systemic and fibroblast-specific Cavin-2 knockout did
not impact cardiac function under normal conditions. There-
fore, anti-fibrotic therapies targeting Cavin-2 may be a prom-
ising therapeutic approach to ameliorate HF without ad-
versely affecting cardiac function.

Caveolae and caveolae-related proteins are associated
with various cardiovascular diseases. Caveolin-1 and
Cavolin-3, muscle-specific caveolin, are associated with HF
via modulating intracellular signalling.41 In addition, we have
previously shown that Cavin-1 and Cavin-4, a muscle-specific
caveolae component, affect the cardiac remodelling and fi-
brosis in cardiac hypertrophy and ischemia–reperfusion injury
models.19,42,43 In our previous report, we observed cardio-
myocyte hypertrophy with increased phosphorylation of
ERK in systemic Cavin-1 KO mice.19 In the present study,
up-regulation of ERK phosphorylation was not observed in
systemic Cavin-2 KO mice. The absence of increased phos-
phorylation of ERK in the hearts of Cavin-2 KO mice might
be one of the reasons that Cavin-2 KO mice do not reveal car-
diac hypertrophy. Cavin-2 is highly expressed in the adipose
tissue, lung, and heart44 and is involved in caveolae number
and morphology in endothelial cells. In the present study,
we confirmed that the deletion of Cavin-2 decreased the ca-
veolae even in cardiac fibroblasts. Cavin-2 has been reported
to affect various intracellular signalling and receptor stability
in endothelial cells.22 We also reported that Cavin-2 in
adipocytes stabilizes insulin receptors and enhances Akt sig-
nalling in promoting adipogenesis and lipid metabolism.23 In
addition to these reports, the present study demonstrated
that Cavin-2-regulated cell migration and trans-differentia-
tion into myofibroblasts via TGF-β/Smad signalling and
fibroblast-specific Cavin-2 deletion reduced cardiac fibrosis
in pressure-overloaded HF and maintains cardiac function.
Our findings provide a previously undescribed function of
Cavin-2 in cardiac fibrosis and novel insights into the underly-
ing pathogenetic mechanisms of HF.

In this study, we focused on trans-differentiation of
fibroblasts. Although it would be ideal to assess trans-
differentiation using cardiac fibroblasts, primarily adult
cardiac fibroblasts express αSMA rapidly without TGF-β
treatment in vitro and are unsuitable for determining trans-
differentiation. On the other hand, MEFs, isolated from 13–
14 days pregnant mice, maintain low αSMA expression levels
and well response to TGF-β treatment. Thus, we performed
trans-differentiation analysis using MEFs in this study. A
limitation of this study is that it was impossible to evaluate
trans-differentiation using cardiac fibroblasts in vitro. The
precise role of Cavin-2 in the mechanisms of cardiac fibrosis
remains elucidated. Further studies are needed to clarify
the role of Cavin-2 in cardiac fibrosis.

In summary, we first demonstrated that fibroblast-specific
deletion of Cavin-2 prevents adverse fibrotic remodelling in
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the TAC model. Cavin-2 may be involved in trans-
differentiation from fibroblast into myofibroblast through
TGF-β/Smad signalling. Our results suggest that Cavin-2 in fi-
broblasts is a potential therapeutic target for cardiac fibrosis.
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