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Abstract Cardiac hypertrophy is the heart’s response to
hypertrophic stimuli and is associated with increased mor-
tality. Vinexin-f is a vinculin-binding protein that belongs
to a family of adaptor proteins and mediates signal trans-
duction and actin cytoskeleton organisation. A previous
study has shown that Vinexin-f is ubiquitously expressed
and that it is highly expressed in the heart. However, a
critical role for Vinexin-f in cardiac hypertrophy has
not been investigated. Therefore, to examine the role of
Vinexin-f in pathological cardiac hypertrophy, we used
Vinexin-f knockout mice and transgenic mice that over-
express human Vinexin-f in the heart. Cardiac hypertrophy
was induced by aortic banding (AB). The extent of cardiac
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hypertrophy was quantitated by echocardiography and
pathological and molecular analyses of heart samples. Our
results demonstrated that Vinexin-§ overexpression in the
heart markedly attenuated cardiac hypertrophy, fibrosis, and
cardiac dysfunction, whereas loss of Vinexin-[} exaggerated
the pathological cardiac remodelling and fibrosis response
to pressure overload. Further analysis of the in vitro and
in vivo signalling events indicated that beneficial Vinexin-f3
effects were associated with AKT signalling abrogation.
Our findings demonstrate for the first time that Vinexin-f is
a novel mediator that protects against cardiac hypertrophy
by blocking the AKT signalling pathway.

Keywords
Hypertrophy

Vinexin-f - AKT - Cardiac remodelling -

X. Wei - X. H. Zhu

Department of Thoracic and Cardiovascular Surgery,
Tongji Hospital, Tongji Medical College,

Huazhong University of Science and Technology,
Wuhan 430030, People’s Republic of China

Y. Chen
Cardiovascular Division, University of Minnesota,
Minneapolis, MN 55455, USA

Q. Yang
Department of Nutrition Sciences, University of Alabama
at Birmingham, Birmingham, AL 35294-3360, USA

N. Kioka

Division of Applied Life Sciences, Graduate School
of Agriculture, Kyoto University, Sakyo, Kyoto, Japan

@ Springer


http://dx.doi.org/10.1007/s00395-013-0338-0

Page 2 of 14

Basic Res Cardiol (2013) 108:338

Introduction

Cardiac hypertrophy is the heart’s response to a variety of
extrinsic and intrinsic stimuli, and it is characterised by an
increase in myocardial mass and accumulation of extra-
cellular matrix [20, 25, 26]. Although cardiac hypertrophy
is an initial adaptive response of the myocardium, it ulti-
mately progresses to heart failure, which is associated with
high rates of mortality and morbidity [17, 27, 34]. Over the
past few decades, a series of studies have elucidated the
signalling transduction pathways that promote the hyper-
trophic response, however, the mechanisms that antagonise
these pathways are not yet completely known.

Vinexin was first identified as a vinculin-binding pro-
tein, and it localises to cell—cell junctions and focal adhe-
sion sites [21]. It belongs to an adaptor protein family that
comprises vinexin, c-Cbl associated protein (CAP)/ponsin,
and Arg-binding protein 2(ArgBP2). Proteins in this family
are involved in both signal transduction and actin cyto-
skeletal organisation [22]. Vinexin is expressed as three
isoforms, including Vinexin a, B, and v [21, 30]. All three
isoforms share a common C-terminal sequence that con-
tains three SH3 domains, while Vinexin o and y have an
additional SoHo domain. The first and second SH3
domains in Vinexin-f§ mediate vinculin binding, whereas
the third SH3 domain binds Sos, an important signalling
molecule of the Ras pathway. Vinexin-f is ubiquitously
expressed, with its highest levels in the heart [21]. The
structural features of Vinexin-f are similar to other adaptor
and scaffold proteins, e.g., Grb2 and p130cas, which are
important modulators in signalling pathways and hyper-
trophy [23, 43]. These observations raise the possibility
that Vinexin-f plays an important role in regulating cardiac
hypertrophy. Herein, we examined the effects of Vinexin-f3
overexpression or deficiency on cardiac hypertrophy and
failure in response to chronic pressure overload. The results
presented in this study demonstrate that transgenic mice
with cardiac-specific overexpression of Vinexin-f were
resistant to aortic banding (AB)-triggered cardiac remod-
elling through the inactivation of the AKT signalling
pathway, whereas Vinexin-3 knockout mice were sensitive
to the cardiac hypertrophic response induced by AB. These
findings suggest that Vinexin-f is a pivotal modulator of
cardiac remodelling and failure in response to chronic
pressure overload.

Methods and materials
Materials

The following primary antibodies were used in our
experiments. Anti-Vinexin-f (ab68222) was purchased
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from Abcam. Anti-ERK1/2(#4695), anti-phospho-ERK1/
Thr202/Thr204 4:4370)), anti-MEK1/2 (#9122), anti-FOXO3A
(#2497), anti-phospho-MEK /257221 (#9154), anti-P38
(#9212), anti-phospho-P38™18¥Thr182 4511) " anti-phos-
pho-JNK1/2 (#4668), anti-INK1/2 (#9258), anti-AKT
(#4691), anti-phospho-AKT*™*"3 (#4060), anti-phospho-
FOXO3AS 18321 (#9465), anti-GSK3B (#9315), anti-
phospho-GSK3BS9 (#9322), and anti-o-actinin (#3134)
were purchased from Cell Signalling Technology. Anti-
Flag (F3165) was purchased from Sigma-Aldrich, anti-Myc
from Roche, and anti-GAPDH (MBO001) from Bioworld
Technology. The Akt inhibitor LY294002 was obtained
from Cell Signalling technology (Cat NO: 9901). The BCA
protein assay kit was purchased from Pierce. IRDye®
800CW-conjugated secondary antibodies (LI-COR Biosci-
ences) were used in our immunoblotting analysis. Foetal
calf serum (FCS) was obtained from Hyclone. Cell culture
reagents and all other reagents were obtained from Sigma.

Animal models and animal surgery

The animal protocol was approved by the Animal Care and
Use Committee of the Renmin Hospital of Wuhan Univer-
sity, China. All surgeries and subsequent analyses were
performed in a blinded fashion. Full-length human Vinexin-
B cDNA was cloned downstream of the cardiac myosin
heavy chain (a-MHC) promoter. Transgenic mice were then
produced by microinjection of the a-MHC-Vinexin-f3 con-
struct into fertilised mouse embryos (C57BL/6 background).
Four independent transgenic lines were established. Trans-
genic mice were identified by PCR analysis of tail genomic
DNA. Primers were designed as follows: 5'-ATCTCCCCC
ATAAGAGTTTGAGTC-3' and 5'-GGGTGGGTCTTCCA
AGGTCCAGTCC-3'. The expected size for the amplifica-
tion product was 694 bp. The Vinexin-B knockout mouse
model was generously provided by the RIKEN Bio Resource
Center (BRC) through the National Bio Resource Project of
the MEXT, Japan.

AB was performed as described previously [20, 25, 40,
42]. Doppler analysis was carried out to ensure that ade-
quate constriction of the aorta had been induced. The
internal diameter and wall thickness of the left ventricle
(LV) were assessed by echocardiography at the indicated
times after surgery or infusion. The hearts, lungs, and tibiae
of the killed mice were collected and weighed for calcu-
lating the following ratios: heart weight (HW)/body weight
(BW) (mg/g), HW/tibial length (TL) (mg/mm), and lung
weight (LW)/BW (mg/g).

Blood pressure and echocardiography

A microtip catheter transducer (SPR-839, Millar Instru-
ments, and Houston, Texas) was inserted into the right
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carotid artery and advanced into the left ventricle. After
stabilisation for 15 min, the pressure signals and heart rate
were recorded continuously using an ARIA pressure—vol-
ume conductance system coupled to a Powerlab/4SP A/D
converter, stored, and displayed on a personal computer as
described previously [20, 25]. Echocardiography was per-
formed using a MyLab 30CV ultrasound (Biosound Esaote
Inc.) with a 10-MHz linear array ultrasound transducer.
The LV was assessed in both parasternal long- and short-
axis views at a frame rate of 120 Hz. End-systole or end-
diastole was defined as the phase in which the smallest or
largest area of LV, respectively, was obtained. The LV
end-systolic diameter (LVESD) and LV end-diastolic
diameter (LVEDD) were measured from the LV M-mode
trace, which had a sweep speed of 50 mm/s at the mid-
papillary muscle level.

Plasmid constructs

EGFP-myc-Akt plasmid was constructed by subcloning the
coding region of human AKT into the BamHI and Xhol
sites of the pSico-EGFP-myc-C1 vector. Specifically,
human AKT cDNA was PCR amplified using the primers
Akt-F and Akt-R, digested with BamHI and Xhol, and then
ligated into the pSico-EGFP-myc-C1 vector. pSico-Flag-
Vinexin-f plasmid was constructed by subcloning the
coding region of mouse Vinexin-f into the BamHI and
Xhol sites of the pSico-Flag-C1 vector. Specifically, mouse
Vinexin-f ¢cDNA was PCR amplified using the primers
Vinexin-F and Vinexin-R, digested with BamHI and Sall,
and then ligated into the pSico-Flag-C1 vector. All plas-
mids were verified by sequencing. The primers for PCR:
Vinexin-F, CGCGGATCCATGGCTGATGGAGGAAGC
CC; Vinexin-R, ACGCGTCGACTCACACCGGGGCAAC
GTAAT; Akt-F, ACGCGTCGACGGATCCGAATTCAT
GAGCGACGTGGCTATTGTGAA; Akt-R, ACGCCAAT
TGCTCGAGTCAGGCCGTGCCGCTGGCCGA.

Co-immunoprecipitation assays

To analyse the interaction of Akt and Vinexin-f in vivo,
co-immunoprecipitation assays were performed using
HEK?293T cells. HEK293T cells were lysed in RIPA buffer
containing a 1x protease inhibitor cocktail (Roche). The
cell lysates were incubated with the specified antibody and
Protein G Agarose (Roche) overnight at 4 °C. The resins
were collected by centrifugation and then washed four
times with NETN buffer. The bound proteins were eluted
with loading buffer (3 % SDS, 1.5 % B-mercaptoethanol,
8 % glycerol, 0.01 % Coomassie Brilliant Blue G-250,
150 mM Tris—HCl, pH 7.0), separated by SDS-PAGE, and
immunoblotted with the appropriate antibodies.

Western blotting

Cardiac tissue and cultured cardiomyocytes were lysed in
RIPA buffer. Protein extracts were isolated as described
previously [25]. Fifty microgram of the protein extracts
was used for SDS-PAGE. The proteins were then trans-
ferred to nitrocellulose membranes and probed with vari-
ous antibodies. After incubation with an IRDye® 800CW-
conjugated secondary antibody, the signals were visualised
using an Odyssey Imaging System. Specific protein
expression levels on the same nitrocellulose membrane
were normalised to that of GAPDH for the total cell lysate.

Histological analysis

Hearts were excised, placed immediately in a 10 %
potassium chloride solution to ensure that they were stop-
ped in diastole, washed with saline solution, and placed in
10 % formalin. The hearts were sectioned transversely and
close to the apex to visualise the left and right ventricles.
Several sections (4- to 5-um thick) were prepared and
stained with haematoxylin—eosin (HE) for histopathology
or picrosirius red (PSR) for collagen deposition analysis
and then visualised by light microscopy. To determine the
cross-sectional area (CSA) of the myocytes, the HE-stained
sections were used. A single myocyte was measured using
a quantitative digital analysis imaging system (Image-Pro
Plus 6.0). Between 100 and 200 myocytes in the left ven-
tricles were outlined in each group.

Recombinant adenoviral vectors and cultured neonatal
rat cardiac myocytes

To overexpress Vinexin-f, we used replication-defective
adenoviral vectors encompassing the entire rat Vinexin-3
cDNA coding region under the control of the cytomegalo-
virus (CMV) promoter. An adenoviral vector encoding the
GFP gene was used as a control. To knock down Vinexin-f3
expression, three rat shVinexin-f3 constructs were obtained
from SABiosciences (KR51403G). Next, we generated
three Ad-shVinexin-f3 adenoviruses and selected the one
that produced a significant downregulation of endogenous
Vinexin-f expression for further experiments. Ad-shRNA
was the non-targeting control. We infected cardiac
myocytes with Ad-Vinexin-f, Ad-GFP, Ad-shVinexin-f3, or
Ad-shRNA at a multiplicity of infection (MOI) of 10, which
resulted in transgene expression without toxicity in
95-100 % of the cells.

Neonatal rat cardiomyocytes (NRCMs) were prepared
as described previously [20, 25]. Briefly, cells from the
hearts of 1- to 2-day-old Sprague—Dawley rats were seeded
at a density of 1 x 10° cells/well in plating medium, which
consisted of F10 medium supplemented with 10 % FCS
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Fig. 1 Vinexin-f expression in failing human hearts and experi-
mental hypertrophic models. a Real-time PCR analysis of Vinexin-f3,
ANP, BNP, and B-MHC in human failing (n = 4) and donor hearts
(n = 4). b Representative Western blots of Vinexin-f in the hearts of
normal donors (n =5) and patients with heart failure (n =5).
¢ Immunofluorescence of the cardiac Vinexin-f protein in human

and penicillin/streptomycin, in 6-well culture plates coated
with fibronectin. After 48 h, the culture medium was
replaced with F10 medium containing 0.1 % FCS and
0.1 mM BrdU. Cell viability was determined by measuring
the cell number, frequency of contractions, cellular mor-
phology, and trypan blue exclusion. For cell infection,
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failing (n = 4) and donor hearts (» = 4). d Real-time PCR analysis of
Vinexin-f in WT hearts after AB at the indicated time points (n = 4).
e Representative Western blots of Vinexin-f in WT hearts after AB at
the indicated time points (n = 4). *P < 0.05 vs. normal donors or
sham. n indicates number of human hearts or mice hearts per
experimental group

cardiomyocytes were cultured at a density of 1 x 10°
cells/well in 6-well plates and exposed to 2 X 10® pfu each
of virus in 1 ml of serum-free medium for 24 h. The
cells were then washed and incubated in serum-containing
medium for 24 h. Subsequently, these myocytes
were infected with Ad-Vinexin-B, Ad-shVinexin-f3, and/or
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Fig. 2 Effects of Vinexin-B on myocyte hypertrophy in vitro.
a Protein expression levels of Vinexin-fB after infection with
Ad-Vinexin-f or Ad-shVinexin-B. Left panel representative blots,
right panel quantitative results (n = 4, n indicates repeated experi-
ments). b Representative images of neonatal rat cardiomyocytes
infected with Ad-shVinexin-f or Ad-Vinexin-f and treated with Ang
II. ¢ Analysis of CSA in the indicated groups (n = 100 =% cells,

Adca-AKT, Addn-AKT at a MOI of 10 for 12 h. The
culture medium was then replaced with serum-free medium
for 12 h, followed by stimulation with 1 pM Ang II for

n indicates number of cells outlined per experimental group). d Real-
time PCR analysis of ANP and B-MHC in neonatal rat cardiomyo-
cytes infected with Ad-shVinexin-f or Ad-Vinexin-f3 and treated with
PBS or Ang II (n = 4, n indicates repeated experiments). *P < 0.05
vs. Ad-shRNA or Ad-GFP/PBS. *P <0.05 vs. Ad-shRNA or
Ad-GFP/Ang 11

48 h. Adca-AKT was purchased from Applied Biological
Materials Inc. (Cat. #000551A), and Addn-AKT was con-
structed in our lab using the AKT dominant-negative
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vector (Addgene, Cat. #16243). Additional treatments are
described in the figure legends.

Immunofluorescent staining

Immunofluorescent staining was performed in tissue sec-
tions or NRCMs with a Vinexin-f antibody to determine
the expression levels of Vinexin-f, or with a-actinin anti-
body to access the CSA. Briefly, cardiac myocytes were
infected with different adenoviruses for 24 h and subse-
quently stimulated with 1 pM Ang II for 48 h. The cells
were then fixed with 3.7 % formaldehyde in PBS, perme-
abilised with 0.1 % Triton X-100 in PBS, and stained with
a-actinin at a dilution of 1:100 using standard immuno-
fluorescence staining techniques. For the tissue section
staining, the procedure was the same as that used for the
NRCM staining after de-parafinisation step (as described
above).

Human heart samples

Samples of human failing hearts were collected from the
left ventricles of dilated cardiomyopathy (DCM) patients
undergoing heart transplants. Control samples were
obtained from the left ventricles of normal heart donors
who died in accidents but whose hearts were not suitable
for transplantation for non-cardiac reasons. Written
informed consent was obtained from each DCM patient
undergoing transplant and the families of the prospective
heart donors. The samples were obtained according to the
regulations of the Ethical Committee at the Renmin Hos-
pital of Wuhan University.

Statistical analysis

The data are presented as the mean == SEM. Differences
among groups were determined by a two-way ANOVA
followed by a post hoc Tukey test. Comparisons between
two groups were performed using an unpaired Student’s
t test. A value of P < 0.05 was considered significant.

Results

Vinexin- expression in human failing hearts
and hypertrophic mouse hearts

To investigate whether Vinexin-f§ is involved in cardiac
hypertrophy, we first examined Vinexin-3 expression in the
left ventricles of seven DCM patients and six normal donor
hearts (Supplementary Table 1). A real-time PCR analysis
showed that the levels of Vinexin-3 mRNA were decreased
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by 48 £ 2 % in the failing DCM hearts, accompanied with
increased mRNA levels of foetal genes, such as ANP,
BNP, and B-MHC, compared with donor hearts (Fig. 1a).
Western blotting and immunostaining analyses consistently
demonstrated that the protein levels of Vinexin-B were
significantly decreased in the failing human hearts (Fig. 1b,
c). We then examined cardiac Vinexin-B expression in
response to pressure overload in mice. As expected, the
levels of both the Vinexin-B mRNA and protein in the
murine hearts progressively decreased over 2-4 weeks
after AB (Fig. 1d, e). Together, these findings suggest that
Vinexin-f is involved in cardiac hypertrophy.

Effect of Vinexin-f on myocyte hypertrophy in vitro

Next, we employed cultured neonatal rat cardiomyocytes
(NRCMs) to examine the possible role of Vinexin-f§ in
modulating myocyte hypertrophy. NRCMs were infected
with Ad-Vinexin-f to overexpress Vinexin-f or with
Ad-shVinexin-f to knock down endogenous Vinexin-f3
expression (Fig. 2a). Subsequently, these gene-modified
NRCMs were exposed to 1 uM Ang II for 48 h. We
observed that Ang II-induced hypertrophy was exaggerated
in Ad-shVinexin-B-infected cardiomyocytes, whereas it
was alleviated by overexpression of Vinexin-f§, as mea-
sured by CSA and the mRNA levels of the hypertrophy
markers ANP and B-MHC (Fig. 2b, c, d). These results
indicate that Vinexin-f3 may be a negative regulator in Ang
II-induced cell hypertrophy.

Characterisation of Vinexin-f knockout mice
and cardio-specific transgenic mice

To define the role of Vinexin-f in cardiac hypertrophy
in vivo, we generated a transgenic (TG) mouse model with
cardiac-specific overexpression of Vinexin-f§ using the
a-myosin heavy chain promoter (Fig. 3a). Western blot
analysis demonstrated that Vinexin-f was successfully
overexpressed in hearts from four TG mouse lines
(Fig. 3b). We then selected the mouse line that expressed
the highest levels of Vinexin-f in the heart (Tg.8) for the
following studies. Western blotting further confirmed that
Vinexin-f was specifically overexpressed in the heart but
not in any other tissues/organs (Fig. 3c). In addition, Vin-
exin-f knockout (KO) mice (provided by the RIKEN BRC,
Japan) were utilised in this study (Fig. 3d). The KO and
TG mice exhibited normal HW/BW and LW/BW ratios
compared with WT mice (Table 1). The degree of fibrosis
and the parameters of cardiac contractile function were also
similar among the KO, TG, and WT mice (Table 1). Thus,
these results indicate that Vinexin-f disruption or overex-
pression in the heart has no significant impact on normal
cardiac growth and function under basal conditions.
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Fig. 3 Characterisation of
transgenic mice with cardiac-
specific Vinexin-f expression
and global knockout mice.

a Schematic diagram of the
o-MHC-Vinexin-f} transgene
construct. b Representative
Western blots of human
Vinexin-f3 expression in the
heart tissue from four TG lines
and WT mice (n = 4).

¢ Representative Western blots
of transgene Vinexin-f
expression in various tissues
from TG mice as indicated

(n = 3). d Representative
Western blots showing that
Vinexin-f is absent in the heart
tissue of Vinexin-f knockout
mice (n = 4). n indicates
number of mice per
experimental group
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Table 1 Characterisation of Vinexin-f knockout mice and cardiac-specific transgenic mice

Parameter + Vinexin ™/~ NTG TG

Mice (n) 13 10 12

BP (mmHg) 789 £5.0 81.3 £ 4.0 793 £ 29 82.5 £ 3.0
HW/BW (mg/g) 4.38 £ 0.10 422 £0.11 4.28 £ 0.10 4.17 £ 0.09
LW/BW (mg/g) 535+ 0.12 5.17 £ 0.10 524 £0.13 5.15+£0.14
HW/TL (mg/mm) 6.49 £ 0.09 6.26 £ 0.12 6.42 £ 0.12 6.22 £ 0.12
HR (bpm) 557.00 £ 23.70 565.40 £+ 17.86 522.40 £ 26.24 535.20 £+ 21
IVSd (mm) 0.64 £ 0.02 0.67 £ 0.01 0.62 + 0.02 0.68 £ 0.02
LVEDd (mm) 3.60 + 0.05 3.68 + 0.06 3.70 £ 0.07 3.70 + 0.04
LVPWd (mm) 0.65 £ 0.01 0.70 £ 0.01 0.63 + 0.01 0.66 £ 0.02
IVSs (mm) 1.02 + 0.01 1.01 £ 0.02 1.00 £ 0.00 1.06 + 0.03
LVESd (mm) 2.05 £ 0.04 2.10 £ 0.07 2.07 £0.03 2.12 £ 0.09
LVPWs (mm) 1.03 + 0.02 1.10 + 0.00 1.05 £ 0.02 1.04 + 0.03
EF (%) 80.83 £ 0.98 80.00 £ 1.90 80.40 £ 1.33 80.20 £ 0.66
FS (%) 43.67 + 0.84 43.00 + 1.89 43.20 + 1.20 42.80 £+ 0.73
Effect of Vinexin-B deficiency on cardiac hypertrophy this end, Vinexin-B KO and control WT mice were sub-
in vivo jected to AB for 2 weeks (note: longer AB caused most of

the instances of KO mouse death; thus, 2-week AB was

We first determined the effects of Vinexin-B-null on selected for study). As a control, some mice underwent a
chronic pressure overload-induced cardiac hypertrophy. To ~ sham operation. The results of the gross heart, HE and
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Fig. 4 Effects of Vinexin-f deficiency on cardiac hypertrophy.
a Gross hearts, HE and WGA-FITC staining 2 weeks after sham
or AB surgery. b Statistical results of the myocyte CSA
(n = 100 = cells, n indicates number of cells outlined per experi-
mental group) and HW/BW, LW/BW and HW/TL ratios (n = 12-14,
n indicates number of mice per experimental group) of the indicated
groups. ¢ The AB-induced expression of hypertrophic markers (ANP,
BNP, and Actal) was determined by real-time PCR analysis in WT
and KO mice (n = 4, n indicates number of mice per experimental
group). d Echocardiography results for the measurement of

WGA-FITC staining displayed an exaggerated hypertro-
phic effect of Vinexin-f deficiency on cardiac remodelling
after AB (Fig. 4a). Furthermore, the cell CSA and the
ratios of HW/BW, HW/TL, and LW/BW were significantly
increased in the KO mice compared with the WT mice
upon 2-week AB (Fig. 4b). Consistently, the induction of
hypertrophic marker expression, e.g., ANP, BNP and
Actal, was significantly enhanced in the KO mice com-
pared with the WT mice after AB (Fig. 4c). As a result, the
KO mice exhibited aggravated cardiac dilation and dys-
function compared with the WT mice, as evidenced by
echocardiograph parameters, e.g., LVEDD, LVESD,
LVEF, and LVFES (Fig. 4d).

Fibrosis is a classic feature of pathological cardiac
hypertrophy, which is characterised by the accumulation of
collagen in the heart. We therefore examined the effect of
Vinexin-B-null on cardiac fibrosis following 2-week aortic
banding. As shown in Fig. 4e, marked perivascular and
interstitial fibrosis were observed in the WT mice after AB,
but these features were remarkably aggravated in KO
hearts. The quantitative results showed an increased col-
lagen volume in KO hearts compared with WT hearts
(Fig. 4f). Accordingly, the mRNA levels of known fibrosis
mediators, including collagen I, collagen III, transforming
growth factor (TGF)-B2, and fibronectin, were remarkably
elevated in KO hearts compared with WT hearts, indicating
a pronounced fibrotic response in the KO mice (Fig. 4g).
Taken together, these data suggest that Vinexin-f defi-
ciency promotes cardiac hypertrophy and dysfunction in
response to pressure overload.

Effect of Vinexin-f overexpression on cardiac
hypertrophy in vivo

To further determine the effect of Vinexin-f3 overexpres-
sion on cardiac hypertrophy, we applied 8-week AB to
Vinexin-B TG mice. Histological analysis from gross heart
examinations and HE and WGA-FITC staining demon-
strated an inhibitory effect of Vinexin-f on cardiac
hypertrophy after AB (Fig. 5a). Moreover, Vinexin-f-
mediated anti-hypertrophic effects were also evidenced by
a reduced CSA and HW/BW, HW/TL, and LW/BW ratios
(Fig. 5b). In addition, the mRNA levels of hypertrophic

myocardial function in WT and KO mice (n = 8-9, n indicates
number of mice per experimental group). e PSR staining of
histological LV sections was performed on the indicated groups
2 weeks after AB. f Fibrotic areas in the histological sections were
quantified using an image analysis system (n = 5, n indicates number
of mice per experimental group). g A real-time PCR analysis was
performed to determine mRNA expression levels of collagen I,
collagen III, TGF-B2, and fibronectin in the indicated mice (n = 4,
n indicates number of mice per experimental group). *P < 0.05 vs.
WT/sham; *P < 0.05 vs. WT/AB

markers (i.e., ANP, BNP and Actal) in the TG mice were
significantly decreased compared with the NTG mice after
AB (Fig. 5c). The increase in the LV chamber dimension
and the decrease in the LVEF and LVFS induced by
pressure overload were also markedly attenuated in the TG
mice compared with the NTG mice (Fig. 5d). Next, we
examined the effects of Vinexin-f§ overexpression on car-
diac fibrosis and observed that AB-induced perivascular
and interstitial fibrosis were attenuated in the TG mice
compared with their NTG littermates (data not shown).
Such an anti-fibrotic effect of Vinexin-§ was supported by
subsequent analysis of collagen volume and fibrosis marker
expression (collagen I and III, TGF-P and fibronectin) (data
not shown). Together, these data clearly suggest that
overexpression of Vinexin-f protects against pressure
overload-induced cardiac hypertrophy and failure.

Effect of Vinexin-f overexpression on the AKT
signalling pathway

To explore the molecular mechanisms underlying Vinexin-
B-mediated anti-hypertrophy, we first examined the effect
of Vinexin-B overexpression on the MAPK signalling
cascade. We found that the degree of AB-induced activa-
tion of MEK1/2, ERK1/2, and p38 was similar between
groups (KO vs. WT, and TG vs. NTG; data not shown).
Given that the AKT cascade is another important signalling
pathway involved in cardiac hypertrophy, we then deter-
mined whether Vinexin-B affects the AB-induced AKT
signalling response. Activation of AKT and its downstream
targets, including GSK3p and forkhead box O3A
(FOXO03A), were examined in KO and WT hearts. Western
blot analysis revealed that Vinexin-p deficiency signifi-
cantly enhanced the AB-induced phosphorylation of AKT,
GSK3pB, and FOXO3A (Fig. 6a, b). Conversely, the
AB-induced elevation of phosphorylated AKT and its
downstream targets were markedly abrogated in the TG
hearts compared with the non-TG hearts (Fig. 6c, d). These
data suggest that the anti-hypertrophic effect of Vinexin-3
may be mediated by the inhibition of the AKT signalling
pathway rather than the MAPK pathway. To further
confirm the inhibitory effect of Vinexin-B on AKT sig-
nalling, we infected neonatal rat cardiomyocytes with
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Fig. 5 Effects of Vinexin-f overexpression on cardiac hypertrophy.
a Gross hearts, HE and WGA-FITC staining in the indicated mice
8 weeks after sham or AB surgery. b Statistical results for the
myocyte CSA (n = 100 =% cells, n indicates number of cells outlined
per experimental group) and HW/BW, LW/BW and HW/TL ratios
(n = 11-15, n indicates number of mice per experimental group) of
the indicated groups. ¢ The AB-induced expression of hypertrophic

Ad-Vinexin-B, Ad-GFP, Ad-shVinexin-B, or Ad-shRNA
and then exposed the cells to 1-uM Ang II for 48 h. The
Western blotting results showed that the Ang II-triggered
activation of AKT/GSK3B/FOXO3A was significantly
attenuated by infection with Ad-Vinexin- (overexpres-
sion) but was promoted by infection with Ad-shVinexin-f
(knockdown) (Fig. 6e, f, g, h). Taken together, these results
indicate that Vinexin-f3 blocks the AKT signalling acti-
vated by Ang II in cardiomyocytes.

To determine whether the anti-hypertrophic effects of
Vinexin-f are dependent on the activation of AKT, we co-
infected neonatal rat cardiomyocytes with Ad-shVinexin-f3
plus Addn-AKT (dominant negative mutation of AKT to
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markers was determined by real-time PCR in NTG and TG mice
(n =4, n indicates number of mice per experimental group).
d Echocardiography results for myocardial function measurements
in NTG and TG mice (n = 11-15, n indicates number of mice
per experimental group). *P < 0.05 vs. NTG/sham; *P < 0.05 vs.
NTG/AB

inhibit AKT activity), or Ad-Vinexin-f plus Adca-AKT
(constitutively active AKT), or Ad-shVinexin-f plus Akt
inhibitor (10 uM, LY294002) and then exposed the cells to
Ang II for 48 h. The results of the CSA analysis showed that
among the shRNA-infected groups (Fig. 6i, left and middle
panel, blue bars), Ang II-induced myocyte hypertrophy was
attenuated in the Addn-AKT-infected or Akt inhibitor-
treated cells compared with the control cells. Specifically,
the acceleration of Ang II-induced cell hypertrophy caused
by Vinexin-f§ knockdown was dramatically reduced by the
overexpression of dominant negative AKT or treating with
Akt inhibitor (Fig. 6i, left and middle panel, red bars).
In gain-of-function experiments, we observed that Ang
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Fig. 6 Effects of Vinexin-f on the AKT signalling pathway. a Repre-
sentative Western blots of total and phosphorylated AKT, GSK3p, and
FOXO3A in KO and WT mice 2 weeks after sham or AB surgery.
b Quantitation of the levels of phosphorylated AKT, GSK3f, and
FOXO3A in KO and WT mice (n = 3, n indicates number of repeated
experiments). *P < 0.05 vs. WT/sham; *P < 0.05 vs. WT/AB. ¢ Repre-
sentative Western blots of total and phosphorylated AKT, GSK38, and
FOXO3A in TG and NTG mice 8 weeks after sham or AB surgery.
d Quantitation of the levels of phosphorylated AKT, GSK3f, and
FOXO3A in TG and NTG mice (n = 3, n indicates number of repeated
experiments). *P < 0.05 vs. NTG/sham; *P < 0.05 vs. NTG/AB.
e Representative Western blots of total and phosphorylated AKT, GSK3p,
and FOXO3A in neonatal rat cardiomyocytes infected with Ad-shVin-
exin-f and treated with PBS or Ang IL f Quantitation of the levels of
phosphorylated AKT, GSK3f, and FOXO3A in the indicated groups after
infection with Ad-shVinexin-f and exposure to PBS or Ang II (n = 3,
n indicates number of repeated experiments). *P < 0.05 vs. Ad-shRNA/
PBS; *P < 0.05 vs. Ad-shRNA/Ang II. g Representative Western blots of
total and phosphorylated AKT, GSK3, and FOXO3A in neonatal rat
cardiomyocytes after infection with Ad-Vinexin-f and exposure to PBS or
Ang II. h Quantitation of the levels of phosphorylated AKT, GSK3, and

FOXO3A in the indicated groups after infection with Ad-Vinexin-f and
exposure to PBS or Ang II (n = 3, n indicates number of repeated
experiments). *P < 0.05 vs. Ad-GFP/PBS; *P < 0.05 vs. Ad-GFP/Ang
IL. i Left panel: Neonatal rat cardiomyocytes were infected with Ad-
shVinexin-f with or without Addn-AKT, followed by treatment with
1 uM Ang IIfor 48 h. The CSA of the cardiomyocytes was then measured
(see “Methods”) and revealed that the acceleration of myocyte hyper-
trophy by Vinexin-f§ knockdown was attenuated by the overexpression of
dominant negative AKT (Addn-AKT). Middle panel The Akt inhibitor
LY294002 blunted the acceleration of myocyte hypertrophy caused by
Vinexin-f knockdown. Right panel The Vinexin-f-mediated inhibition of
myocyte hypertrophy was promoted by the activation of AKT (Adca-
AKT). n =100 =% cells, n indicates number of cells outlined per
experimental group, *P < 0.001 vs. control, respectively. j Co-immuno-
precipitation experiments showing the physical interaction between
Vinexin-f§ and AKT. HEK293T cells were transiently transfected with the
mammalian expression vectors Flag-Vinexin-f and/or EGFP-myc-AKT.
The cell lysates were immunoprecipitated with an anti-Myc (leff) or anti-
Flag antibody (right) and immunoblotted with an anti-Flag or anti-Myc
antibody, respectively
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[TI-induced cell hypertrophy was suppressed by the over-
expression of Vinexin-f (Fig. 6i, right panel, red bars).
However, the suppression of Ang II-induced cell hyper-
trophy by the overexpression of Vinexin-f (Fig. 6i, right
panel, red bars) was released by the constitutive activation
of AKT. Collectively, these data suggest that the regulatory
role of Vinexin-f in pathological cardiac hypertrophy is
dependent, at least partly, on the activation of AKT. The
inhibition of AKT signalling by Vinexin-f prompted us to
investigate whether Vinexin-f directly interacts with AKT.
Therefore, we constructed plasmids for the expression of
Flag-tagged Vinexin-B and EGFP-Myc-labelled AKT.
Using co-immunoprecipitation, we observed a direct inter-
action between Vinexin-f§ and AKT (Fig. 6j).

Discussion

The major finding of this study is that overexpression of
Vinexin-f protects against maladaptive hypertrophy, dila-
tation, and fibrosis in response to chronic pressure overload,
whereas disruption of Vinexin-f expression exaggerates
pathological cardiac remodelling and fibrosis. To the best of
our knowledge, these findings are the first direct evidence
that Vinexin-f plays an important role in modulating mal-
adaptive cardiac remodelling and activating hypertrophic
signalling pathways in response to pressure overload.

Vinexin- 3 expression was significantly downregulated in
failing human hearts and hypertrophic mouse hearts.
According to our findings that the transgenic overexpres-
sion of Vinexin-f in the heart attenuated AB-induced car-
diac hypertrophy and fibrosis, whereas loss of Vinexin-3
resulted in an exaggerated response of pathological cardiac
remodelling, the reduced expression of endogenous Vin-
exin-P observed in human failing hearts is likely maladap-
tive. These results strongly suggest that Vinexin-3 plays an
important role in protecting the heart against maladaptive
responses to stress. Nonetheless, how Vinexin-f expression
is regulated, especially during the transition from cardiac
hypertrophy to failure, is currently unknown. A recent study
reported that the mTOR-MEK/ERK pathway is involved in
the regulation of Vinexin-f expression in v-Src-transformed
cells [38]. Hence, it will be interesting to test whether this
pathway affects Vinexin-f3 expression in the heart.

The anti-hypertrophic effect of Vinexin-f is intriguing.
It is generally accepted that a mechanical signal induced by
pressure overload will initiate a cascade of biological sig-
nalling transduction pathways that increase cardiomyocyte
growth and collagen synthesis [9, 10, 12-16, 18, 24, 31, 39,
41, 44]. Previous studies by our group and others have
demonstrated that the MAPK pathway is critical in the
process of cardiac hypertrophy [2, 3, 28, 33]. The MAPK
cascade comprises a sequence of successive kinases,
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including p38, JNKs, and ERKs. These kinases directly
modify transcription regulatory factors, reprogram cardiac
gene expression, and produce cardiac hypertrophy [12].
While previous reports have shown that Vinexin-f§ modu-
lates the activation of JNK and ERK2 in adherent cells
[1, 37]; in the present study, either overexpression or
knockdown of Vinexin-f did not alter the levels of phos-
phorylated ERK1/2 or p38 MAPK in the heart. This result
suggests that the regulatory role of Vinexin-f in the MAPK
cascade may be tissue/cell dependent. We then examined
the AKT signalling pathway (AKT-GSK3B-FOXO), an
additional key contributor to the development of cardiac
hypertrophy [4, 8, 20, 32]. It has been reported that the
activation of AKT and FOXO via phosphorylation pro-
duces pro-hypertrophic effects in cardiomyocytes [7, 11].
GSK-38 is a negative regulator of the calcineurin/nuclear
factor in activated T cell signalling and cardiac hypertro-
phy, and it is inactivated by phosphorylation upon hyper-
trophy stimulation [11]. An important finding from this
study is that AKT activation was almost entirely blunted by
the cardiac expression of human Vinexin-f§, whereas the
phosphorylation levels of AKT were further increased by
the loss of Vinexin-B expression in response to chronic
pressure overload. Consistent with AKT activation, AB
induced significant phosphorylation of GSK3f and FOXO,
which was attenuated by Vinexin-3 overexpression. More
importantly, disruption of Vinexin-f3 expression resulted in
a pronounced activation of GSK3 and FOXO. Therefore,
AKT signalling is a critical pathway through which Vin-
exin-f mediates its anti-hypertrophic effect. The identifi-
cation of AKT as a Vinexin-B-interacting protein in our
study suggests that the functional role of Vinexin-f in the
heart may be dependent on AKT activation. Consistent
with this notion, we observed that overexpression of AKT
recovered Vinexin-B-depressed cardiomyocyte hypertro-
phy, whereas inactivation of AKT suppressed Ad-shVin-
exin-B-induced hypertrophy, indicating that the inhibitory
effects of Vinexin-B on cardiac hypertrophy are largely
mediated through AKT signalling. Nonetheless, it should
be noted that the induction of cardiac hypertrophy is a
result of the triggering of several signal transduction
pathways, such as the calcineurin/nuclear factor of acti-
vated T cells signalling pathway and the nuclear factor-kB
signalling pathway. Therefore, we cannot exclude the
possible role of the aforementioned pro-hypertrophic sig-
nalling pathways in the mechanism of Vinexin-f.
Currently, there is controversy concerning the regulatory
role of AKT in cardiac hypertrophy. Certain investigators
have reported that the cardiac-specific overexpression of
constitutively active AKT activates downstream targets and
promotes cardiac hypertrophy, which is associated with
impaired contractile function and interstitial fibrosis [19,
29, 35]. However, additional experiments have produced
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different results. For example, Condorelli et al. [5] observed
that cardio-selective AKT overexpression significantly
increased cardiomyocyte cell size and concentric LV
hypertrophy, which was associated with increased cardiac
contractility. DeBosch et al. [6] reported that AKT-deficient
mice have similar heart weights and cardiac function
compared with WT mice. Furthermore, AKT-deficient mice
were shown to be resistant to exercise-induced cardiac
hypertrophy. In contrast, AKT-deficient mice developed an
exacerbated form of cardiac hypertrophy in response to
transverse aortic constriction. These observations suggest
that AKT is a pivotal regulatory switch that promotes
physiological cardiac hypertrophy and antagonises patho-
logical hypertrophy. Using TG mice with cardiac-specific
inducible AKT expression, Shiojima et al. [36] showed that
short-term AKT activation induces physiological hyper-
trophy and a moderate increase in heart size, whereas pro-
longed AKT activation produces pathological hypertrophy
with a much larger increase in heart size. Therefore, in the
heart, short-term AKT activation induces physiological
hypertrophy, whereas long-term AKT activation promotes
pathological hypertrophy. Herein, transgenic mice that
overexpressed Vinexin-f had markedly blunted AKT sig-
nalling, whereas Vinexin-fB-deficient mice had significantly
enhanced AKT signalling that was induced by 2-week AB.
These findings suggest that Vinexin-f3 may be an endoge-
nous AKT signalling inhibitor.

In conclusion, the work herein is the first evidence that
Vinexin-f} protects against cardiac hypertrophy and fibrosis
in response to pressure overload. The underlying mecha-
nism for the protective role of Vinexin-f in the develop-
ment of cardiac hypertrophy is related to the inhibition of
the AKT signalling pathway. Therefore, we propose that
targeting Vinexin-f is a promising approach for treating or
preventing cardiac hypertrophy.
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