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Abstract

Cardiac fibrosis caused by adverse cardiac remodeling following myocardial infarction can eventually lead to heart failure.
Although the role of soluble factors such as TGF-f is well studied in cardiac fibrosis following myocardial injury, the physi-
ological role of mechanotransduction is not fully understood. Here, we investigated the molecular mechanism and functional
role of TRPV4 mechanotransduction in cardiac fibrosis. TRPV4KO mice, 8 weeks following myocardial infarction (MI),
exhibited preserved cardiac function compared to WT mice. Histological analysis demonstrated reduced cardiac fibrosis in
TRPV4KO mice. We found that WT CF exhibited hypotonicity-induced calcium influx and extracellular matrix (ECM)-
stiffness-dependent differentiation in response to TGF-f1. In contrast, TRPV4KO CF did not display hypotonicity-induced
calcium influx and failed to differentiate on high-stiffness ECM gels even in the presence of saturating amounts of TGF-1.
Mechanistically, TRPV4 mediated cardiac fibrotic gene promoter activity and fibroblast differentiation through the activation
of the Rho/Rho kinase pathway and the mechanosensitive transcription factor MRTF-A. Our findings suggest that genetic
deletion of TRPV4 channels protects heart from adverse cardiac remodeling following MI by modulating Rho/MRTF-A
pathway-mediated cardiac fibroblast differentiation and cardiac fibrosis.
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Introduction

Coronary heart disease (CHD) is the leading cause of death
in the USA [7]. Multiple stimuli including hypertension,
smoking, aortic stenosis, myocardial infarction and stress
alter the biochemical and mechanical properties of the myo-
cardium, leading to pathological remodeling which results
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in heart failure [4, 9, 11, 24, 30, 41, 42, 44]. Adaptation of
the heart after injury is critical for maintaining long-term
cardiac function in the surviving patients. Therefore, the
clinical management of cardiac fibrosis after injury such as
MI presents a major challenge [4, 6, 18, 33, 36, 44]. After
cardiac injury, myocardium undergoes remodeling process
which frequently exhibits adverse effects like excessive
extracellular matrix (ECM) deposition, resulting in com-
promised heart function [12, 28, 41, 48].

Cardiac fibroblasts (CF) are critical for maintaining the
structural integrity of the myocardium by balancing ECM
turn over. Cardiac injury or insult triggers cardiac fibroblast
differentiation into hypersecretory and hyper-contractile
myofibroblasts (MF). However, persistent activation of MF
increases ECM synthesis that can eventually lead to patho-
logical fibrosis [26, 31, 61]. CF differentiation requires
integration of both biochemical and mechanical signaling
pathways [17, 39, 49]. Although signaling produced by sol-
uble factors has been studied extensively, the sensing and
biochemical transduction mechanisms that integrate soluble
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and mechanical signaling during CF differentiation are not
well understood.

We have recently, for the first time, shown that mechano-
sensitive ion channel transient receptor potential vanilloid
4 (TRPV4) mediates rat cardiac fibroblast (rCF) differen-
tiation via integration of soluble and mechanical signaling
in vitro [3]. In fact, TRPV4 was identified as a mechanosen-
sor of osmotic cell swelling [38, 53], matrix viscoelasticity
in mesenchymal stem cells [37], flow-induced shear stress
in endothelial [23, 32, 46] and renal collecting duct cells [8].
We have previously demonstrated that TRPV4 is a mecha-
nosensor of cyclic stretch and ECM stiffness in endothelial
cells and negatively regulates tumor angiogenesis in vivo
[2, 10, 29, 54-56]. However, the pathophysiological role
of TRPV4 and TRPV4-dependent mechanotransduction
mechanism(s) in myocardial adaptation (cardiac remode-
ling) in response to injury/insult is not known. In the present
study, we investigated the physiological role of TRPV4 in
cardiac remodeling following MI and dissected the molecu-
lar mechanisms responsible for its role in CF differentiation.

Material and methods
Materials

GSK1016790A (GSK), EDA fibronectin (EDA-FN) and
alpha-smooth muscle actin (a-SMA; A2547) antibodies
were purchased from Sigma-Aldrich (St. Louis, MO, USA);
lipofectamine 2000, Fluo-4 AM, Fura-2 AM and Alexa-con-
jugated secondary antibodies were purchased from Invitro-
gen (Carlsbad, CA, USA). AB159908 (AB1) was obtained
from ABCR GmbH (Germany). TGF-f1 was purchased from
PeproTech (Rocky Hill, NJ, USA). CCG1423 and Y27623
(Y27) were purchased from Cayman Chemicals (Ann Arbor,
MI, USA). siLentFect and clarity ECL chemiluminescent
reagent were obtained from Bio-Rad (Hercules, CA, USA),
MRTF-A siRNA (M-054350-01) from Dharmacon (Lafay-
ette, CO, USA), and MRTF-A (SC-32909) antibody from
Santa Cruz Biotechnology (Dallas, TX, USA). Rho kinase
activity assay and luciferase assays kits were acquired from
Cyclex (Japan) and Promega (Madison, WI, USA), respec-
tively. Stiffness gels (0.2, 8, 50 kPa) were obtained from
Matrigen Life Technologies (Berea, CA, USA). pGL3-a-
SMA and pGL3-colla2 plasmids were kindly gifted by Dr.
Eric Small (Mayo Clinic, Rochester, NY, USA).

Animals
All animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at Northeast

Ohio Medical University (NEOMED). WT and TRPV4KO
mice in C57BL/6J background [1, 62] were fed a standard
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diet and water ad libitum and kept under a 12-h light/dark
cycle.

Myocardial Infarction (M)

Myocardial infarction was induced in WT and TRPV4KO
male mice (12-16 weeks of age) by ligating left anterior
descending (LAD) artery as previously described [40].
Briefly, mice were first given atropine sulfate (0.04 mg/kg
body wt, i.m.; Phoenix Scientific, St. Joseph, MO, USA) as
a pre-anesthetic and intubated with 20-gauge angio-catheter
which was connected to rodent ventilator. The mouse was
lied on supine position and continuously anesthetized with
2-3% isoflurane through the ventilator. The heart was exteri-
orized by making an incision in between 4 and 5th ribs, and
LAD was permanently ligated with 8-0 suture. The induc-
tion of infarction was confirmed with ST elevation in EKG
apparatus (Mouse Monitor, Indus Instruments). After the MI
surgery, mice were administered with analgesics Buprenex
(0.03 mg/kg) and anesthesia was stopped. The mouse was
monitored until it recovered from anesthesia and have nor-
mal behavior and then transferred to animal facility.

Thoracic echocardiography

Cardiac function was assessed using a Vevo770 system (Vis-
ualSonics Inc., Toronto Canada) with a 710B-075 transducer
(20-30 MHz) with a frame rate of 40-60 Hz. Animals were
anesthetized with 2-3% isoflurane through a nose cone, and
parasternal short- and long-axis 2D-M-mode images were
acquired at mid-papillary level. All measurements were
calculated offline by a blinded reviewer using Vevo770/3.0
software.

Immunohistochemistry

Cardiac fibrosis was analyzed from the heart paraffin sec-
tions. Briefly, heart sections (10 um) were deparaffinized and
rehydrated with serial washes with xylene, ethanol (100, 90
and 70%) and water. Then, the sections were stained with
picrosirius red staining followed by acquiring bright-field
images and 2 X images were used to measure percent col-
lagen deposition using ImageJ software. Additionally, indi-
vidual collagen types were observed using polarized light
microscopy on PSR-stained sections. The presence of red
to orange birefringence indicates collagen I, whereas green
to yellowish suggests collagen III under polarized light [58].

Cardiac fibroblast isolation and culture
Cardiac fibroblasts (CF) were isolated from adult male, WT

and TRPV4KO mice as stated in the previously described
protocol with minor modifications [3]. Briefly, hearts from
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4 to 6 mice were minced into small pieces which were incu-
bated with 0.75 mg/mL of collagenase 2 and trypsin for
1 h and then cell suspension was centrifuged and plated on
60-mm dishes. Cells were cultured in low-glucose DMEM
supplemented with 10% FBS, Nu serum IV, pen/strep, insu-
lin-transferrin-selenium (ITS), FGF, VEGF and heparin.
Cells from passage 1 to 2 were used for calcium and TGF-
B1l-induced differentiation experiments. Rat cardiac fibro-
blasts (rCFs) were isolated from adult male Sprague Dawley
rats, and cells were cultured in low-glucose DMEM media
with 10% FBS and 1% pen/strep [3]. Cells from passages 1
to 3 were used for promoter activity assays. mCFs at pl were
plated on the collagen-I-coated varying stiffness gels (0.2, 8
and 50 kpa) for 4 h. Bright-field images were acquired using
4 x with IX51 Olympus microscope, and cell spreading was
measured using ImageJ analysis.

Calcium imaging

WT and TRPV4KO CF cultured on MatTek dishes coated
with collagen I were loaded with Fluo-4/AM (3 uM) for
20 min and then visualized on Olympus IX80/FV-1000
confocal microscope. Cells were stimulated with GSK
(100 nM), and images were acquired every 3 s up to 5 min
and analyzed using MetaMorph basic software and Micro-
soft Excel as previously described [1-3]. In the indicated
experiments, cells were pre-treated with TRPV4 antagonists:
AB1 (10 pM) for 20 min. In some experiments, calcium
influx was measured using Fura-2/AM as described previ-
ously [5] and data are presented as the ratio of fluorescence
340/380 nm. To investigate TRPV4 mechanosensitivity in
CF, we measured hypotonicity-evoked membrane stretch-
induced calcium influx. Briefly, Fluo-4-loaded WT and
TRPV4KO CF were exposed to either isotonic solution
(~300 mOSM) (139 mM NaCl, 5 mM KCI, 0.5 mM MgCl,,
1.3 mM CaCl,, 5 mM glucose, 10 mM HEPES, pH 7.4)
or hypotonic solution (~ 140 mOSM) 50 mM NaCl, 5 mM
KCl, 0.5 mM MgCl,, 1.3 mM CaCl,, 5 mM glucose, 10 mM
HEPES, pH 7.4).

CF differentiation and immunofluorescence

CF were serum-starved for 24 h and stimulated with TGF-$1
(10 ng/mL) or GSK (100 nM) for 24 h. For inhibitor studies,
cells were pre-treated with Y27 (10 uM) or AB1 (10 uM)
for 20 min prior stimulation. Cells were then rinsed with
phosphate-buffered saline and fixed with PBS containing
4% paraformaldehyde for 20 min, permeabilized with 0.25%
Triton-X100 for 15 min, and blocked with 10% serum-con-
taining media for 30 min. Cells were then incubated with
the primary antibodies (a-SMA 1: 250; MRTF-A 1:100;
ED-A-FN 1:100) followed by Alexa Fluor-conjugated sec-
ondary antibodies (1:500). Images were obtained using an

Olympus IX80 fluorescence or IX81 confocal microscope
and processed using ImageJ] (NIH) software. In some stud-
ies, CF were cultured on ECM gels of varying stiffnesses
(0.2, 8 and 50 kPa, serum-starved for 24 h and then treated
with TGF-B1 for 24 h. a-SMA expression and its incorpora-
tion into stress fibers were used as an indicative of differen-
tiation into myofibroblasts (MF), which was independently
confirmed by measuring the expression of EDA-FN as previ-
ously described [3].

siRNA transfection

CF were transfected with 10 nM mouse MRTF-A-specific
SMART pool siRNAs (Dharmacon) using siLentFect
reagent (Bio-Rad). After 48 h, MRTF-A knockdown was
assessed using quantitative real-time PCR and WB.

Rho kinase assay

mCFs were stimulated with TGF-p1 with or without
AB1(10 uM) or CCG1423 (10 uM) for 1 h, and the cells
were lysed with 0.1% Triton X-100 lysis buffer containing
phosphatase and protease inhibitors. Lysates were centri-
fuged, and equal protein concentration was used to analyze
Rho kinase activity by employing Rho kinase activity assay
kit (Cyclex, Japan) according to manufacturer’s instructions.

Promoter activity assay

We have used rCF for the promoter activity assays as they
were easier to transfect and show higher expression of
reporter genes compared to mCF. We have previously shown
that TRPV4 is required for rCF differentiation by TGF-f1
[3]. Briefly, rCFs were transiently transfected with pGL3-
a-SMA or pGL3-Colla2 [52, 57] using lipofectamine 2000
(Invitrogen) transfection reagent. After 24 h of transfection,
cells were serum-starved for overnight and treated for 1 h
with TGF-B1 or TRPV4 agonist (GSK) in the presence or
absence of TRPV4 antagonist (AB1) or MRTF-A antagonist
(CCG1423; 10 uM). Then, cells were lysed, and luciferase
activity was measured according to manufacturer’s protocol.
pSV-p-gal was used as internal control for transfection, and
the luciferase activity was normalized with p-galactosidase
activity.

Quantitative PCR

RNA was isolated from the cells using an RNeasy Mini Kit
(Qiagen), and cDNA was synthesized using qScript cDNA
SuperMix (Quanta Biosciences). Real-time PCR (RT-PCR)
was performed using the GoTaq Master Mix (Promega) and
Fast SYBR Green Master Mix (Applied Biosystems) on the
Bio-Rad thermocycler and Fast Real-Time PCR System
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(Applied Biosystems), respectively, for mouse TRPV4
(F-CCTGCACATTGCCATCGAAC, R-ATCCTT GGGCTG
GAAGC), mouse MRTF-A (F-CCCTGGTTAAGAGAC
TGTG, R-GCTGAAATCTCTCCACTCTGAA) and mouse
GAPDH (F-GGGTCCCAGCTTGGTTCATC, R-ATCCGT
TCACACCGACCTTC). Gene expression was normalized to
GAPDH expression and represented as a relative expression.

Western blotting

Cells were lysed with 1% Triton X-100 containing protease
and phosphatase inhibitors; protein concentration was meas-
ured using BCA protein assay (Thermo Scientific). Lysates
were subjected to 4-20% SDS-PAGE gel electrophoresis and
then transferred onto PVDF membrane; PVDF membrane
was blocked with 5% milk and then incubated overnight
with primary antibodies (MRTF-A, 1:500; Tubulin, 1:2000).
Membranes were then washed with TBST (X 3) and incu-
bated with HRP-conjugated secondary antibodies (1:10,000)
for 1 h at room temperature. After incubation, membranes
were washed with TBST (x 3), incubated with chemilumi-
nescence reagent and developed using ProteinSimple. The
intensity of protein bands was quantified using the ImageJ.

Statistical analysis

Statistical analysis was performed using one-way and two-
way ANOVA followed by Tukey post hoc analysis or Stu-
dent’s 7 test, and the significance was set at p <0.05.

Results

TRPV4KO mice exhibit preserved myocardial
integrity and cardiac function following MI

To investigate whether TRPV4 plays a critical physiological
role in cardiac fibrosis/remodeling following injury, WT and
TRPV4KO mice were subjected to MI by permanently ligat-
ing the LAD and monitored cardiac function for 8 weeks.
We found that TRPV4KO mice exhibited improved survival
rates compared to the WT mice in response to MI (Fig. 1a).
Additionally, we found that WT-MI exhibited anterior wall
akinesis, increased LV diameter, LV volume and reduced LV
wall thickness compared to TRPV4KO-MI mice (Fig. 1b—d;
echocardiographic measurements in Table 1). Immunohis-
tology and serial 2D echocardiography revealed no com-
parable differences in cardiac function (ejection fraction,
EF; fractional shortening, FS) between WT and TRPV4KO
at basal level; however, post-MI showed significant differ-
ences between WT and TRPV4KO. Importantly, both EF
and FS were significantly declined in WT-MI mice com-
pared to WT-sham animals 8 weeks post-MI (WT-sham vs
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WT-MI; %EF: 62+2.56 vs 25.86 £2.51; %FS: 33.80+1.06
vs 11.70+1.85; Fig. le, f). In contrast, EF and FS were
significantly higher in TRPV4KO-MI mice compared to
WT-MI (WT-MI vs TRPV4-MI; %EF: 25.86+2.51 vs
40.11+£3.73; %FS: 11.70 £ 1.85 vs 19.69 +3.22; Fig. le, f).
Notably, though there was a similar decline in ejection frac-
tion between WT and TRPV4KO mice 1 week after M1, car-
diac function was further declined over the time (8 weeks)
in WT-MI mice but preserved in TRPV4KO-MI mice (1E).

Next, we asked if the preserved myocardial function
is due to reduced reactive fibrosis and scar formation in
response to MI in TRPV4KO mice. To determine this, heart
sections from WT and TRPV4KO of 8 weeks post-MI were
stained with picrosirius red (PSR). PSR staining revealed
that WT-MI hearts have increased fibrosis both at infarct
(scar) and at remote regions (reactive fibrosis) of the myo-
cardium (Fig. 2a). In contrast, TRPV4KO-MI heart sections
showed reduced fibrosis at infarct area (scar) and very little
or no fibrosis at remote zone area. Notably, TRPV4KO-MI
hearts exhibited viable tissue at the infarcted areas which
indicate that the absence of TRPV4 attenuated excessive
deposition and organization of ECM at the infarct zone
and preserved myocardium (Fig. 2a). Quantitative analysis
revealed that fibrosis (collagen percent) was significantly
lower in TRPV4KO hearts compared to WT mice following
MI (Fig. 2b). Further, polarized microscopy images from
PSR-stained heart sections from WT-MI mice revealed
densely red (birefringence) scars made up of matured col-
lagen throughout entire scar volume, suggesting near total
loss of viable tissue in the infarcted region and increased
collagen fibers at remote zone areas during remodeling pro-
cess following MI. However, images from TRPV4KO mice
demonstrated a sparse pattern of red birefringence, indicat-
ing reduced deposition of matured collagen at the infarcted
zone with viable tissue (Fig. 2a). These findings suggest that
deletion of TRPV4 preserved cardiac function and myocar-
dial integrity, by reducing cardiac fibrosis 8 weeks post-MI.

TRPV4 deletion attenuates TGF-B1-induced
differentiation in mouse cardiac fibroblasts

Previously, we have shown that TRPV4 integrates soluble
(TGF-B1) and mechanical (ECM stiffness) signals in the dif-
ferentiation of rat cardiac fibroblasts (rCFs) [3]. To confirm
if the genetic deletion of TRPV4 influences mouse cardiac
fibroblast (mCF) differentiation, we isolated mCFs from WT
and TRPV4KO mice and measured CF differentiation on
ECM of varying stiffnesses that mimic normal and failing
hearts. First, we confirmed the functional deletion of TRPV4
in TRPV4KO mCF using RT-PCR and calcium imaging.
RT-PCR analysis showed that TRPV4 was expressed in WT
mCeF, but absent from TRPV4KO mCF (Fig. 3a). Notably,
we found that stimulation with a TRPV4 activator, GSK,
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failed to induce calcium influx in TRPV4KO mCF (Suppl.
Fig. 1). In contrast, GSK induced robust calcium influx
in WT mCF, which was inhibited by pre-treatment with
TRPV4 antagonist, AB1 (Suppl. Fig. 1). We independently
confirmed the functional downregulation of TRPV4 in
TRPV4KO mCF by measuring GSK-induced calcium influx
using the ratiometric calcium indicator and Fura-2 in the
presence and absence of AB1 (Suppl. Fig. 2). Importantly,
we found that ATP stimulation evoked calcium influx in both
WT and TRPV4KO mCF (Suppl. Fig. 2). To investigate if
TRPV4 modulates CF mechanosensitivity, first, we exposed
WT and TRPV4KO mCF to hypoosmoloric solution to
induce membrane stretch-dependent TRPV4-mediated cal-
cium influx. We found that hypotonicity-induced membrane
stretch triggered robust calcium influx in WT CF which is

significantly attenuated in TRPV4KO mCF (Fig. 3b). Next,
we cultured WT and TRPV4KO mCF on ECM gels of vary-
ing stiffnesses that mimic stiffness of normal (8.0 kPa) and
fibrotic (50 kPa) hearts for 4 h and compared their degree
of spreading as an indicative of TRPV4-mediated mecha-
nosensing [3]. We also included low-stiffness 0.2 kPa gels
as controls. We found that both WT mCF spreading and
TRPV4KO mCF spreading were similar on low-stiffness
(0.2 kPa) gels (Fig. 3c, d). However, WT mCF increased
their spreading with an increase in ECM stiffness (8 kPa)
that was plateaued at maximum stiffness (50 kPa). In con-
trast, TRPV4KO mCF exhibited a continued increase in the
spreading which was significantly higher compared to WT
mCF at both 8 and 50 kPa stiffness (Fig. 3c, d), indicating
aberrant mechanosensing. We then measured differentiation
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Table 1 2D echocardiographic

WT TRPV4KO
measurements 8 weeks after MI

Sham MI Sham MI
Body weight (g) 33.0+0.57 33.75+0.75 33.0+1.15 34.2+0.83
Heart weight (mg) 219.28+20.4 310.16+42.37 186.5+9.83 262.57+24.74
Heart rate (BPM) 505+16.87 569.5+23.78 526.5+15.15 556.3+16.8
LVID:d (mm) 3.74+0.12 5.37+0.31%* 3.61+0.10 4.89+0.31%"
LVPW:d (mm) 0.94+0.03 0.93+0.07* 0.97+0.05 0.98+0.04
LVID:s (mm) 2.50+0.12 4.90+0.34* 2.32+0.10 3.76 +0.26%
LVPW:s (mm) 1.37+0.02 1.07 +0.06* 1.37+0.05 1.38+.06"
LVAW:d (mm) 1.06+0.02 0.78+0.07* 0.99+0.03 1.00+0.07
LVAW:s (mm) 1.53+0.03 0.95+0.07* 1.49+0.03 1.29+0.07
LVvol:d (uL) 61.88+4.35 139.60 +19.46%* 56.34+4.13 115.01 +18.03%°
LVvol:s (uL) 25.06+2.27 113.57 +17.54% 19.67+2.17 63.38+10.01%
LV mass (mg) 118.58+8.11 207.49 +24.90* 108.35+6.29 180.87 +17.56%

BPM beats per minute, LVID:s systolic left ventricular internal diameter, LVPW:d diastolic left ventricular
posterior wall, LVID:d diastolic left ventricular internal diameter, LVAW:d diastolic left ventricular anterior
wall, LVAW:s systolic left ventricular anterior wall, LVvol:d diastolic left ventricular volume, LVvol:s sys-

tolic left ventricular volume

*Significance between WT-sham vs WT-MI
$Significance between TRPV4KO-sham vs TRPV4KO-MI
*Significance between WT-MI vs TRPV4KO-MI (significance set at p <0.05)

by treating the serum-starved mCF cultured on these ECM
gels with TGF-B1. a-SMA expression and its incorporation
into stress fibers were used as an indicative of differentia-
tion into MF. We found that TGF-f1-treatment induced sig-
nificant differentiation of WT mCF with increased a-SMA
expression and incorporation into stress fibers compared
to untreated controls on ECM gels of high stiffness 8 and
50 kPa (Fig. 3e, f). CF differentiation was independently
confirmed by measuring the expression of EDA-FN (Suppl.
Fig. 3). Importantly, even saturating amounts of TGF-f1
failed to induce CF differentiation on 0.2 kPa gels. Further,
this TGF-p1-induced differentiation was completely abol-
ished in TRPV4KO mCF cultured on 8 and 50 kPa gels,
indicating that TRPV4 is required for mCF differentiation
to MF. Quantitative analysis revealed that CF differentiation
was significantly attenuated in TRPV4KO mCF than WT
mCeF cultured on high-stiffness ECM gels after stimulating
with TGF-p1 (Fig. 3e, f).

Rho/Rho kinase/MRTF-A mechanotranscriptional
pathway acts downstream of TGF-B1/
TRPV4-mediated CF differentiation

To uncover the molecular mechanism downstream of
TRPV4 that mediates CF differentiation, we focused on
the Rho/Rho kinase pathway. Rho has been implicated in
the regulation of cell tension and focal adhesion matura-
tion in response to mechanical forces [34]. We have previ-
ously shown that TRPV4 regulates cytoskeletal reorientation
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through integrin-dependent Rho activation [54]. Therefore,
we asked if Rho kinase is activated in response to TGF-f1
stimulation and mediates CF differentiation. We found that
pre-treatment with a Rho kinase inhibitor, Y27632, sig-
nificantly inhibited TGF-f1-induced mCF differentiation
(Fig. 4a, b). Importantly, TGF-f1 treatment significantly
increased Rho kinase activity in WT mCF which was inhib-
ited by pre-treatment of the cells with TRPV4 antagonist,
ABI (Fig. 4c), suggesting that Rho/Rho kinase pathway acts
downstream of TRPV4 in CF differentiation to MF.

Next, we focused on mechanosensitive transcription
factor myocardin-related transcription factor-A (MRTF-
A) which was shown to be activated in response to stress
fiber formation that is mediated by Rho/Rho kinase pathway
[16]. First, we asked if MRTF-A is activated downstream
of TGF-f1/TRPV4 and found that both TGF-f1 and GSK
increased MRTF-A expression as well as its nuclear trans-
location (quantified as the number of cells with an increase
in both cytoplasm and nucleus) in WT mCF, which is abol-
ished by the TRPV4 inhibitor AB1 (Fig. 5a, b), suggesting
that TRPV4 activates a Rho-dependent mechanotranscrip-
tion pathway through MRTF-A. In contrast, we found that
TGF-P1 failed to induce MRTF-A activation in TRPV4KO
mCF (Suppl. Fig. 4). To confirm the role of MRTF-A in
TGF-p1/TRPV4-mediated CF differentiation, we knocked
down MRTF-A in mCF with siRNAs and measured their
differentiation by staining with a-SMA. Treatment with
MRTF-A-specific siRNAs (10 nM) significantly down-
regulated MRTF-A mRNA and protein expression in mCF
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Fig.2 Absence of TRPV4 ame-
liorates cardiac fibrosis follow-
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(Suppl Fig. 5). Notably, siRNA knockdown of MRTF-A sig-
nificantly attenuated both TGF-p1- and GSK-induced mCF
differentiation (Fig. 5c, d).

We finally asked whether TRPV4 activation or inhibi-
tion effects fibrosis-associated genes. rCFs were trans-
fected with pGL3-colla2 and pGL3-a-SMA plasmids and
stimulated with TGF-p1 in the presence or absence of
TRPV4 antagonist AB1. After stimulating with TGF-f1,
we found that TRPV4 inhibition significantly decreased
a-SMA or colla2 promoter activity when compared to
cells treated alone with TGF-p1 (Fig. 6a, b). Moreo-
ver, TRPV4 activation by GSK significantly increased
luciferase activity driven by the a-SMA and colla2 pro-
moters, compared to controls, or cells in the presence
of AB1 (Fig. 6¢, d). Finally, pharmacological inhibition
of MRTF-A with CCG1423 completely abolished both

30
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® Sham
* * Ml
L L
I " 1
—
.
WT TRPV4KO

TGF-p1- and GSK-induced activation of a-SMA pro-
moter (Fig. 6e, f) but failed to inhibit TGF-f1-induced
Rho kinase activation (Suppl. Fig. 6).

Discussion

The present study demonstrates that mechanosensitive ion
channel TRPV4 plays a crucial role during cardiac remod-
eling/fibrosis following MI via modulation of cardiac fibro-
blast differentiation. We conclude this based on our findings
that: (1) absence of TRPV4 attenuated cardiac fibrosis and
preserved cardiac function, following MI, (2) direct pharma-
cological activation of TRPV4 increased promoter activity
of pro-fibrotic genes a-SMA and Colla2 and (3) TRPV4
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Fig.3 Absence of TRPV4 attenuates TGF-Bl-induced mouse CF
differentiation. a Representative RT-PCR agarose gel shows TRPV4
expression in WT mCF but not in the TRPV4KO mCF. b Aver-
age calcium traces depicting calcium influx in response to the
replacement of isotonic solution (~300 mOsm) (line) with hypo-
tonic solution (~140 mOsm) (dashed line) in Fluo-4-loaded WT
and TRPV4KO mCF. Note that hypotonic stimulation failed to
induce calcium influx in TRPV4KO-mCF. The data presented are
mean=+ SEM of three separate experiments (n=60 cells). ¢ Bright-
field images showing spreading of WT and TRPV4KO mCF on the
ECM gels of varying stiffnesses coated with collagen I (0.2, 8, and

mediates CF differentiation into MF by modulating the novel
mechanosensitive transcriptional Rho/Rho kinase/MRTF-A
pathway.
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50 kPa). Scale bar 50 pm. d Quantification of cell area shows ECM
stiffness-dependent spreading of WT mCF which reached platue at
50 kPa, while TRPV4KO mCF exhibited continuously increased
spreading with an increase in stiffness. € Inmunofluorescence images
(X 40) showing a-SMA expression and incorporation into stress fib-
ers in isolated WT and TRPV4KO mCF on different stiffness gels
(0.2, 8 and 50 kPa) in response to TGF-p1 (10 ng/mL) (x-SMA: red
and DAPI/nuclei: blue). Scale bar 50 pm. f Quantitative analysis of
fibroblast differentiation (a-SMA-positive cells). The data presented
are mean+SEM of three independent experiments. Student’s ¢ test;
significance was set at *p <0.05

Although both soluble (TGF-f1) and mechanical factors
(mechanical stretch, matrix stiffness) are critical for myo-
cardial adaptation to injury/insult, most of the studies on
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Fig.4 TRPV4 mediates CF differentiation via Rho/Rho kinase path-
way. a Representative immunofluorescence images (X 20) display-
ing TGF-B1 (10 ng/mL)-induced differentiation of WT mCF in the
presence or absence of Rho kinase inhibitor Y27632 (Y27-10 pM)
(-SMA: green and DAPI/nuclei: blue). Scale bar 10 um. b Quanti-
tative analysis of fibroblast differentiation (a-SMA-positive cells). ¢
Rho kinase activity was measured in response to TGF-p1 in WT mCF
either untreated or treated with TRPV4 antagonist AB1 (10 pM). The
data presented are mean+SEM of three separate experiments. Stu-
dent’s ¢ test; significance was set at *p <0.05

cardiac remodeling are focused on the effects of soluble fac-
tors [25, 36, 43]. In fact, the activation of soluble factors is
dependent on the alterations in mechanical forces and matrix
stiffness [25, 26, 60], but the mechanosensor and its effects
in heart failure remain elusive. TRPV4 is a mechanosensi-
tive ion channel, activated by mechanical stimuli such as
shear stress, ECM stiffness and cyclic strain, which involved
in both physiological and pathological conditions [1-3, 10,
29, 45, 50, 54, 56]. We have, for the first time, demonstrated
that TRPV4 pharmacological inhibition or siRNA downreg-
ulation significantly reduces TGF-p1-induced differentiation
of CF cultured on varying stiffness matrices [3], suggesting
that TRPV4 mediates CF differentiation by integrating solu-
ble (TGF-f1) and mechanical signaling. We and others have
previously shown that CF express TRP channels other than
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Fig.5 TRPV4 mediates TGF-B1-induced CF differentiation via acti-
vation of MRTF-A. a Representative immunofluorescence images
(X 20) showing activation of MRTF-A (green) in WT mCF in
response to TGF-B1 (10 ng/mL) or GSK (100 nM), in the presence or
absence of TRPV4 antagonist, AB1. Scale bar 10 pm. b Quantitative
analysis of MRTF-A activation (cytosolic and nuclear translocation).
¢ Immunofluorescence images (X 20) showing TGF-p1/GSK-induced
differentiation of CF to MF (a-SMA: red, and nuclei were stained
with DAPI, blue) in control siRNA and MRTF-A siRNA-treated
mCF. d Quantitative analysis of fibroblast differentiation (x-SMA-
positive cells). The data presented are mean+ SEM of three separate
experiments. Student’s 7 test; significance was set at p <0.05. *Sig-
nificance between TGF-f1 vs control or TGF-B1+AB1 or AB1; Ssig-
nificance between GSK vs control, GSK+ AB1 and AB1
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TRPV4. In fact, we have shown that TRPM?7 expression is
very high in ventricular rCF, but inhibition of TRPM7 did
not change TGF-B1-induced differentiation of rCF [3], sug-
gesting that in ventricles TRPV4 is one of the major mecha-
nosensory TRP channels that mediates CF differentiation.
Here, by measuring hypotonicity-evoked membrane stretch-
induced calcium influx and ECM stiffness-dependent cell
spreading and TGF-p1 differentiation in WT and TRPV4KO
mCF, we confirmed that TRPV4 is a mechanosensor in car-
diac fibroblasts. However, the functional role of TRPV4 in
cardiac fibrosis/remodeling following injury or insult is not
known.

In our current study, we provide evidence for the func-
tional role of TRPV4 in cardiac remodeling following MI.

@ Springer

We found that the absence of TRPV4 reduced cardiac fibro-
sis following MI which may result in significantly intact live
tissue in infarct/border region and maintenance of myocyte
integrity in remote zones. Indeed, we found preserved sys-
tolic and diastolic function in TRPV4KO mice following
MI compared to WT-MI mice. TRPV4 was recently shown
to modulate myocyte contractility through the regulation
of calcium transients and that pharmacological inhibition
of TRPV4 prevented hypoosmotic-stress-induced myocyte
death as well as ischemia-reperfusion-induced cardiac dam-
age [27]. However, these studies did not investigate or pro-
vide any evidence for the role of TRPV4 in cardiac fibrosis.
We hypothesized that the absence of TRPV4 may reduce
cardiac fibrosis by inhibiting CF differentiation to MF
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which could limit myocyte dysfunction. In fact, histological
analysis demonstrated that TRPV4KO hearts exhibited sig-
nificantly less fibrosis (collagen deposition) after MI when
compared with WT counterparts. Importantly, we found that
genetic deletion or siRNA downregulation of TRPV4 com-
pletely attenuated TGF-p1-induced differentiation of cardiac
fibroblasts in vitro. Further, we found that pharmacological
activation of TRPV4 triggered MRTF-A-dependent activa-
tion of pro-fibrotic genes (a-SMA and Colla2 promoter
activity) in CF, suggesting that TRPV4 may regulate CF
differentiation at the transcriptional level maybe through
a mechanotranscriptional pathway. Indeed, we found that
TGF-B1/TRPV4 activates Rho/Rho kinase/MRTF-A path-
way upstream of CF differentiation.

Rho kinase is a crucial regulator of actin reorganization
and controls many cellular functions, such as motility, adhe-
sion, differentiation and proliferation [20, 21]. Genetic dele-
tion of Rho kinase attenuated fibrosis following angiotensin
II infusion-induced heart failure [51]. We have previously
demonstrated that TRPV4 regulates mechanical stretch-
induced endothelial cell reorientation via activation of Rho/
Rho kinase pathway [2, 19, 54]. In the present study, we
found that TGF-B1 increased Rho kinase activity which
was significantly reduced upon TRPV4 inhibition. Further,
inhibition of Rho kinase with Y27 significantly attenuated
TGF-B1/TRPV4-induced CF differentiation. These find-
ings confirmed that TRPV4 channels regulate CF differ-
entiation by modulating Rho/Rho kinase pathway. One of
the downstream effects of Rho kinase is the polymeriza-
tion of monomeric G-actin into F-actin, which was shown
to activate a mechanosensitive transcription factor, MRTF-
A. When released from monomeric actin, MRTF-A trans-
locates into nucleus and induces fibrotic gene expression
[35, 52, 57]. We found that activation of TRPV4 by GSK or
TGF-P1 treatment increased both MRTF-A expression and
nuclear translocation in mCF which is sensitive to TRPV4
inhibition or genetic deletion, suggesting that MRTF-A
is downstream of TRPV4 in CF differentiation. Although
MRTEF-A nuclear translocation is considered as MRTF-A
activation, previous studies have shown that pharmacologi-
cal activation of MRTF-A in fibroblast enriches MRTF-A
in cytoplasm and nucleus, supporting our observations that
MRTF-A is increased in both cytoplasm and nucleus [57].
Further, we found that pharmacological inhibition of MRTF-
A significantly inhibited TGF-B1/GSK-induced fibrotic gene
promoter activity (a-SMA and Colla2). However, TGF-f1
treatment had no effect on Rho kinase activity, suggesting
that MRTF-A acts downstream of Rho kinase. Similarly,
siRNA knockdown of MRTF-A attenuated TGF-f1-induced
CF differentiation, confirming that MRTF-A mediates CF
differentiation downstream of TGF-B1/TRPV4 via regula-
tion of pro-fibrotic gene expression. By using MRTF-A null
mice, Small et al. have previously demonstrated MRTF-A

controls fibroblast differentiation and fibrosis following
myocardial infarction [52]. Further, a small molecule acti-
vator of MRTF-A has been shown to increase CF differen-
tiation during wound healing [57]. However, the upstream
mechanosensor or mechanotransduction mechanisms that
regulate Rho kinase/MRTF-A during CF differentiation is
not known. Our findings demonstrate that MRTF-A is acti-
vated by TRPV4 and identifies that TRPV4 is a mechanosen-
sor in CF that regulates Rho/Rho kinase/MRTF-A mecha-
notranscriptional pathway.

Importantly, most of the previous studies on the role of
soluble factors such as TGF-f1 and other TRP channels
in CF differentiation are focused on CF proliferation and
a-SMA expression and identified the molecular mecha-
nism to be either classical SMAD/SRF pathway or p38/
calcineurin/NFAT pathway [13, 14, 22]. Both pathways
were shown to activate fibrotic gene expression including
collagen and a-SMA. However, the mechanism that regu-
lates a-SMA incorporation into stress fiber is not known
which requires mechanotransduction. Our findings suggest
that TRPV4-dependent activation of Rho kinase not only
induces a-SMA expression via MRTF-A, but also promotes
a-SMA incorporation into stress fibers. We speculate that
TRPV4 activation by mechanical forces may induce activa-
tion of additional integrins which will increase mechanical
stiffness of ECM on the one hand and TGF-f1 activation on
the other hand. Once activated, TGF-p1 can cause TRPV4-
dependent CF differentiation triggering a positive feedback
loop. Recently, it has been shown that pulling of a single
integrin can modulate the conformational changes in latent
TGF-P1 to release active TGF-p1 from the ECM [59] sup-
porting such a possibility. Our results thus demonstrate that
TRPV4 acts as an upstream mechanosensor that not only
activates a-SMA synthesis but also incorporates stress fibers
during CF differentiation.

Since increased cardiac fibrosis and reduced cardiac func-
tion following MI can eventually lead to heart failure, it is
feasible that increased TRPV4 expression can contribute to
heart failure by increasing CF differentiation and cardiac
fibrosis. Indeed, TRPV4 expression was demonstrated to
be increased in aortic stenosis [27] and following pressure
overload in LV of endoglin*’* and endoglin*/~ mice [47].
Our findings that genetic deletion of TRPV4 in mice pro-
tected heart from MI-induced cardiac injury compared to
WT mice further support the role of TRPV4 in heart failure.
Although our study provides evidence that the absence of
TRPV4 protects heart following MI via inhibition of CF dif-
ferentiation and pathological cardiac remodeling, we cannot
rule out the role of TRPV4 from other cell types such as
cardiomyocytes and endothelial cells as these studies were
performed in global TRPV4KO mice. In fact, TRPV4 has
been shown to regulate vascular tone via smooth muscle
and endothelial-dependent vasodilation. In smooth muscle
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cells, TRPV4-mediated calcium influx is activated by Ang
IT or EET which further induce hyperpolarization via BK
channels leading to relaxation [15]. In EC, TRPV4 mediates
agonist/flow-induced NO production and vasodilation [23,
62]. Although TRPV4 critically regulates vascular tone, no
or minimal change in basal mean arterial blood pressure was
observed between WT and TRPV4KO mice [62], indicating
that blood pressure regulation in vivo is complicated and
does not solely dependent on TRPV4 function and has mini-
mal bearing on the cardiac remodeling in the present study.
Further, we have previously shown that TRPV4 deletion in
EC induces abnormal angiogenesis in vitro and in vivo in
tumor [2, 55, 56]. Therefore, it is plausible that the observed
cardioprotection could be due to increased angiogenesis in
the heart of global TRPV4KO. Interestingly, TRPV4 expres-
sion in cardiomyocyte was shown to be enhanced in aged
mice and regulate contractility via modulation of calcium
transients and cardiac damage in response to hypoosmotic
stress induced by ischemia/reperfusion. However, it is not
clear if there is a change in myocyte phenotype or fibrosis in
cardiomyocyte-specific TRPV4 transgenic mice [27]. Hence,
further studies are needed to dissect the cell-specific (fibro-
blast/EC/cardiomyocyte) role of TRPV4 in the myocardium.
In conclusion, our results demonstrate that TRPV4 mediates
TGF-p1-induced CF differentiation to MF via activation of a
mechanotranscriptional Rho/Rho kinase/MRTF-A pathway,
and genetic deletion of TRPV4 in mice-attenuated patho-
logical remodeling reduced cardiac fibrosis and preserves
cardiac function. These findings have clinical significance as
they identify TRPV4 as a soluble factor-independent thera-
peutic target for cardiac fibrosis and heart failure.
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