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Abstract

BACKGROUND: Left ventricular hypertrophy (LVH) is a bipolar response, starting as an
adaptive response to the hemodynamic challenge, but over time develops maladaptive pathology
partly due to microvascular rarefaction and impaired coronary angiogenesis. Despite the profound
influence on cardiac function, the mechanotransduction mechanisms that regulate coronary
angiogenesis, leading to heart failure, are not well known.

METHODS: We subjected endothelial-specific knockout mice of mechanically activated ion
channel, TRPV4 (TRPV4ECKO) tg pressure-overload via transverse aortic constriction (TAC) and
examined cardiac function, cardiomyocyte hypertrophy, cardiac fibrosis, and apoptosis. Further,
we measured microvascular density and underlying TRPV4 mechanotransduction mechanisms
using human microvascular endothelial cells (ECs), ECM gels of varying stiffness, unbiased RNA
sequencing, siRNA, western blot, qPCR, and confocal immunofluorescence techniques.

RESULTS: We demonstrate that endothelial-specific deletion of TRPV4 preserved cardiac
function, cardiomyocyte structure and reduced cardiac fibrosis compared to TRPV4!0X/10X mice, 28
days post-TAC. Interestingly, comprehensive RNA sequencing analysis revealed an upregulation
of pro-angiogenic factors (VEGFa NOS3, and FGF2,) with concomitant increase in microvascular
density in TRPVA4ECKO hearts after TAC compared to TRPV4!9X/19X_Fyrther, an increased
expression of VEGFR2 and activation of the YAP pathway were observed in TRPV4ECKO

hearts. Mechanistically, we found that downregulation of TRPV4 in ECs induced matrix stiffness-
dependent activation of YAP and VEGFR2 via the Rho/Rho kinase/LATS pathway.
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CONCLUSIONS: Our results suggest that endothelial TRPV4 acts as a mechanical break
for coronary angiogenesis, and uncoupling endothelial TRPV4 mechanotransduction attenuates
pathological cardiac hypertrophy by enhancing coronary angiogenesis.
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Introduction

Left ventricular hypertrophy (LVH) is the heart’s response to a chronic hemodynamic
challenge imposed by long-term hypertension or myocardial infarction. In a sense, LVH is
a bipolar response, starting as an adaptive response to the hemodynamic challenge, but over
time progressing towards a maladaptive pathology with a loss of ventricular function 1. A
putative reason for this progression could be a maladaptive growth response of the coronary
microcirculation (microvascular rarefaction and impaired coronary angiogenesis), leading to
inadequate perfusion of the working myocardium. In fact, many studies of hypertrophied
myocardium have revealed a decrease in coronary angiogenesis/capillary density, which

is counterintuitive since the heart has increased metabolic needs in L\VH 2. Importantly,

the molecular mechanisms underlying this impaired coronary angiogenesis in L\VH are
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unknown. To this end, we believe that the balance between mechanical and soluble (growth
factor) stimuli that influence angiogenesis has been shifted in LVH to impede angiogenesis
in response to the pathological stimuli 1-3. Although the heart is mechanically active as it
stops beating only upon death, most of the research on coronary angiogenesis has focused
on soluble factors and downstream signaling. However, mechanical forces are equally as
important in controlling cardiac function, especially during cardiac injury and insult, and
they are known to modulate soluble factor responses. Despite this profound influence

on cardiac function, the mechanisms of mechanotransduction that regulate myocardial
angiogenesis are not well known.

Transient Receptor Potential Vanilloid-4 (TRPV4) channel is a ubiquitously expressed,
non-selective cation channel that’s been demonstrated as mechanically activated ion channel
in endothelial cells and other cell types 4°. We have shown that TRPV4 is activated

in response to cyclic strain and matrix stiffness /n vitroand in vivo, and negatively

regulates angiogenesis and its absence enhances endothelial proliferation, migration, and
tube formation 5-8. In the present study, we investigated the role of endothelial TRPV4

in coronary angiogenesis, cardiac function, and cardiac remodeling in response to TAC-
induced pressure overload using endothelial specific knockout (TRPV4ECKO) mice.

The authors declare that all supporting data are available within the article (Online
supplemental Material).

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at Northeast Ohio Medical University (NEOMED) and The University of Toledo.
TRPV4!oX/10X and TRPVA4ECKO mice were fed a standard diet and water ad libitum and kept
under a 12-h light/dark cycle.

Statistical analysis

Results

Statistical analysis was performed using two-way ANOVA, followed by Tukey post hoc
analysis or Student’s t-test, and the significance was set at *p<0.05, *** p<0.001 and ****
p<0.0001.

Endothelial deletion of TRPV4 protects the myocardium following pressure-overload-
induced hypertrophic stress

To confirm the role of endothelial TRPV4 in the regulation of cardiac remodeling, we first
generated endothelial TRPV4 knockout mice (TRPV4ECKO) by crossing the TRPV4!0xX/10x
(TRPV4 floxed) with Tie2-Cre. TRPV4 deletion was confirmed by genotyping the tail snips
and measuring TRPV4 expression in isolated endothelial cells (EC) from TRP\V4!ox/Iox

and TRPV4ECKO mice using RT-PCR and functional Ca2* imaging. Genotyping PCR data
suggests that only homozygous TRPV4-Cre positive mice yielded a Cre specific band.
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Further, Pac-1 digestion of lox-PCR product generated two bands in the homozygous
TRPV4-Cre positive mice but not in heterozygous TRPV4-Cre mice (Figure 1A). To further
confirm the deletion of TRPV4 in ECs, TRPV4 expression was analyzed in isolated ECs.
RT-PCR data showed that TRPV4 expression was absent in EC isolated from TRPV4ECKO
mice, when compared to TRPV4!oX/10X mice (Figure 1B). To verify the functional disruption
of TRPV4, we measured Ca?* influx using a TRPV4-selective agonist, GSK1016790A
(GSK101), in isolated ECs. As expected, isolated ECs from TRPV4ECKO faijled to induce
Ca?* influx in response to GSK101, whereas ECs from TRPV4!0X/1oX rohuystly induced Ca2*
influx, confirming functional deletion of TRPV4 in ECs (Figure S2).

Next, to explore if deletion of endothelial TRPV4 results in preserved/improved coronary
function and structure following hypertrophic stress, we induced pressure overload in the
hearts of TRPVA4ECKO and TRPV4!9X10X mice via TAC. We found that TRPV4!X/10X mice
showed an increased heart weight to body weight ratio after TAC compared to sham

counter parts (Figure S3A). However, compared to TRPV4!oX/10x TRp\/4ECKO showed

a reduced heart weight to bodyweight ratio after TAC (Figure S3A). TRPV4!oX/loX mjce
exhibited cardiomyocyte hypertrophy in response to TAC, as evidenced by increased
cardiomyocyte cross-sectional area (Figure 1C). In contrast, we found no increase in the
cardiomyocyte cross-sectional area in TRPV4ECKO_TAC mice (Figure 1C). Quantitative
analysis revealed that there is no difference in cardiomyocyte cross-sectional area between
sham groups, however there was a significant increase in cardiomyocyte cross-sectional area
in TRPV4IOX/IX_TAC mice with no increase in TRPV4ECKO_TAC (Figure 1D). Additionally,
gPCR analysis of heart samples revealed increased expression of alpha-skeletal actin
transcript in the TRPV4!2X/10X compared to TRPV4ECKO mice after TAC (Figure S3B),
suggesting that endothelial deletion of TRPV4 preserved the cardiac structure post TAC.
Echocardiography revealed that TRPV4ECKO mice exhibited preserved cardiac function
(ejection fraction and fractional shortening) compared to TRPV4!9X/19X mice (Figure 1E, F
and Table S1), 28 days post-TAC.

Loss of endothelial TRPV4 reduces cardiac fibrosis and cardiomyocyte apoptosis, post-

TAC

To find out if improved cardiac function reflects cardiac remodeling, we measured cardiac
fibrosis using Masson’s Trichrome staining (Figure 2A), and we found significantly

less cardiac fibrosis in TRPV4ECKO hearts compared to TRPV4!0¥/19X hearts, post-TAC
(Figure 2A and B). Since preserved cardiac structure, and reduced fibrosis was observed
in TRPV4ECKO mice, we measured cardiomyocyte apoptosis. TUNEL staining of heart
sections from TRPV4ECKO mice showed significantly lower number of apoptotic cells in
TRPV4ECKO compared to TRPV4!9X/10X 28 days post-TAC (Figure 2C and D).

Deletion of endothelial TRPV4 enhances proangiogenic genes and coronary angiogenesis
via YAP/VEGFR2 activation in response to pressure-overload

To identify potential molecular mechanisms by which TRPV4 regulates angiogenesis
following hypertrophic stress, we performed unbiased RNA sequencing of the hearts

from both TRPV4!0¥/10X and TRPV4ECKO mice after TAC. We found that 140 genes

were differentially expressed in TRPV4!9X/10X hearts after TAC compared to sham-operated
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animals. Importantly, we found that a large number of genes (797 genes) were differentially
expressed in TRPV4ECKO_TAC hearts compared to other groups (Figure S4A). The heatmap
of differentially expressed genes among sham and TAC hearts of TRPV4!0X/10X gng
TRPV4ECKO mice showed 5 clusters of coregulated genes together with Gene Ontology
(GO) terms (biological process: proangiogenic, angiogenesis, wound healing, extracellular
matrix, and fibroblasts) related to the vascular development in heart (Figure S4B). A

direct comparison of angiogenic genes revealed that the down regulation of pro-angiogenic
and angiogenic regulators with concomitant upregulation of ECM genes in TRP\/4l0x/lox
-TAC hearts compared to sham operated hearts (Figure S4C and Figure S4D). Notably,

we found that endothelial deletion of TRPV4 significantly upregulated genes related

to proangiogenic factors, angiogenic factors, and positive regulators of wound healing
compared to TRPV40X/10X after TAC (Figure S4C and Figure S4D). Furthermore, gPCR
validation for gene expression for major proangiogenic factors revealed increased expression
of VEGFa, FGF2, NOS3, and CYR61 in TRPV4ECKO hearts compared to TRP\V/4!0x/lox
hearts, after TAC (Figure 3 A-B; Figure S5A and Figure S5B). Next, we asked if

the increase in these proangiogenic genes reflected in increased coronary angiogenesis.
Indeed, we found that capillary density is significantly higher in TRPV4ECKO myocardium
compared to TRPV49X/10x mice after TAC, while it was unchanged in sham groups

(Figure 3C; Figure S1). Quantitative analysis revealed that TAC-induced hypertrophic stress
decreased capillary density in TRPV4!2X/10X hearts compared to sham mice. In contrast,
capillary density is significantly higher in TRPV4ECKO_TAC hearts compared to sham and
TRPV4!oX/10X_sham and TAC hearts (Figure 3D). Next, we measured the protein expression
of VEGFR?2 in the heart samples of TRPV4!0X/I0X_TAC and TRPV4ECKO_TAC, as TRPV4
siRNA downregulation was shown to activate YAP/VEGFR2 69, Indeed, we found that
TRPV4ECKO_TAC hearts showed enhanced VEGFR2, and decreased phospho-YAP (S127)
expression compared to TRPV4!OX/I0X_TAC and sham hearts, respectively (Figure 3E—F, and
Figure 4A).

TRPV4 knockdown induces matrix stiffness dependent activation of VEGFR2 and YAP

To delineate the molecular mechanisms by which TRPV4 regulates VEGFR2 activation

in response to pathological hypertrophy, we cultured control and TRPV4 siRNA-treated
(Figure S6) endothelial cells on ECM stiffness gels that mimic the stiffness of normal
healthy hearts (8 kPa) and failing hearts (50 kPa)*. We found that faint YAP nuclear staining
in control siRNA-treated EC cultured on both 8 and 50 kPa gels. Notably, we found higher
YAP staining in the nucleus of TRPV4 siRNA-treated EC on 8 kPa gels, which was further
increased significantly in the EC cultured on 50 kPa gels (Figure 4B and C). In contrast

to YAP, we found significantly high perinuclear VEGFR2 in control siRNA-treated EC on
both 8 and 50 kPa gels, which disappeared in TRPV4 knockdown cells (Figure 4B and

D). Further, we found that TRPV4 knockdown in EC increased VEGFR2 phosphorylation
at Y1175 compared to control siRNA-treated cells, which was significantly attenuated by
verteporfin (VP), small molecule inhibitor of YAP (Figure 4 E and F). Finally, we found
TRPV4 siRNA knockdown in human cardiac microvascular endothelial cells (HMVEC-C)
also enhanced YAP nuclear translocation and VEGFR2 membrane translocation compared
to control siRNA cells (Figure S7).
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TRPV4 regulates matrix-dependent activation of VEGFR2/YAP via modulation of Rho/Rho
kinase/LATS1/2 pathway

To further explore the molecular mechanisms by which TRPV4 regulates activation of YAP/
VEGFR2, we focused on Rho/Rho Kinase/LATS1/2, since LATS1/2 phosphorylation was
shown to regulate YAP activationl0. Previously, we have shown that TRPV4 negatively
regulated Rho/Rho kinase activation >11, which are upstream of LATS/ YAP pathway.

To investigate this, we measured Rho activation using Rho-GTP antibody and a Rho

kinase inhibitor, Y27632. As shown in Figure 5A, we found that siRNA knockdown of
TRPV4 significantly increased Rho-GTP (Figure 5 A and B), as well as Rho-dependent
formation of actin stress fibers (Figure 5C). Next, immunostaining with phospho-LATS1/2
antibody revealed significantly decreased phosphorylation of LATS1/2 in TRPV4 knocked
down EC compared to control siRNA-treated cells (Figure 5D and E). Further, western
blotting revealed that TRPV4 knockdown significantly reduced phosphorylation of LATS at
T1097, which was reversed upon treatment with Rho/Rho kinase inhibitor Y27632 (Figure
5F). Finally, to find out if Rho/Rho kinase mediates matrix-dependent activation of YAP/
VEGFR2 downstream of TRPV4, we cultured control siRNA and TRPV4 siRNA- treated
EC on 8 and 50 kPa gels in the presence or absence of Y27632. We found that while
TRPV4 knockdown induced YAP nuclear translocation and disappearance of VEGFR2 on
both 8 and 50 kPa stiffness gels in EC, Y27632 treatment attenuated this effect (Figure

6 A—-C). Further, western blotting revealed that TRPV4 knockdown increased VEGFR2
phosphorylation at Y1175 compared to control siRNA treated EC, which was attenuated by
Y27632 (Figure 6D).

Discussion

In the present study, we demonstrated that the deletion of endothelial TRPV4 channels
protects heart from pressure overload-induced pathological hypertrophy. We concluded this
based on our findings that: 1) TAC-induced pressure-overload increased the expression

of TRPV4 in the myocardium of WT mice (Figure S8), 2) Endothelial specific deletion

of TRPV4 (with intact TRPV4 in cardiomyocytes and cardiac fibroblasts) preserved

cardiac function and cardiomyocyte structure, and it reduced cardiomyocyte apoptosis

and cardiac fibrosis, 3) RNA sequence and qPCR analysis revealed increased angiogenic
genes, decreased negative regulators of angiogenesis with increased mMRNA expression of
VEGFa, Cyr6l, FGF2 and NOX3; and protein expression of VEGFR2 and YAP in the
hearts of endothelial specific TRPV4KO (TRPV4ECKO) mice subjected to TAC compared to
TRPV4lox/lox ' 4) Deletion of endothelial TRPV4 (TRPV4ECKO) increased coronary capillary
density in response to TAC compared to TRPV4!0X/10X and 5) Mechanistically, TRPV4
knockdown in endothelial cells induced VEGFR?2 activation through modulation of the Rho/
LATS/YAP pathway in matrix stiffness-dependent manner.

TRPV4 channels have been shown to express in cardiomyocytes and cardiac fibroblasts

of the heart*12-14_ Functionally, TRPV4 has been demonstrated to regulate cardiomyocyte
calcium cycling and contractility, and increased TRPV4 expression contributes to damage
in the aged heart following hypoosmotic stress 1214, We have previously demonstrated that
TRPV4 is mechanically activated in cardiac fibroblasts and mediates their differentiation
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into myofibroblasts, and that the deletion of TRPV4 protects the heart from myocardial
infarction-induced adverse remodeling 413. All the previous work on TRPV4 in cardiac
hypertrophy or fibrosis 41315 is based on global TRPV4KO mice 41516 and did not use
cell-specific TRPV4KO mice.

Importantly, there are no studies on the role of endothelial TRPV4 in the regulation of either
physiological or pathological cardiac remodeling. Although TRPV4 was demonstrated to
regulate endothelial cell function, most of the work was focused on its role in hypertension
and barrier functionl”-18, We have previously demonstrated that TRPV4 channels are
mechanically activated by ECM stiffness and cyclic stretch in endothelial cells, and

regulate tumor angiogenesis 521923 |n the present study, by using an endothelial specific
TRPV4KO mice, we demonstrated that deletion of TRPV4, specifically in endothelial

cells (but not in fibroblasts or cardiomyocytes), preserved cardiac function and reduced
cardiac hypertrophy and cardiac fibrosis via increased coronary angiogenesis (Figure S9).
Recent studies have shown that TAC induces a brief increase in proangiogenic factors,

the expression of which continuously reduced after three weeks, leading to reduced
microvascular density and increased cardiac fibrosis, which ultimately lead to a decline

in myocardial function 2425, In support of this idea, RNA sequencing and qPCR data
revealed increased expression of extracellular matrix and negative regulators of angiogenesis
genes in TRPV4!9X/10X heart post-TAC, but a reduction in positive angiogenic regulators.

In contrast, TRPV4ECKO hearts exhibited increased pro-angiogenic factors (VEGFa, FGF,
NOS3 and CYR61) compared to TRPV4!oX/10X post-TAC. Further, VEGFR2 expression was
increased in TRPV4ECKO hearts after TAC compared to TRPV4!0X/19X hearts, suggesting
that increased VEGF/VEFR?2 signaling may increase coronary angiogenesis in TRPV4ECKO
mice. Previous studies have shown that a lack of VEGFR signaling promotes pressure
overload and angiotensin ll-induced cardiac hypertrophy 2526, supporting a role for
VEGF/VEGFR?2 signaling in attenuating cardiac hypertrophy and pathological remodeling
in TRPV4ECKO mice. However, the molecular mechanism by which TRPV4 regulates
VEGF/VEGFR2 signaling in the heart is not known. Our findings showed that TRPV4
downregulation in EC increased the Rho/Rho Kinase pathway, enhancing F-actin formation.
This, in turn, promoted VEGFR?2 activation and increased endothelial proliferation and
migration via YAP (Figure S9). Our data demonstrated that the absence of TRPV4 in
endothelial cells completely abolished perinuclear VEGFR2 and enhanced YAP nuclear
translocation at higher stiffness gels, which suggests that YAP nuclear translocation is
required to activate VEGFR2. However, the molecular mechanisms by which TRPV4
regulates YAP/VEGFR?2 activation are not well known.

YAP is an intracellular mechanosensitive transcription co-factor, which translocates into the
nucleus in response to mechanical stress and plays a key role in survival, differentiation,
proliferation, and other cellular functions 10. YAP activation can be regulated by both

hippo dependent (LATS1/2 and MST) or independent pathways, however the upstream
mechanical signaling that activates YAP is not known 2728, Our findings demonstrated

that TRPV4 regulated YAP nuclear translocation by dephosphorylating LATS1/2 via
Rho/Rho Kinase. We found that TRPV4 knockdown increased YAP nuclear translocation by
dephosphorylating LATS1/2. Next, we found that TRPV4 knockdown induced constitutive
activation of Rho, which was responsible for the dephosphorylation of LATS1/2 by
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increasing the formation of F-actin stress fibers. In contrast, Rho kinase inhibitor Y27632
reverted the effects of TRPV4 knockdown induced LATS1/2 dephosphorylation, suggesting
that Rho acts upstream of LATS1/2 in YAP nuclear translocation. Indeed, we found that
inhibition of Rho kinase with Y27632 reduced YAP nuclear translocation and VEGFR2
activation in TRPV4 knocked-down EC cultured on ECM gels that mimic the stiffness

of normal and failing hearts confirming that Rho/Rho kinase act upstream of YAP. YAP
activation may then induce the localization of VEGFR2 from the perinuclear region to
plasma membrane via Myosin 1c (Myolc) %7.

Previous studies demonstrated that TRPV4 expression in cardiomyocytes and cardiac
fibroblasts positively correlated with cardiac dysfunction and cardiac fibrosis, respectively
412-14 While TRPV4/Rho/MRTF-A signaling was implicated in Ml-induced cardiac
fibroblast differentiation and cardiac fibrosis*13, cardiac hypertrophy appears to be
mediated through TRPV4/CaMKII/NFKB/NLRP3 signaling in cardiomyocytes!®. However,
our study demonstrated that endothelial specific deletion of TRPV4 (with intact TRPV4 in
cardiomyocyte and/or cardiac fibroblast) protected the heart from pressure-overload-induced
cardiac hypertrophy via the activation of Rho/LATS/YAP/VEGFR2-mediated angiogenesis.
We postulate that the increased angiogenesis in TRPV4ECKO TAC-hearts counteracts
adverse remodeling by increasing the perfusion to the myocardium, thereby reducing
cardiomyocyte apoptosis and cardiac fibrosis.

While our current study focused on the male mice, it is important to investigate if
endothelial TRPV4 deletion protects myocardium from hypertrophic stress in female mice.
Also, Tie-2 Cre may impact cells other than EC such as CD45 positive hemopoietic

cells?®. A recent study showed that endothelial TRPV4 channel knockout mice are

mild hypertensive 30. In fact, impairment of endothelial TRPV/4 activity in obesity via
peroxynitrite could contribute to the obesity-induced hypertension3C. The role of TRPV4 in
vasodilation is further complicated because of recently observed contrasting roles of TRPV4
in smooth muscle (vasoconstrictor and vasodilator pools3t. However, we have not measured
blood pressure in our mice. We believe that the mild hypertensive phenotype of EC-specific
KO mice will not have much effect on overall hypertrophic stress induced by TAC. In fact,
we believe that this mild phenotype may be underestimating the overall protective effect of
EC deletion of TRPV4 in the hearts subjected to pressure-overload-induced stress. Despite
of these limitations, to our knowledge, our study represents the first evidence demonstrating
that endothelial TRPV4 deletion preserves myocardial structure and function in response to
pressure-overload-induced stress by reducing cardiac fibrosis and cardiomyocyte apoptosis
via increased coronary angiogenesis.

Perspectives

One of the reasons for LV hypertrophy could be that reduced microvascular density due to
microvascular rarefaction or impaired adaptive coronary angiogenesis can lead to inadequate
myocardial perfusion and substrate delivery, contributing to the progression of heart failure
in pressure-overload-induced hypertrophy or other ischemic heart diseases. Therefore,
angiogenic therapy for ischemia/hypertrophic heart diseases such as gene therapy, delivery
of growth factor proteins and stem cell implantation are appealing, there are limitations
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and concerns, including delivery modalities, uncontrolled angiogenesis, limited half-life
of growth factors, and effects on other organs32. Notwithstanding these limitations, most
therapeutic angiogenic strategies still focus on VEGF or other growth factor signaling. A
potential alternative approach to therapeutic angiogenesis is physiological stimulation of
vascular growth in the surviving myocardium. EC in the heart is continuously exposed

to mechanical forces such as stretch, as well as changes in ECM stiffness due to

cardiac remodeling. We speculate that mechanical forces exert tonic restraint on coronary
angiogenesis more-so when myocardium is under stress, such as in pressure-overload.
Indeed, our current study demonstrated that TRPV4-dependent mechanotransduction limited
coronary angiogenesis by exerting such tonic restraint (Figure S9), and that endothelial
deletion of TRPV4 released tonic restraint and increased coronary angiogenesis, which
preserved cardiac function by reducing cardiac reducing cardiac hypertrophy and cardiac
fibrosis. These findings also identify endothelial TRPV4 as a novel therapeutic target for
pressure-overload-induced heart failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

Ca2+ Calcium
TRPV4 Transient receptor potential cation channel subfamily V member 4
LVH Left ventricular hypertrophy
TAC Transverse aortic constriction
ECs Endothelial cells
VEGFR2 Vascular endothelial growth factor receptor 2
YAP Yes-associated protein
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Novelty and Relevance
What Is New?

. We demonstrated that deletion of endothelial TRPV4 (endothelial transient
receptor potential vanilloid family member 4) induces coronary angiogenesis
in response to pressure-overload induced cardiac stress.

What Is Relevant?

. Endothelial-specific deletion of TRPV4 exhibited preserved cardiac function,
cardiomyocyte structure and reduced cardiomyocyte apoptosis and cardiac
fibrosis following pressure-overload-induced stress compared to WT mice.
Endothelial TRPV4/Rho/YAP/ VEGFR?2 signaling axis plays a crucial role in
cardio-protective roles against pressure-overload-induced stress.

Clinical/Pathophysiological Implications

. TRPV4 is a mechanically activated ion channel in endothelial cells.
Uncoupling endothelial TRPV4 mechanotransduction protects myocardium
from the pressure-overload-induced stress and identifies endothelial TRPV4
as a novel target for heart failure.
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Figure 1. Endothelial specific deletion of TRPV4 (transient receptor potential cation channel
subfamily V member 4) preserves cardiac structure and function, post transverse aortic
constriction (TAC).

A, Genotyping of TRPV4ECKO mice. Genomic DNA was isolated from tail snips.
Restriction endonuclease Pacl digestion of lox-polymerase chain reaction (PCR) product
(single band in undigested wild type mice (+/+)) generated two bands in the homozygous
TRPV4-Cre positive mice (/=) but not in heterozygous TRPV4-Cre mice (+/-). B, Reverse
Transcription polymerase chain reaction (RT-PCR) analysis of TRPV4, CD31, GAPDH
expression in isolated lung endothelial cells from TRPV4!9X/10X and TRPV4ECKO mice.
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C, Representative images (20x) of WGA-stained heart sections from post-TAC and sham
operated TRPV4!oX/10x and TRPV4ECKO mice. D, Quantification of cardiomyocyte cross-
sectional area from wheat Germ Agglutinin, Alexa Fluor™ 594 (WGA\) stained TRPV/4lox/lox
and TRPV4ECKO heart sections (n=300 myocytes from 4-6 hearts per group). E and F
Cardiac function was assessed via 2D-echocardiography at baseline and 28 days after

TAC or sham surgeries. E, M-mode images showing cardiac function in TRP\/4lox/lox

and TRPV4ECKO mice subjected to sham or TAC surgeries. F, Quantitative analysis of
cardiac function (% ejection fraction) in TRPV4!9X/10X and TRPV4ECKO mice two-way
ANOVA followed by Tukey post hoc analysis; Significance was set at *p<0.05; **p<0.01,
*kk 0. 0001).
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Figure 2. TRPV4ECKO mice exhibit reduced cardiac fibrosis and cardiomyocyte apoptosis
following TAC.

A) Masson’s Trichrome stained images from the whole heart sections from TRPV4!0x/lox
and TRPV4ECKO mice, 28 days post sham or TAC surgeries. Inset shows magnified
images of interstitial fibrosis. Scale bar=100 um. B) Quantification of percent of collagen
deposition (fibrosis) in TRPV4!0¥/10X and TRPV4ECKO hearts, 28 days after sham or TAC
surgeries (n=6). C) Representative images showing apoptosis of cardiomyocytes revealed
by TUNEL staining from sham operated and post-TAC. TRPV4IoX/10x gnd TRpV4ECKO
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hearts. D) Quantification of apoptotic cardiomyocytes from the hearts of TRP\V4!0x/10X gng
TRPV4ECKO mijce, 28 days post-TAC. (n=5), Two-way ANOVA followed by Tukey post hoc
analysis and Significance was set at *p<0.05, ** p<0.01; ***p<0.001 ****p<0.0001).
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Figure 3. TAC induced proangiogenic factors and VEGFR2 receptors were enhanced in hearts of
endothelial TRPV4 deleted mice after TAC.

A-B) Real time PCR of proangiogenic factors, VEGFa, and NOS3. C) Representative
images of Isolectin 1B4 stained heart sections from TRPV4!0X/10X gnd TRPV4ECKO mice, 28
days post-TAC surgeries showing capillary density. n=6; Scale bar=75 um D) Quantification
of capillary density from TRPV4!0X/10X and TRPV4ECKO mice, 28 days post-TAC. E & F)
Representative immunoblot and its quantification showing increased expression of VEGFR2
in TRPV4ECKO hearts after TAC compared to TRPV49X/10X TAC (n=5). Note molecular
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weight markers are shown in the left side; Two-way ANOVA followed by Tukey post hoc
analysis and Significance was set at *p<0.05, **p<0.01; ***p<0.001 ****p<0.0001).
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Figure 4. TRPV4 regulates matrix stiffness dependent activation of VEGFR2 through YAP
activation.

A) Representatives immunoblot and quantitative analysis showing decreased
phosphorylation of YAP in TRPV4ECKO_TAC mice. Note molecular weight markers are
shown in the left side B) Representative immunofluorescence images showing YAP (green)
and VEGFR2 (red) in control and TRPV4 siRNA transfected human endothelial cells
cultured on ECM gels mimicking normal heart stiffness (8kPa) and failing heart stiffness
(50kPa). Note that perinuclear localization of VEGFR2 (red; arrows) in control siRNA-
treated cells which is disappeared in TRPV4 siRNA-treated cells with concomitant nuclear
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translocation of YAP (green; arrows). C-D) Quantitative analysis showing the average
number of cells/field (10-15 fields with around 200-300 total cells per condition from

three independent experiments) with nuclear translocation of YAP and perinuclear VEGFR2.
Representative western blots (E) and quantitative analysis (F) of phospho-VEGFR2 in
TRPV4 siRNA downregulated EC in the presence or absence of YAP inhibitor, verteporfin
(VP). Note molecular weight markers are shown in the left side; (n=3; Two-way ANOVA
followed by Tukey post hoc analysis and Significance was set at *p<0.05; ***p<0.001

**xx 5<0.0001).
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Figure 5. Downregulation of TRPV4 inhibits LATS activation through modulation of Rho-actin
pathway.

A) Representative images showing enhanced Rho activity (RhoGTP) in TRPV4 siRNA
treated endothelial cells. B) Quantitative analysis showing the average fluorescence intensity
of RhoGTP indicating that TRPV4 knockdown increased Rho activity. C) Representative
images showing silencing of TRPV4 enhanced F-actin compared to control cells. D)
Representative images showing TRPV4 knockdown reduced LATS1/2 phosphorylation
compared to controls in endothelial cells. E) Quantitative analysis showing average
fluorescence intensity was significantly reduced in TRPV4-si EC cells (Average number
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of cells/field (10-15 fields with around 200-300 total cells per condition from three
independent experiments). F) Western blot and quantitative analysis showing decreased
LATS phosphorylation in TRPV4 knockdown cells, which was reversed in response to
Rho kinase inhibitor Y27362. Note molecular weight markers are shown in the left side;
(n=3; Student’s T test, one-way ANOVA and Significance was set at *p<0.05, ** p<0.01;
**** n<0.0001).
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Figure 6. TRPV4 regulates matrix dependent activation of VEGFR2 via modulation of Rho
kinase.
A) Representative images showing immunostaining of YAP and VEGFR?2 on different

stiffness gels after control and TRPV4 siRNA transfection in the presence or absence of

Rho kinase inhibitor Y27632. Note that perinuclear localization of VEGFR2 (red) in control
siRNA-treated cells which is disappeared in TRPV4 siRNA-treated cells with concomitant
nuclear translocation of YAP in TRPV4 siRNA-treated cells (green). However, pre-treatment
with Y27632 abolished the disappearance of VEGFR2 and nuclear translocation of YAP.

B and C) Average number of cells/field (10-15 fields with around 200-300 total cells
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per condition from three independent experiments) indicating that TRPV4 knockdown
enhanced YAP and VEGFR2 activation which was reduced upon treating with Rho kinase
antagonist Y27632. D) Representative western blot and quantitative analysis showing the
phosphorylation of VEGFR2 was enhanced in TRPV4 siRNA knockdowned EC which
was reversed in response to Rho kinase antagonist Y27632. (n=3; Two-way ANOVA and
Significance was set at *p<0.05, ** p<0.01; ****p<0.0001).
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