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ABSTRACT 
 
As aortic valve stenosis (AVS) progresses, the valve tissue also stiffens. This increase in tissue 
stiffness causes the valvular interstitial cells (VICs) to transform into myofibroblasts in response. 
VIC-to-myofibroblast differentiation is critically involved in the development of AVS. Herein, we 
investigated the role of mechanosensitive Ca2+-permeant transient receptor potential vanilloid 4 
(Trpv4) channels in matrix stiffness- and transforming growth factor β1 (TGFβ1)-induced VIC-
myofibroblast activation. We confirmed Trpv4 functionality in primary mouse wild-type VICs 
compared to Trpv4 null VICs using live Ca2+ influx detection during application of its selective 
agonist and antagonist. Using physiologically relevant hydrogels of varying stiffness that 
respectively mimic healthy or diseased aortic valve tissue stiffness, we found that genetic ablation 
of Trpv4 blocked matrix stiffness- and TGFβ1-induced VIC-myofibroblast activation as 
determined by changes in morphology, alterations of expression of α-smooth muscle actin, and 
modulations of F-actin generation. Our results showed that N-terminal residues 30-130 in Trpv4 
were crucial for cellular force generation and VIC-myofibroblast activation, while deletion of 
residues 1-30 had no noticeable negative effect on these processes. Collectively, these data suggest 
a differential regulatory role for Trpv4 in stiffness/TGFβ1-induced VIC-myofibroblast activation. 
Our data further showed that Trpv4 regulates stiffness/TGFβ1-induced PI3K-AKT activity that is 
required for VIC-myofibroblast differentiation and cellular force generation, suggesting a 
mechanism by which Trpv4 activity regulates VIC-myofibroblast activation. Altogether, these data 
identify a novel role for Trpv4 mechanotransduction in regulating VIC-myofibroblast activation, 
implicating Trpv4 as a potential therapeutic target to slow and/or reverse AVS development. 
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INTRODUCTION  
 
Aortic valve stenosis (AVS) is a progressive disease characterized by fibrosis, inflammation, 
calcification, and stiffening and thickening of the aortic valve leaflets which leads to disrupted 
blood flow and eventual left ventricular pressure-overload1,2. Symptomatic AVS can lead to heart 
failure and death within 2 to 5 years if left untreated3-5 exemplifying its high mortality rates3-5. 
AVS poses a vexing medical challenge because the only current clinical treatment available is an 
invasive and risky valve replacement1,6. Elucidating the molecular mechanisms underlying the 
development and progression of AVS is crucial for the development of effective and noninvasive 
therapeutic strategies to eliminate or reduce AVS.  
 Valvular interstitial cells (VICs), which are fibroblast-like cells and constitute the primary 
cellular component of aortic valve leaflets, play a crucial role in maintaining tissue homeostasis, 
repair, and upkeep7-9. Typically, routine mechanical and/or biochemical disruptions can trigger 
VICs to transform into myofibroblasts. These VIC-myofibroblasts are marked by the formation of 
stress fibers and exhibit enhanced migration, proliferation, and secretion of extracellular matrix 
(ECM) components10. Under normal conditions, myofibroblasts revert to a quiescent fibroblast 
state after injury resolution. However, in cases of AVS, myofibroblast activation continues, leading 
to excessive ECM buildup and remodeling, with subsequent tissue stiffening10. Emerging data 
support a role for stiffness of the extracellular and intracellular matrix in numerous cellular 
processes including gene expression, inflammation, and cell differentiation11-21. VIC-
myofibroblast activation and stiffening of the aortic valve are considered primary drivers of AVS 
development and progression22-27. As previously reported by our lab and others, various fibroblast 
and macrophage activities, including migration and myofibroblast activation, are sensitive to 
matrix stiffness. This suggests stiffening of valve leaflets may play a regulatory role in AVS 
development and additionally implies the participation of a cellular stiffness sensor 11-13,14,20,21,23,28-

31. Published work by our lab also shows that mechanosensitive Trpv4 channels play regulatory 
roles in fibrosis development in other organs in vivo and control fibroblast activation, suggesting 
that Trpv4 may act as a stiffness sensor in regulating AVS14,16-18,20,21,31. Thus, it is essential to verify 
the identity of the cellular stiffness sensor in VICs and identify the stiffness-induced fibrotic 
signals that mediate the link between matrix stiffness and AVS development.    

Trpv4 is expressed in various cell types including fibroblasts14,20,21,28,32-37. Our lab and 
others have shown that Trpv4 is activated by a range of soluble and mechanical stimuli including 
substrate stiffness and cytokines14,16-18,20,21,28,31-37. In addition to its transmembrane structure which 
includes a ligand-binding pore, Trpv4 contains several regulatory domains including PI3K 
recognition domains32,33. In mice, Trpv4 deficiency is associated with alterations in pressure 
responses, osteogenesis, fibrosis, and inflammation14,20,21,28,32-37. Trpv4 is also linked to human 
diseases including skeletal dysplasia and sensory and motor neuropathies32-34. Moreover, our data 
show that Trpv4 deletion inhibited both the substrate stiffness- and growth factor-induced 
activation of the PI3K-AKT pathway in skin epithelial cells16,17. Research on Trpv4's role in the 
aortic valve is limited, with studies showing higher Trpv4 protein levels in diseased valves 
compared to healthy ones, though the specific mechanisms remain unclear38. Although aortic valve 
tissues were not directly studied, increased Trpv4 in the myocardium of diabetic mice is linked to 
cardiac fibrosis. This alludes to a potentially similar role in AVS, influenced by ECM regulation 
of Trpv4 in VICs38,14,17,20,38-40. Recent research has shown that Trpv4 regulates valve myofibroblast 
activation and proliferation, suggesting Trpv4 as a candidate mechanosensor in VICs41. 
Nonetheless, the molecular mechanisms by which Trpv4-generated mechanosensing signals 
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(mechanotransduction) are transduced into cells to drive VICs to myofibroblast differentiation 
remain unknown. In this regard, we found that 1) Trpv4 is functional in mouse VICs; 2) genetic 
ablation of Trpv4 prevented matrix stiffness and TGFβ1-induced VIC myofibroblast activation; 3) 
N-terminal residues 30-130 in Trpv4 are critical for cellular force generation and VIC 
myofibroblast differentiation; and 4) Trpv4 regulates matrix stiffness-induced PI3K-AKT activity 
to modulate VIC myofibroblast differentiation and cellular force generation, identifying a potential 
mechanism by which Trpv4 activity regulates VIC-myofibroblast activation. Together, we identify 
Trpv4 mechanotransduction as a critical regulator of VIC-myofibroblast activation, implicating 
Trpv4 as a novel target for therapeutic intervention. 
 
 
 
MATERIALS AND METHODS 
 
Reagents and antibodies: For Western blot and immunofluorescent microscopy analysis the 
following antibodies were purchased from Cell Signaling Technologies, Danvers, MA: p-Smad2 
(3108s), Smad2 (5339s), p-Smad3 (9520s), Smad3 (9523s), p-AKT (9271s), AKT (9272s), p-
ERK1/2 (9101s), ERK1/2 (4695s), p-Jnk (4668s), Jnk (9252s), p-P38 (9211s), P38 (9212) and 
Beta-actin (4970s). Anti-alpha smooth muscle actin antibody (α-SMA) was purchased from Sigma 
(A2547-2ML) (St. Louis, MO). Anti-Trpv4 antibody (ACC-034) and blocking peptide (BLPCC-
034) were purchased from Alomone labs. Pierce RIPA (89900) buffer and Halt protease and 
phosphatase inhibitor combination (78442) from Thermo Scientific were used to prepare whole 
cell lysate. Thermo Scientific’s Alexa Fluor 488 conjugated secondary IgGs (A11001) and Alexa 
fluor phalloidin 594 (A12381) was used for the fluorescent detection. ProLong Gold Diamond 
4′,6-diamidino-2-phenylindole (DAPI) mounting media was purchased from Invitrogen 
(#P36962). Trpv4 antagonist GSK2193874 (GSK219) (cat# SML0942), Trpv4 agonist 
GSK1016790A (GSK101) (cat# 6433) and PI3K antagonist LY-294002 (LY) (L9908) were 
purchased from Sigma. TGFβ1 (#240-B) was purchased from R&D Systems. For removing cell 
adhesion and passaging, Gibco 0.25% Trypsin EDTA solution was used (#25-300-120). Cells were 
cultured using Gibco’s Dulbecco’s modified Eagle’s medium (DMEM) (11995-011) and heat- 
inactivated fetal bovine serum (FBS) (10082-147), and antibiotic/antimycotic solution purchased 
from Sigma (A5955). Culture grade BSA (SH30574.02) was obtained from Hyclone. For traction 
force microscopy (TFM) studies, Softwell (SW24G-COL-25-STO.2R-ER) TFM plates with 
embedded fluorescent beads were purchased. Collagen type I (cat#- 804622-20ML) and 
Collagenase-II solution (cat#- C2-22-1G) were purchased from Sigma. Matrigen softslip 24 well 
culture plates with removable coverslips coated with 1 and 50 kPa stiffness (SS24-COL-1-EA, 
SS24-COL-50-EA) polyacrylamide (PA) hydrogel was purchased for stiffness-related studies. 
Adenovirus vector (empty vector), Adeno-RGD-mouseTRPV4 WT, Adeno-GFP-TRPV4, and 3 
deletion constructs (Ad-TRPV4-del-1-30, Ad-TRPV4-del-1-130 and Ad-TRPV4-del-100-130) 
were prepared by Vector Biolabs. For calcium influx studies, FLIPR Calcium 6 assay kit was 
purchased from Molecular Devices and Calbryte 590 (20700) was purchased from ATT-bioquest.  
 
Animals: Trpv4 knockout (KO) mice on C57BL/6 background, originally created by Dr. Makato 
Suzuki (Jichi Medical University, Tochigi, Japan), was obtained from Dr. David X. Zhang 
(Medical College of Wisconsin, Milwaukee, WI). The congenic wild type (WT) mice were 
purchased from Charles River Labs. All mice were housed and bred in a temperature and humidity- 
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regulated, germ-free environment with food and water ad libitum. For all the experiments, 
Institutional Animal Care and Use Committee (IACUC) guidelines were followed and animal 
protocols were approved by the University of Maryland College Park review committee. 
 
Valvular interstitial cell culture and maintenance: We have harvested VICs from mice hearts 
following the protocol from JOVE Journal42. VICs were extracted from WT and Trpv4 KO mice 
after dissecting the heart and valve areas under a light microscope. Extracted valve leaflets were 
treated with collagenase II and incubated for 1 h at 37°C. Valvular endothelial cells were removed 
by vortexing leaflets vigorously at maximum speed for 60 seconds. After the incubation the tissues 
were minced using a sterile scalpel and incubated in collagenase II for additional 15 minutes. After 
the second incubation the tissues and cell mixture were pipetted several times to loosen the cells 
from the tissue surface following a wash with sterile PBS and resuspended in complete 10% FBS 
containing DMEM (supplemented with antibiotic and antimycotic solution) on collagen-coated 
culture plates. Cells were grown with fresh DMEM medium every 48 h. We used 0.25% trypsin 
EDTA solution for passaging the cells, and 10% DMSO plus 90% FBS solution was used to freeze 
the cells in liquid nitrogen until further usage. All the experiments are performed using cells within 
passage number 3-8. Cells were maintained in 10% FBS containing DMEM for all the experiments 
related to adenovirus transfection along with TGFβ1 treatment. For TGFβ1 treatment without any 
adenovirus, we used 1% BSA containing DMEM.   
 
Traction force microscopy (TFM): VICs were plated on collagen-coated (10 μg/ml) 25 kPa PA 
hydrogels containing 0.2 μm fluorescent beads in 24-well plates. WT and Trpv4 KO VICs were 
allowed to grow overnight at 37°C. Subsequently, the cells were subjected to treatment with 
TGFβ1 (5 ng/ml) for 48 hours. For experiments with adenovirus, Trpv4 KO VICs were transfected 
by adenovirus constructs with or without Trpv4 antagonist GSK219 or PI3K inhibitor LY 
treatment. Using a microscope with a 20x objective, fluorescent images of beads were captured 
both before and after lysing the cells using a 0.6% SDS solution. Bright field picture of the cells 
was taken after capturing the initial state of the fluorescent beads. To quantify the displacement 
and cellular traction force generated, we utilized the TractionForAll® software43. 
 
Calcium influx study: Fluorescence imaging of VICs was done using Perkin Elmer spinning disc 
laser confocal microscope fitted with 20x objective lens. WT and Trpv4 KO VICs were cultured 
on 35 mm glass bottom plates with Ad-Trpv4 or Ad-vec for 48 hours. For the Ca2+ influx 
measurement, the cells were washed with HBBS buffer (Corning, cat# 21023105) twice and 
incubated with Calbryte 590 AM dye in HBBS for 1 h at 37°C. Following two more washes, 
transient fluorescence measurement was performed by perfusing the cells with buffer containing 
100 nM GSK 1016790A (GSK101), a known Trpv4 agonist, and fluorescence was measured for 8 
mins. The fluorescence intensity was analyzed and quantified using Image J. In the second method 
of Ca2+ influx study, we used FlexStation 3 instrument to measure GSK101-induced Trpv4-
induced Ca2+ influx in WT and Trpv4 KO VICs cultured in 96-well black wall clear bottom plate, 
with or without TGFβ1(5 ng/ml) treatment for 48 hours. Prior to the experiment cells were pre-
treated with or without GSK219 for 1 hour. FLIPR calcium 6 Assay Kit was used to quantify 
changes in the intercellular Ca2+ influx. VICs were washed and incubated for 45 min with FLIPR 
kit reagent (Calcium 6 dye in 1x HBSS containing 20 mM HEPES and 2.5 mM probenecid) at 
37°C and then transferred to the FlexStation 3 instrument for measuring the Ca2+ influx14, 20.  
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Western blot analysis: Whole cell extracts were prepared from WT and Trpv4 KO VICs cultured 
on plastic tissue culture plates coated with collagen, with or without TGFβ1 treatment for 48 h 
using RIPA buffer containing protease and phosphatase inhibitors cocktail. Cell lysates were 
separated on a 10% SDS-PAGE, transferred to a PVDF membrane, and probed with antibodies 
against p-Smad2 (1:1000), Smad2 (1:1000), p-Smad3 (1:1000), Smad3 (1:1000), α-SMA (1:1000), 
p-AKT (1:1000), AKT (1:1000), p-ERK (1:1000), ERK (1:1000), p-P38 (1:1000), P38,(1:1000), 
p-JNK (1:1000), JNK (1:1000) or Actin ( 1:3000), respectively. The blots were visualized using 
anti-rabbit (1:2000) or anti-mouse (1:2000) horseradish peroxidase-conjugated secondary IgG and 
developed in UVP Biospectrum. Images were quantified using UVP data processing software. 
 
Overexpression of full length and mutant Trpv4 gene in Trpv4 KO VICs by adenovirus 
construct transfection: To conduct gain-of-function studies in Trpv4 KO VICs, cells were 
transfected with full-length WT Ad-Trpv4 and three deletion constructs of different lengths of 
mouse Trpv4 gene (Ad-Trpv4-Δ1-30, Ad-Trpv4-Δ1-130, and Ad-Trpv4-Δ100-130). To verify the 
success of transfection efficiency of adenovirus constructs in the VICs, GFP-tagged Ad-Trpv4 was 
used at a concentration of 107 plaque forming unit (PFU). Trpv4 KO VICs were seeded on cell 
culture plates or TFM plates with DMEM, 10% FBS, and transfected with adenovirus Trpv4 
constructs or empty vector control (107 plaque-forming units/ml) for 24 h followed by a fresh 
medium replacement and another 24-48 h of incubation with complete DMEM with or without 
TGFβ1 (5 ng/ml) treatments.   
 
Immunofluorescence microscopy analysis: To analyze the production of α-SMA and F-actin, 
WT and Trpv4 KO VICs were cultured on collagen-coated glass coverslips with or without the 
TGFβ1 (5 ng/ml) treatment for 48 hours. To determine the effect of matrix stiffness on the 
production of α-SMA and F-actin, VICs were cultured on 1 and 50 kPa PA hydrogel-coated 
coverslips with or without TGFβ1 treatment for 48 hours. Cells were fixed with 4% 
paraformaldehyde and were incubated with 3% FBS plus 0.1% triton-x containing blocking 
solution. Anti-α-SMA antibody was used in a 1:100 ratio and the secondary antibody was used in 
a 1:200 Ratio. To label F-actin, Alexa-Fluor-labeled phalloidin 594 was used. DAPI-containing 
mounting medium was used to stain the nucleus. To confirm the specificity of the Trpv4 antibody 
in VICs, WT VICs were cultured on glass coverslips, fixed with 4% paraformaldehyde, and stained 
with anti-Trpv4 (1:200) primary and anti-Rabbit (1:300) Alexa-fluor conjugated secondary IgG, 
with or without the presence of Trpv4 blocking peptide.  
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RESULTS 
 
 
Primary mouse VIC express functional Trpv4 channels that can be activated and inhibited 
by its selective agonist and antagonist.  
Published work by our lab and others showed that Trpv4 plays critical roles in fibrosis development 
in other organs and regulate fibroblast activation, indicating that Trpv4 may be involved in 
regulating VIC-to-myofibroblast activation as related to AVS14,16,20,40,41,44. We hypothesized that 
mouse primary VICs express functional Trpv4 channels, and its channel function could be 
modulated by selective agonists and antagonists. First, using immunofluorescence microscopy, we 
confirmed that Trpv4 protein is present in VICs cultured on tissue culture plates (Fig. 1A). 
Blocking of Trpv4-specifc signals by a Trpv4-targeted peptide confirmed the specificity of the 
Trpv4 antibody (Fig. 1A). Next, we used real-time Ca2+ influx imaging to test the functionality of 
Trpv4 channel and detect cytoplasmic Ca2+ levels induced by Trpv4 agonist GSK101 in VICs. Ca2+ 
influx levels were increased 3-fold in VICs stimulated by GSK101 compared to unstimulated cells 
(Fig. 1B). Interestingly, further increased levels of Ca2+ influx was detected in TGFβ1-stimulated 
VICs compared to no TGFβ1control, suggesting a critical role of Trpv4 in TGFβ1-induced Ca2+ 
influx in VICs. Additional results showed that TGFβ1-dependent Ca2+ influx was completely 
blocked by treatment with a Trpv4 antagonist GSK219, suggesting that TGFβ1-elicited Ca2+ influx 
was mediated by Trpv4 (Fig. 1B).  

We confirmed successful overexpression of WT Trpv4 (Ad-TRPV4-GFP) in adenovirus 
construct-transfected WT and Trpv4 KO VICs through fluorescence microscopy showing 
overexpression of Trpv4 proteins specifically in membranes (Fig. 1C). To determine the 
functionality of the adenovirus construct-derived Trpv4 channel in WT and Trpv4 KO VICs, we 
assayed Ca2+ influx induced by GSK101 in VICs transfected with Ad-Trpv4, or control vector 
constructs. Ca2+ influx was increased to approximately 2.5-fold in Ad-Trpv4 transfected VICs 
compared to vector control cells (Figs. 1D & E). Altogether, our findings suggested that both 
mouse primary VICs and VICs transfected with Ad-Trpv4 express functional Trpv4 channels 
which can be activated and inhibited by Trpv4-selective agonist and antagonist. 
 
Trpv4 regulates both TGFβ1- and matrix stiffness-induced VIC-to-myofibroblast 
differentiation.  
Published work from our lab and others suggest a link between Trpv4 activation and TGFβ1 signals 
that mediate myofibroblast differentiation14,20,40,41,44. To test our hypothesis that Trpv4 activation 
might regulate VIC-to-myofibroblast differentiation, VICs from WT and Trpv4 KO mice were 
seeded on collagen-coated plastic plates and treated with TGFβ1. They were then compared for 
acquisition of myofibroblast-related biochemical changes. We found that compared to untreated 
WT controls, TGFβ1-pretreated WT VICs showed upregulated F-actin generation along with 
upregulated α-SMA expression (Figs. 2A-C), confirming the profibrotic effect of TGFβ1. In 
contrast, results of immunofluorescence analysis indicated that Trpv4 KO VICs treated or not with 
TGFβ1 showed significant reductions in expression of α-SMA and generation of F-actin signals 
compared to TGFβ1-treated WT VICs (Figs. 2A-C). These results suggest that Trpv4 is required 
for TGFβ1-induced VIC-to-myofibroblast differentiation. 

Previous reports from our lab and others showed that increases in matrix stiffness drive 
TGFβ1-mediated myofibroblast differentiation in other cell types14,20,40,41,44. To ascertain the role 
of Trpv4 in VIC-to-myofibroblast differentiation as a result of increasing matrix stiffness alone or 
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in combination with TGFβ1, we seeded VICs on soft (1 kPa) or stiff (50 kPa) collagen-coated 
polyacrylamide (PA) hydrogels treated with or without TGFβ1. We then assessed the occurrence 
of myofibroblast differentiation in Trpv4 KO and WT VICs. Immunofluorescence analysis showed 
that TGFβ1 was unable to drive myofibroblast differentiation in WT VICs under soft conditions 
(normal tissue stiffness) (Figs. 2D-F). In contrast, under stiff matrix conditions (fibrotic tissue 
stiffness) without TGFβ1 treatment, WT VICs differentiated to myofibroblasts as confirmed by 
increased production of α-SMA, F-actin, and stress fibers (Fig. 2D). Intriguingly, the addition of 
TGFβ1 further augmented the matrix stiffness-induced myofibroblast generation in WT VICs 
under stiff matrix conditions (Figs. 2D-F). However, stiff matrix and TGFβ1 did not induce 
myofibroblast differentiation in Trpv4 KO VICs (Figs. 2D-F). These results indicate that Trpv4 
mechanosensing activity is required for both matrix stiffness and TGFβ1-induced VIC-to-
myofibroblast differentiation.    
 
N-terminal residues 30 to 130 in Trpv4 is critical in regulation of TGFβ1-induced VIC-to-
myofibroblast differentiation.  
The N-terminal regions of Trpv4, recognized for their role in channel activation through 
biomechanical stimuli like osmolarity and stiffness, were examined for their potential to regulate 
VIC-to-myofibroblast differentiation in response to TGFβ120,45. For this, three Trpv4 mutants with 
progressive N-terminal deletions (Ad-Trpv4-Δ1-30, Ad-Trpv4-Δ1-130, and Ad-Trpv4-Δ100-130) 
were produced using an adenovirus expression system (Fig. 3A)20. These mutant constructs, along 
with the full-length-WT Trpv4 (Ad-Trpv4) and an empty vector (Ad-Vec), were introduced into 
Trpv4 KO VICs. Post-TGFβ1 treatment, VICs expressing the WT Trpv4 or Ad-Trpv4-Δ1-30 
construct showed increased VIC myofibroblast differentiation compared to the empty vector 
control. Notably, Trpv4 overexpression-dependent TGFβ1-induced myofibroblast differentiation 
in Trpv4 KO VICs was completely blocked by Trpv4 antagonist GSK219. These results suggest a 
direct role of Trpv4 in this process (Figs. 3B-D). The high level of VIC-to-myofibroblast 
differentiation was suppressed in cells transfected with Ad-Trpv4-Δ1-130 or Ad-Trpv4-Δ100-130 
indicating the critical role of the Trpv4 30-130 region in regulating TGFβ1-induced VIC 
myofibroblast differentiation (Figs. 3B-D). All together, these results suggested that residues 30-
130 in Trpv4 were crucial for VIC myofibroblast differentiation, while truncation of residues 1-30 
had no noticeable negative effect on myofibroblast differentiation. 
 
Differential requirement of Trpv4 domains for TGFβ1-induced traction force generation in 
VICs.  
Cytoskeletal remodeling is essential to various cellular processes, including cell differentiation. 
The generation of cellular traction force is primarily dependent on F-actin production, a key 
component of cytoskeletal remodeling46,47. Our findings revealed a notable increase in Trpv4-
dependent F-actin production on stiffer PA gels compared to softer ones in VIC- myofibroblasts 
(Figs. 2D-F). To determine if Trpv4-dependent VIC-myofibroblast formation was associated with 
cellular traction force generation, we employed traction force microscopy to measure force 
generation in VICs induced by TGFβ1. We found that TGFβ1 stimulation significantly increased 
force generation in WT VICs compared to Trpv4 KO VICs (Figs. 4A & B), highlighting Trpv4's 
essential role in cellular force generation. Collectively, these results suggest that F-actin-dependent 
cytoskeletal remodeling, and the subsequent increase in cellular force, may be instrumental in 
Trpv4-dependent VIC-myofibroblast generation. 
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We generated gain-of-function by overexpression of Ad-Trpv4-WT, Ad-Trpv4-D1-30, Ad-
Trpv4-D1-130, and Ad-Trpv4-D100-130 in Trpv4 KO VICs through transfection of these 
adenovirus expression constructs. In these experiments, an empty adenovirus vector (Ad-Vec) was 
used as a negative control. Cells expressing the Ad-Trpv4-WT or Ad-Trpv4-Δ1-30 construct 
showed increased force generation compared to the empty vector control. Notably, Trpv4 
overexpression-dependent force generation in Trpv4 KO VICs was completely blocked by Trpv4 
antagonist GSK219. Together, these results suggest a direct role of Trpv4 in cellular force 
generation (Figs. 4C & D). The degree of force generation was significantly suppressed in cells 
transfected with the deletion mutants, Ad-Trpv4-Δ1-130 or Ad-Trpv4-Δ100-130, indicating the 
critical role of the Trpv4 30-130 region in regulating TGFβ1-induced force generation (Figs. 4C 
& D). All together, these results suggested that residues 30-130 were crucial for force generation 
in VICs, while truncation of residues 1-30 had no noticeable negative effect on this process. 
 
Trpv4 channel regulates TGFβ1-induced AKT activation in VICs.  
Activation of the PI3K/AKT pathway is a central promoter of cell differentiation in various cell 
types16-18,48,49. The PI3K/AKT pathway can be activated in either a TGFβ1-dependent or -
independent manner50-52. We did not find any increase in TGFβ1-induced phosphorylation of 
Smad-2/3 or MAPK proteins (Erk, p38, and Jnk) in both WT and Trpv4 KO VICs (Figs. 5A). 
However, genetic deletion of Trpv4 significantly suppressed phosphorylation of AKT (at serine 
473) with or without TGFβ1 stimulation and inhibited expression of α-SMA by TGFβ1, as 
compared to WT VICs (Figs. 5A-C). This suggests that both basal and TGFβ1-induced activation 
of AKT is dependent on Trpv4 in VICs. Notably, Trpv4 overexpression-dependent phosphorylation 
of AKT and expression of α-SMA in response to TGFβ1 in Trpv4 KO VICs was significantly 
blocked by Trpv4 antagonist GSK219. Together, these results suggest a direct role of Trpv4 in 
TGFβ1-induced phosphorylation of AKT in VICs (Figs. 4D-F).  
 
Trpv4 regulates matrix stiffness-induced phosphorylation of AKT which is required for VIC-
to-myofibroblast differentiation and traction force generation.  
It has been previously found that activation of the PI3K-AKT pathway is upregulated by stiff 
matrices in other cell types16-18,53,54. We compared phosphorylated AKT (p-AKT) levels between 
WT and Trpv4 KO VICs grown on soft (1 kPa) and stiff (50 kPa) PA hydrogels. 
Immunofluorescence analysis showed that stiff matrices caused increased p-AKT levels in WT 
VICs compared to WT VICs grown on soft matrix (Figs. 6A & B). Intriguingly, the addition of 
TGFβ1 further augmented the level of p-AKT in WT VICs under stiff matrix conditions (Figs. 6A 
& B). However, stiff matrix and TGFβ1 did not induce the level of p-AKT in Trpv4 KO VICs 
(Figs. 6A & B). These results indicate that Trpv4 mechanosensing activity is required for both 
matrix stiffness and TGFβ1-induced phosphorylation of AKT in VICs. Notably, Trpv4 
overexpression-dependent increase in α-SMA and p-AKT levels in Trpv4 KO VICs plated on stiff 
PA hydrogels were completely blocked by PI3K inhibitor LY (Figs. 6C-E), suggesting a direct role 
of Trpv4 in VIC myofibroblast differentiation and phosphorylation of AKT under stiff 
environment. Moreover, we found that Trpv4 overexpression-dependent increase in traction force 
generation in Trpv4 KO VICs plated on stiff PA hydrogels were significantly blocked by LY (Figs. 
6F & G), suggesting a direct role of Trpv4-PI3K axis in cellular force generation under stiff 
environment. 
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DISCUSSION 
 
 
Key features of AVS include development of fibrosis, inflammation, calcification, and hardening 
and thickening of the aortic valve leaflets1,2. These pathological changes can lead to disrupted 
blood flow, left ventricular pressure-overload, and even death of the patient1,2. VICs, the main 
cellular component of aortic valve leaflets, play a critical role in maintaining valve homeostasis, 
repair, and upkeep7-9. However, during AVS development, VIC-to-myofibroblast transition 
persists, leading to excessive ECM synthesis and remodeling, and consequent valve stiffening8-

10,22-27. These pathological alterations of the aortic valve are recognized to be primary promoters 
of AVS development and progression22-27. Previous work by our lab and others showed that Trpv4 
plays regulatory roles in myofibroblast activation and fibrosis development in other organs, 
suggesting that Trpv4 may act as a stiffness sensor in promoting AVS development14,16-18,20,21,31. 
Here, we focused on understanding whether Trpv4-mediated mechanotransduction specifically 
regulates VIC-myofibroblast activation as a function of matrix stiffness. Our current study sheds 
light on the Trpv4-dependent mechanism underlying VIC-myofibroblast activation through 
several major findings: (a) primary mouse VICs possess functional Trpv4 channels; (b) genetic 
ablation of Trpv4 blocked both soluble and mechanical factor-induced VIC-myofibroblast 
activation; (c) differential requirement of N-terminal Trpv4 domains for cellular force generation 
and VIC-myofibroblast activation; and (d) Trpv4 regulates matrix stiffness and TGFβ1-induced 
PI3K-AKT activity to modulate VIC-myofibroblast activation and cellular force generation. 
 During AVS development, VICs are likely subjected to a complex array of mechanical, 
physical, and soluble biochemical cues in vivo due to their interactions with other cell types, 
surrounding tissue matrix, and changing stiffness of the aortic valve matrix, which can modify 
their activation status22-27,55,56. Herein, we show that primary mouse VICs possess functional Trpv4 
channels that can be modulated by its specific agonist and antagonist. Notably, stimulation of VICs 
by TGFβ1, a major factor linked to myofibroblast activation and fibrosis development50-52, 
augmented Trpv4 channel activity. Previous reports have shown increased Trpv4 expression and 
activity levels in fibrotic cells and tissue samples from numerous fibrotic conditions14,20,40,41,44. 
Moreover, it has been shown that porcine VICs grown under myofibroblast promoting medium 
conditions express increased Trpv4 proteins41.  In this report, we further presented that Trpv4 
deficiency suppressed both matrix stiffness and TGFβ1-induced cytoskeletal remodeling, as well 
as VIC-myofibroblast activation, which were restored by Trpv4 reintroduction. Notably, 
pretreatment of VICs by TGFβ1 further augmented matrix stiffness-induced VIC-myofibroblast 
activation. This may be due to increased activity of Trpv4 in VICs observed under TGFβ1 
stimulation. Altogether, these results suggest that Trpv4 is directly involved in VIC-myofibroblast 
activation and also agree with a recent report showing the role of Trpv4 in regulating porcine VIC-
myofibroblast activation and proliferation41. Using deletion strategies, we have now extended 
these findings. Here, we showed that N-terminal residues 30-130 in Trpv4 are indispensable for 
their profibrotic activity as revealed by its reliance on these residues for VIC-myofibroblast 
activation. In contrast, truncation of N-terminal residues 1-30 had no noticeable negative effect on 
VIC-myofibroblast activation. Since Trpv4 is sensitive to either surrounding matrix stiffness or 
TGFβ1 stimulation20,23,26,27,41, our finding that stiffer matrix or combination of stiffness plus 
TGFβ1 leads to increased VIC-myofibroblast activation in a Trpv4-dependent manner, further 
suggests a feed-forward mechanism in which a reciprocal functional interaction between Trpv4 
and matrix stiffness propels AVS development and progression.  
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Cells, including fibroblasts, use adhesion molecules like integrin and ion channels like Trpv4 to 
sense changes in substrate stiffness associated with processes such as stress fiber development and 
cytoskeletal remodeling47. In our effort to identify a mechanosensing receptor and associated 
mechanisms by which mechanical signals are propagated into cells to drive cell differentiation, we 
previously reported that Trpv4 is involved in epithelial-to-mesenchymal transition, as well as lung 
and skin fibroblast differentiation14,16-18,20,40. Cytoskeletal remodeling is central to myofibroblast 
differentiation14,16-18,20,40. Notably, the generation of cellular force is primarily achieved by F-actin 
production, a key aspect of cytoskeletal remodeling46,47. Using traction force microscopy analysis, 
we showed that lack of Trpv4 function abrogated TGFβ1-induced force generation in VICs, which 
was re-established by Trpv4 reintroduction. These results suggest that Trpv4 is required for force 
generation in VICs under fibrogenic conditions. Furthermore, we presented that N-terminal 
regions 30-130 in Trpv4 are critical for its activity, as revealed by its reliance on these residues to 
generate cellular force. In contrast, deletion of residues 1-30 had no noticeable negative effect on 
force generation. Activation of the Trpv4 channel has been shown to require phosphatidylinositol 
4,5-bisphosphate (PIP2) binding in the N-terminal region (residues 121-125) of Trpv445. Deletion 
of N-terminal regions 30-130 was thought to interfere with PIP2-Trpv4 interaction, subsequently 
causing inhibition of activation of the channel. Whether similar PIP2-Trpv4 binding is also required 
for VIC-myofibroblast activation remains to be determined.   
 Herein, based on our gain-of and loss-of-function study, we found that Trpv4 is directly 
involved in regulating both matrix stiffness- and TGFβ1-induced phosphorylation of AKT, and 
generation of cellular force in VICs. These results suggest a role of Trpv4-PI3K axis in cellular 
force generation under stiff environment. Previously we reported that Trpv4 deletion inhibited both 
the matrix stiffness- and TGFβ1-induced activation of the PI3K-AKT pathway in skin epithelial 
cells16,17. The YAP/TAZ signaling pathway is a critical regulator of cell matrix 
mechanotransduction and signaling58-62. Previous reports from our lab and others linked Trpv4 to 
YAP/TAZ signaling in different cell types16,17,41. Currently, it is not well understood how calcium 
signaling through Trpv4 modulates YAP nuclear localization, and a more robust and precise 
pathway analysis is warranted. For example, efforts have been made to connect profibrotic 
pathways, such as PI3K and MAPK, and both the PI3K and the MAPK pathway have been 
recognized as bonafide targets of Trpv416,17,63. Furthermore, it has been demonstrated that PI3K 
signaling modulates YAP/TAZ signaling in tumor cells, suggesting the potential for a Trpv4-PI3K-
YAP/TAZ pathway in regulating VIC-myofibroblast activation64. However, with the currently 
available data, it remains speculative whether these pathways operate in parallel or are mutually 
exclusive. This underscores the necessity to more comprehensively identify the downstream 
targets of Trpv4 that influence VIC-myofibroblast activation. In this study, we used mouse VICs 
to explore the role of Trpv4 mechanotransduction in VICs. Therefore, to corroborate the proposed 
mechanisms, further experiments using human cells are warranted. 

Studies investigating the function of Trpv4 in the aortic valve are scant. Although it has 
been found that aortic valve leaflets harvested from patients having aortic valve disease contain 
augmented levels of Trpv4 protein compared to that from patients with healthy hearts, not much 
is known about the mechanisms at play57. Recent evidence indicates that increased Trpv4 levels in 
the myocardium of diabetic rats mediate cardiac fibrosis65. Although aortic valve leaflet tissue was 
not examined, a similar process may be occurring in the context of AVS progression, as numerous 
studies from our lab and others point to ECM regulation of Trpv4 in fibroblasts14,20,40,41,66. Recent 
research has shown that Trpv4 expression is elevated in cardiomyocytes from aged mice compared 
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to young mice and has linked Trpv4 to cardiomyocyte damage and possible participation in 
myofibroblast generation and fibrosis66.  

In summary, the results of our study support the notion that a feed-forward functional 
interaction between Trpv4 and matrix stiffness leads to cytoskeletal remodeling and cellular force 
generation to regulate VIC-myofibroblast activation under AVS. As such, our study provides 
insights into the VIC-matrix interaction and Trpv4 mechanotransduction, which might be exploited 
in the development of targeted therapeutics for AVS.  
 
 
 
FIGURE LEGENDS 
 
Figure 1. Primary mouse VIC express functional Trpv4 channels/receptors. A. VICs from WT 
mouse was immunostained with Trpv4 antibody (red). Trpv4 antibody pre-incubated with Trpv4 
blocking peptide (right panel) was used to show specificity of Trpv4 IgG. B. VICs (~20,000 cells 
per well) were seeded on collagen-coated (10 μg/ml) 96-well plastic plate. Ca2+ influx is shown 
by are under curve measuring ΔF/F (Max-Min). FlexStation 3 recording of Calcium 6 dye-loaded 
WT VIC monolayers with or without TGFβ1 treatment show effect of Trpv4 agonist GSK101 or 
antagonist GSK219 on Ca2+ influx. **p < 0.01; ***p < 0.001; Student’s t-test. C. Fluorescence 
microscopy images show overexpression of Trpv4 proteins in WT and Trpv4 KO VICs transfected 
with GFP tagged Ad-Trpv4 for 48 hours. D. Spinning disc confocal microscopy images show 
recording of Ca2+ influx (red signals) in GSK101-exposed WT and Trpv4 KO VICs transfected 
with control Ad-Vec or Ad-Trpv4 constructs. E. Bar graph show quantitation of results (mean ± 
SEM) from Figure 1D. n = 50 cells per condition. ***p < 0.001; Student’s t-test. 
 
Figure 2. Trpv4 is required for both TGFβ1- and matrix stiffness-induced myofibroblast 
differentiation in VICs. A. WT and Trpv4 KO VICs were plated on collagen-coated plastic plates 
and incubated with or without TGFβ1 (5 ng/ml) for 48 h.  Representative images from five different 
fields per condition shows morphological changes and co-localization of ɑ-SMA (green) and F-
actin (red) with DAPI (blue) staining in VICs. B & C. Quantitation of results from Figure 2A. Data 
are expressed as mean ± SEM, n = 20 cells/condition; UT = untreated; ***p < 0.001, 1-way 
ANOVA. D. WT and Trpv4 KO VICs were plated on collagen-coated soft (1 kPa) and stiff (50 
kPa) polyacrylamide hydrogels and incubated with or without TGFβ1 (5 ng/ml, 48 h).  
Representative images from five different fields per condition showing morphological changes 
and co-localization of ɑ-SMA (green) and F-actin (red) with DAPI (blue) staining in WT and Trpv4 
KO VICs in response to increasing matrix stiffness and TGFβ1 treatment. E & F. Quantitation of 
results from Figure 2D. Data are expressed as mean ± SEM, n = 20 cells/condition; UT = untreated; 
**p < 0.01; ***p < 0.001, ****p < 0.0001, 1-way ANOVA.    
 
Figure 3. Differential requirement of Trpv4 domains for TGFβ1-induced VIC-to-
myofibroblast differentiation. A. Schematic diagram of full-length Ad-TRPV4-WT and three 
Trpv4 constructs with deletions in N-terminal residues (Adeno-TRPV4-Δ-1-30, Adeno-TRPV4-
Δ-1-130 and Adeno-TRPV4-Δ-100-130). PRD: proline rich domain.  B. Representative images 
from five different fields per condition showing morphological changes and co-localization of ɑ-
SMA (green) and F-actin (red) with DAPI (blue) staining in TGFβ1 (5 ng/ml)-stimulated Trpv4 
KO VICs transfected with Ad-TRPV4-WT (with or without GSK219), Ad-TRPV4-D1-30, Ad-
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TRPV4-D1-130, Ad-TRPV4-D100-130, or Ad-Vec. C & D. Quantitation of results from Figure 
3B. Data are expressed as mean ± SEM, n = 20 cells/condition; ***p < 0.001, 1-way ANOVA.   
 
Figure 4. N-terminal residues 30 to 130 in Trpv4 is critical in regulation of TGFβ1-induced 
traction force generation in VICs. A. WT and Trpv4 KO VICs were plated on collagen-coated 
(10 µg/ml) 25 kPa PA hydrogels containing 0.2 μm fluorescent beads in 24-well plates with or 
without 5 ng/ml of TGFβ1 for 24 h. Color-coded traction vector maps indicate the magnitude of 
the traction vector and corresponding phase images show the cells. B. Quantitation of results from 
traction force microscopy assay as shown in Figure 4A. Data are expressed as mean ± SEM, n = 
10 cells/condition; ***p < 0.001, ****p < 0.0001, Student’s t-test; RMS: root mean square. C. 
Trpv4 KO VICs transfected with Ad-TRPV4-WT (with or without GSK219), Ad-TRPV4-D1-30, 
Ad-TRPV4-D1-130, Ad-TRPV4-D100-130, or Ad-Vec were seeded on collagen-coated (10 µg/ml) 
25 kPa PA hydrogels containing 0.2 μm fluorescent beads in 24-well plates and were stimulated 
by 5 ng/ml of TGFβ1 for 24 h. D. Bar graph shows quantitation of results from Figure 4C. Data 
are expressed as mean ± SEM, n = 10 cells/condition; ***p < 0.001, ****p < 0.0001, Student’s t-
test; UT: untreated.   
 
Figure 5. Deficiency of Trpv4 function blocks TGFβ1-induced phosphorylation of AKT in 
VICs. A. VICs were plated on plastic plates coated with collagen (10 µg/ml). Immunoblots show 
the expression levels of p-Smad2, total Smad2, p-Smad3, total Smad3, 𝛼-SMA, p-AKT, total AKT, 
p-Erk, total Erk, p-P38, total-P38. p-Jnk, total Jnk, and actin 48 h after treatment of WT and Trpv4 
KO VICs with or without TGFβ1 (5 ng/ml) stimulation. All experiments were repeated at least 
three times. Graph shows quantification of results from Figure A for 𝛼-SMA (B) and p-AKT (C). 
**p < 0.01, ***p < 0.001, Student’s t-test. D. Immunoblots show the expression level of p-Smad2, 
total Smad2, 𝛼-SMA, p-AKT, total AKT, and actin 48 h after treatment of Trpv4 KO VICs 
transfected with Ad-TRPV4-WT (with or without GSK219) or control Ad-Vec in the presence or 
absence of TGFβ1 (5 ng/ml). All experiments were repeated three times. Graph shows 
quantification of results from Figure D for 𝛼-SMA (E) and p-AKT (F). **p < 0.01, ***p < 0.001. 
 
Figure 6. Trpv4-dependent phosphorylation of AKT by matrix stiffening is required for VIC-
to-myofibroblast differentiation and traction force generation. A. Immunofluorescent 
microscopy images show the level of p-AKT (red) in WT and Trpv4 KO VICs plated on soft (1 
kPa) and stiff (50 kPa) PA hydrogels with or without TGFβ1 (5 ng/ml) treatment for 24h. B. Bar 
graph shows quantification of results from Figure 6A for p-AKT. n = 20 cells/condition; UT = 
untreated; **p < 0.01, ***p < 0.001, Student’s t-test. C. Immunofluorescent microscopy images 
show the level of p-AKT (red) and ɑ-SMA (green) in Trpv4 KO VICs transfected with Ad-TRPV4-
WT (with or without LY) or control Ad-Vec and grown in the presence of TGFβ1 (5 ng/ml) for 
24h on stiff (50 kPa) PA hydrogels. D & E. Bar graph shows quantification of results from Figure 
6C for ɑ-SMA (D) and p-AKT (E). n = 20 cells/condition; ***p < 0.001, Student’s t-test. F. Color-
coded traction vector maps indicate the magnitude of the traction vector and corresponding phase 
images show the cells. G. Quantitation of results from traction force microscopy analysis. Data 
are expressed as mean ± SEM, n = 10 cells/condition, ***p < 0.001, Student’s t-test. H. Proposed 
schematic model showing mechanistic pathway by which TRPV4-dependent 
mechanotransduction integrates matrix stiffness and soluble signals to induce VIC-to-
myofibroblast differentiation via PI3K-AKT pathway. 
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