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A B S T R A C T

The transient receptor potential vanilloid 4 (TRPV4) channel is a mechanosensor in endothelial cells (EC) that
regulates cyclic strain-induced reorientation and flow-mediated nitric oxide production. We have recently de-
monstrated that TRPV4 expression is reduced in tumor EC and tumors grown in TRPV4KO mice exhibited en-
hanced growth and immature leaky vessels. However, the mechanism by which TRPV4 regulates tumor vascular
integrity and metastasis is not known. Here, we demonstrate that VE-cadherin expression at the cell-cell contacts is
significantly reduced in TRPV4-deficient tumor EC and TRPV4KO EC. In vivo angiogenesis assays with Matrigel of
varying stiffness (700–900 Pa) revealed a significant stiffness-dependent reduction in VE-cadherin-positive vessels
in Matrigel plugs from TRPV4KO mice compared with WT mice, despite an increase in vessel growth. Further,
syngeneic Lewis Lung Carcinomatumor experiments demonstrated a significant decrease in VE-cadherin positive
vessels in TRPV4KO tumors compared with WT. Functionally, enhanced tumor cell metastasis to the lung was
observed in TRPV4KO mice. Our findings demonstrate that TRPV4 channels regulate tumor vessel integrity by
maintaining VE-cadherin expression at cell-cell contacts and identifies TRPV4 as a novel target for metastasis.

1. Introduction

Tumor angiogenesis is characterized by abnormal and immature
vessel growth. The tumor vasculature becomes leaky, resulting in ir-
regular flow and increased interstitial pressure, as well as creates a low
oxygen environment and stiff extracellular matrix (ECM). The culmi-
nation of these characteristics can form a barrier to chemo- and
radio–therapies and aid in the extravasation and metastasis of tumor
cells. Understanding the regulation of tumor vascular integrity is of
great importance in the treatment of cancer [3,4]. Vascular integrity of
tumor vessels are regulated by junctional and adherent complexes that
exist between the endothelial cells (ECs) themselves as well as between
the ECs and surrounding pericytes [3,4]. Vascular endothelial (VE)-
cadherin is an endothelial specific adherens junction protein that
modulates EC barrier stability by interacting with catenins and the actin
cytoskeleton. VE-cadherin also promotes vessel stabilization by in-
hibiting vascular endothelial growth factor receptor-2 (VEGFR2) sig-
naling [3,4]. However, during the angiogenic process, the adhesive
function of VE-cadherin decreases to aid in new vessel growth. Previous
studies have demonstrated that ECM stiffness can contribute to

angiogenesis by disrupting the EC monolayer as well as promoting
permeability and EC sprouting [14,15]. These findings suggest that
ECM stiffness can influence VE-cadherin junctional complexes during
angiogenesis, which has not been studied in detail.

We have recently demonstrated that mechanosensitive ion channel
transient receptor potential vanilloid 4 (TRPV4) acts as mechanosensor
in the endothelium and modulates EC reorientation in response to
cyclic strain. We also demonstrated that TRPV4 expression is func-
tionally downregulated in tumor ECs which corresponds to increased
tumor growth and angiogenesis in TRPV4 knockout (TRPV4KO) mice.
Importantly, tumors grown in TRPV4KO mice displayed immature,
leaky vessels devoid of pericyte coverage. Pharmacological activation
of TRPV4 was able to restore pericyte coverage and improve delivery of
an anti-cancer agent, cisplatin [1,23–25]. Although our previous work
has demonstrated that TRPV4 modulates endothelial mechan-
osensitivity towards ECM stiffness, and the absence of TRPV4 results in
immature tumor vessels, it is not yet known whether TRPV4 modulates
VE-cadherin. In the present study, we demonstrate that TRPV4-depen-
dent mechanotransduction regulates tumor angiogenesis and vessel
integrity via modulation of VE-cadherin expression at endothelial cell-
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cell contacts.

2. Materials and methods

2.1. Cell culture

Normal endothelial cells (NEC) were obtained from murine dermal
microvasculature, tumor endothelial cells (TEC) were isolated from
transgenic adenocarcinoma of the mouse prostate and TRPV4KO EC
were isolated and cultured as previously described [7,10,25]. As pre-
viously described, the expression of EC markers and the absence of
mesenchymal cell markers were confirmed prior to the use of these cells
for experimentation [1,7,10].

2.2. Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA), washed in phos-
phate buffered saline (PBS), and permeabilized with 0.25% Triton X-
100 in PBS. Cells were blocked in 5% bovine serum albumin (BSA) or
serum containing media for 30–60min and incubated for 60min with
primary antibodies VE-cadherin (1:100) (Santa Cruz). Cells were wa-
shed and incubated for 60min with secondary antibodies conjugated to
Alexa-Fluor 488 (Invitrogen). Following the last round of washes, cells
were mounted with hard set mounting medium with DAPI (Vector Lab).
Images were captured using the Olympus IX81 Microscope and pro-
cessed using NIH Image J software.

2.3. Animals

The experimental design(s) with the use of animals was approved by
the Internal Animal Care and Use Committee (IACUC) at Northeast
Ohio Medical University. All mice in this study were of C57BL/6
background (WT and TRPV4KO) (9–12 weeks of age; male) and were
fed with ad libitum access to standard diet and water.

2.4. Matrigel plug assay

Mice were anesthetized with Ketamine/Xylazine cocktail according
to their body weight. Phenol red free Matrigel (Corning) supplemented
with basic fibroblast growth factor (bFGF) (0.25 μg/mL) (Corning),
vascular endothelial growth factor (VEGF) (0.2 ng/mL) (R&D Systems),
and heparin sulfate (0.5 μg/mL) (Sigma Aldrich) were subcutaneously
injected into each flank. As previously described, various concentra-
tions of microbial transglutaminase were added to alter stiffness [1,17].
Matrigel plugs were excised after 2 weeks and processed for im-
munohistochemistry. Hematoxylin and Eosin (H&E) stained tissue was
used to calculate the average number of nuclei per plug, using 10X
images taken from 5 different fields of the Matrigel Plug. 20X images
taken from 10 to 20 different fields were used to measure the area of the
vessels following CD31 staining by tracing the vessels using ImageJ
software. The data are reported as the area of endothelium per vessel in
microns. VE-cadherin staining was used in conjunction with CD31 to
visualize EC junctions and presented as percentage of VE-cadherin
staining per vessel area. The data are reported as the percentage of VE-
cadherin covered vessels.

2.5. Syngeneic tumor model

Mice were anesthetized with Ketamine/Xylazine cocktail according
to their body weight. Two million Lewis Lung Carcinoma (LLC) cells
were subcutaneously injected into each flank. Tumor growth was
monitored and tumor volumes were measure at 7, 14, and 21 days, as
described previously [1]. After 21 days, mice were euthanized with
Fatal Plus or anesthetized with Ketamine/Xylazine cocktail and tumor
tissue was extracted and embedded in OCT (Tissue Tek) for im-
munohistochemistry.

2.6. Lung metastasis

The lung tissue was collected after 21 days of tumor injection and
fixed in 4% PFA for immunohistochemistry. H&E staining was per-
formed and the total number of metastasis was calculated per lung. The
data are reported as average number of metastases per lung.

2.7. Immunohistochemistry

Collected tumor tissue and Matrigel plugs were embedded in OCT
(Tissue-Tek) and cryosectioned at 7–10 μM thickness on coated slides.
Sections from both the central and peripheral regions of the tumors
were used for staining. Frozen sections were stained with the following
primary antibodies: CD31 (1:50) (Invitrogen), NG2 (1:200) (Millipore),
and VE-cadherin (1:100) (Santa Cruz) and secondary antibody con-
jugated with Alexa-Fluor 488 or Alexa-Fluor 594 (Invitrogen) as de-
scribed previously [1, 26]. Lung tissue was processed and embedded in
paraffin and cut using a Leica microtome (Leica Biosystems) at 7–10 μM
thickness on coated slides. Prior to staining, sections were depar-
affinized in a 60 °C oven and rehydrated in xylene and varying per-
centages of alcohol and then stained for H&E. Slides were then dehy-
drated in varying percentages of alcohol and xylene followed by
mounting with DPX Mountant (Sigma Aldrich). Images were captured
using either Olympus IX81 or Olympus BX61VS Microscope and pro-
cessed using NIH Image J software.

2.8. Statistical analyses

Statistical analyses were carried out using Microsoft Excel. Analyses
were completed using Student's t-test or two-way ANOVA with Tukey's
post-hoc testing. A value of p≤0.05 was considered significant.

3. Results

3.1. TRPV4 modulates VE-cadherin localization at cell-cell junctions

To investigate the mechanism by which TRPV4-mechanotransduc-
tion mediates vascular integrity, we first examined VE-cadherin loca-
lization in NEC, TRPV4-deficient TEC, and TRPV4KO EC. VE-cadherin
staining in NECs was localized in the cell membrane and at the cell-cell
contacts (Fig. 1A). In TECs, VE-cadherin staining was weaker, dis-
playing discontinued VE-cadherin along the cell junctions. Importantly,
TRPV4KO ECs exhibited poor VE-cadherin staining at the cell-cell
contacts and with a punctate pattern along the plasma membrane, with
most of the staining in the cytoplasm. Quantitative analysis demon-
strated that VE-cadherin covered 90% of the cell-cell contact area in
NECs which was significantly decreased (p≤ 0.05) in TRPV4-deficient
TEC (40%) and TRPV4KOEC (10%) (Fig. 1B).

3.2. TRPV4 regulates angiogenesis in vivo in response to matrix stiffness

To unequivocally confirm that TRPV4-dependent mechan-
osensitivity mediates angiogenesis and vascular integrity in vivo, we
employed a modified Matrigel plug assay by subcutaneously implanting
Matrigel of varying stiffness (low to high: 700, 800 and 900 Pa) in WT
and TRPV4KO mice (Fig. 2A). Hematoxylin and Eosin staining revealed
stiffness-dependent recruitment of cells into the Matrigel plugs. Quan-
titative analysis of the number of nuclei in Matrigel plugs isolated from
WT mice exhibited a statistically non-significant increase between low
and high stiffness (700 vs 900 Pa; 481 ± 144 vs 763 ± 171). In con-
trast, Matrigel plugs isolated from TRPV4KO mice displayed a sig-
nificant stiffness-dependent increase (p≤ 0.05) in cell recruitment
(Fig. 2B) (700 vs 900 Pa; 644 ± 175 vs 1055 ± 212). To evaluate the
vascular growth, Matrigel plug sections were then immunostained for
EC marker, CD31 (Fig. 3A). We found that vascular growth, measured
as the area of endothelium, increased from low to intermediate
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stiffness, reaching a plateau at the highest stiffness in WT mice (700 vs
800 vs 900 Pa; 164 ± 98 vs 225 ± 114 vs 224 ± 100) (Fig. 3B).
However, TRPV4KO Matrigel plugs exhibited a continuous increase in
vascular growth with increasing stiffness (700 vs 800 vs 900 Pa;
273 ± 160 vs 353 ± 180 vs 410 ± 280).

3.3. TRPV4KO mice exhibit decreased VE-cadherin coverage in Matrigel
plugs of varying stiffness

To determine if TRPV4 also plays a role in the final step of angio-
genesis i.e., vessel maturation and stability, we evaluated EC junctional
integrity in the Matrigel plugs by visualizing VE-cadherin (Fig. 4A).

Fig. 1. TRPV4 modulates VE-cadherin localiza-
tion at cell-cell junctions. A) Representative
immunofluorescence images of NEC, TEC, and
TRPV4KO EC showing localization of VE-cad-
herin (green). Nuclei were stained with DAPI
(blue). B) The graph represents the quantifica-
tion of VE-cadherin coverage at the cell-cell
junctions of NEC, TEC and TRPV4KO EC. Data
represented are mean ± SEM of 3 independent
experiments. The significance was set at
p≤ 0.05. Scale bar= 10 μm.

Fig. 2. TRPV4 regulates angiogenesis in vivo in response to matrix stiffness. A)
Representative bright field images of H&E stained Matrigel plugs of varying
stiffness (700–900 Pa) excised from WT and TRPV4KO mice. B) Quantitative
analysis of the average number of nuclei per field in Matrigel plugs showing a
significant (p≤ 0.05) stiffness-dependent (700–900 Pa) increase of nuclei in
TRPV4KO plugs in comparison to WT. Data represented are mean ± SEM of 3
independent experiments. The significance was set at p≤ 0.05. Scale
bar= 100 μm.

Fig. 3. Deletion of TRPV4 results in poor vessel integrity in response to varying
matrix stiffness in vivo. A) Representative immunofluorescence images (20X)
showing CD31 (red) to visualize physiological angiogenesis in response to
changing stiffness (700–900 Pa) in WT and TRPV4KO mice. B) Quantitative
analysis of the area of endothelium per vessel (μm2) showing a significant
(p≤ 0.05) stiffness-dependent (700–900 Pa) increase in vessel area in
TRPV4KO Matrigel plugs. Data represented are mean ± SEM of 3 independent
experiments. The significance was set at p≤ 0.05. Scale bar= 10 μm.
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Vasculature in WT Matrigel plugs displayed VE-cadherin that co-loca-
lized with CD31 along the majority of the newly formed vessels, in-
dicating matured vascular networks. However, TRPV4KO Matrigel
plugs exhibited many vessels, with gaps or weak VE-cadherin staining.
Quantitative analysis of the percentage of VE-cadherin co-localization
with CD31 revealed that the absence of TRPV4 resulted in a significant
reduction (p≤0.05) at intermediate and high stiffness compared with
WT (Fig. 4B).

3.4. TRPV4 deletion reduces VE-cadherin expression and destabilizes tumor
vessel integrity

Consistent with our previous findings [1,24,25], syngeneic tumor
experiments revealed that tumor growth is increased in TRPV4KO mice
compared with WT at 21 days (data not shown). We next stained tumor
tissue with specific pericyte marker, NG2, which revealed decreased ex-
pression in TRPV4KO tumors, similar to α-SMA staining (Supplementary
Fig. 1 [1]) compared with WT. Quantitative analysis of the percentage of
NG2 co-localization with CD31 in tumor vasculature revealed that the
absence of TRPV4 resulted in a significant reduction (p≤0.05) of NG2
containing vessels compared with WT tumors (Supplementary Fig. 1). We
then examined if this decrease in vascular integrity in the tumor vascu-
lature is mediated by change in VE-cadherin. Immunohistochemistry
analysis revealed that TRPV4KO mice exhibited decreased VE-cadherin
expression in tumor vessels compared with WT (Fig. 5A). Quantitative
analysis revealed a significant decrease in VE-cadherin positive vessels
(Fig. 5B) in TRPV4KO tumors compared with WT tumors.

3.5. TRPV4KO tumors revealed increased metastasis to the lung

To determine the pathological significance of the above findings, we
next asked if these tumor vessels facilitate metastasis of tumor cells. We
collected and analyzed lung tissue at the endpoint (21 days) of the

tumor experiments. Histological examination of the lung with H&E
staining revealed large secondary tumors (metastasis foci) in TRPV4KO
mice compared to small secondary lung tumors in WT mice following
tumor growth (Fig. 6A). Quantification of metastasis revealed ap-
proximately six times the number of secondary lung tumors in the
TRPV4KO mice than WT mice (Fig. 6B).

4. Discussion

The regulation of angiogenesis by mechanotransduction mechan-
isms is starting to receive greater attention with the recognition of the
role mechanical factors play in cell physiology and pathology, including
EC proliferation, migration, and lumen formation. Our previous studies
have revealed the importance of TRPV4-mediated endothelial me-
chanosensing in angiogenesis in vitro [1]. In the present study, we
confirmed, for the first time, that TRPV4 is undeniably mechan-
osensitive in vivo. We demonstrated that TRPV4 is a required mechan-
osensor for angiogenesis, in that TRPV4KO mice lacking this mechan-
osensor exhibit vessel malformations characterized by increased
vascular growth and integrity in response to changes in ECM stiffness.
Importantly, we demonstrated that when TRPV4 expression is deficient
or absent, VE-cadherin accumulation at cell-cell contacts is reduced,
leading to increased tumor metastasis.

Fig. 4. TRPV4KO mice exhibit decreased VE-cadherin coverage in Matrigel
plugs of varying stiffness. A) Representative immunofluorescence merged
(yellow) images (20X) of CD31 (red) co-localized with adherens junction pro-
tein, VE-cadherin (green), in Matrigel plugs of different stiffness (700–900 Pa)
among WT and TRPV4KO mice. B) Quantitative analysis of VE-cadherin cov-
ered vessels showing a significant (p≤ 0.05) reduction in endothelial junctions
in TRPV4KO Matrigel plugs in comparison to WT Matrigel plugs. Data re-
presented are mean ± SEM of 3 independent experiments. The significance
was set at p≤ 0.05. Scale bar= 10 μm.

Fig. 5. TRPV4 deletion reduces VE-cadherin expression and destabilizes tumor
vessel integrity. A) Vessel integrity was assessed with immunofluorescence in
tumor sections from WT and TRPV4KO mice. Vessels were visualized by co-
staining with CD31 (red) and cell-cell junctions were stained with VE-cadherin
(green) [n≥3]. B) Quantitative analysis of VE-cadherin covered vessels
showing a significant (p≤0.05) reduction in tumor vasculature in TRPV4KO
mice in comparison to WT. Scale bar= 10 μm.
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ECM stiffness has been shown to influence EC growth and angio-
genesis and in fact, stiffer matrices can cause an increase in angiogenic
sprouts that are able to deeply invade into a 3D collagen matrix [8,15].
While exact mechanosensitive receptors regulating this process are not
well studied, TRPV4 is an appealing candidate and we have recently
substantiated its role during angiogenesis, mainly in vitro [1]. To better
understand and confirm TRPV4-mediated mechanosensing in angiogen-
esis to variations in ECM substrates in vivo, we examined Matrigel plugs
of different stiffness grown in WT and TRPV4KO mice. We found that the
intermediate substrate (800 Pa) is the optimum stiffness for vascular
growth in WT mice which correlated with previous work by Ingber and
colleagues that established a mechanotranscriptional mechanism by
which ECM stiffness governs VEGFR2 gene promoter activity and ex-
pression to stimulate angiogenesis [17]. However, the identity of the
proximal mechanosensor(s) involved remains unknown. The findings in
this study clearly demonstrate that mechanosensitive ion channel TRPV4
regulates physiological angiogenesis in that the absence of TRPV4 results
in stiffness-dependent increases in both vascular growth and disruption
of vascular integrity. The enhanced vascular growth and malformed
vascular network in TRPV4KO Matrigel plugs substantiates the pre-
viously identified role of TRPV4 as a negative regulator of angiogenesis
since the absence of TRPV4 promotes proliferation and abnormal an-
giogenesis [1,24,25]. To our knowledge, this is the first report that es-
tablishes the mechanosensitive angiogenic role of TRPV4 in vivo.

Several studies have also demonstrated that stiffening ECM can
contribute to angiogenesis by disrupting the EC monolayer as well as
promoting permeability and EC sprouting [14,15]. Moreover, when
angiogenesis is in the final steps, vascular integrity must be achieved to
ensure the stabilization and maintenance of the newly formed vascu-
lature, thus, any malfunction in this process can result in serious out-
comes, including tissue ischemia, edema, and hemorrhage [18]. Since
TRPV4KO Matrigel plugs exhibited enhanced vascular growth in con-
junction with malformed vascular architecture, we examined VE-cad-
herin vessel coverage. In connection with our findings, the absence of
TRPV4 resulted in a significant decrease in VE-cadherin/CD31 co-lo-
calization at low, intermediate, and high stiffness, while WT Matrigel
plugs presented with intact vessels at every stiffness. These findings
could explain the increased vascular growth in TRPV4KO Matrigel
plugs, not only because TRPV4KO EC display increased proliferation
[1,24], but also due to the fact that disrupted VE-cadherin can promote
EC proliferation through VEGFR2 activation [18]. Overall, WT mice
expressing TRPV4 can sense changes in substrate stiffness and ensure
vessel stabilization. In contrast, TRPV4KO vessels exhibit weak VE-

cadherin coverage, indicative of immature vessels, which suggests a
role for TRPV4 in vascular integrity via VE-cadherin junctions. Indeed,
our in vitro immunostaining experiments revealed that VE-cadherin
expression at cell-cell junctions correlated with the functional expres-
sion of TRPV4 in EC. Decreased junctional localization of VE-cadherin
in EC where TRPV4 is deregulated suggests that these EC lack viable
connections with neighboring cells and their immediate environment,
which could contribute to aberrant mechanosensing and abnormal
angiogenesis. Our findings strongly suggest that TRPV4 is required for
VE-cadherin-mediated cell-cell contacts and overall EC stability.

Solid tumor tissue is known to be stiffer than healthy tissue which has
recently been found to directly affect the tumor vasculature [2,16,26].
The disruption of VE-cadherin at cell junctions can contribute to the
abnormal vascular phenotype observed in solid tumors and has been
identified as a major player in the stability of the tumor vasculature [5].
Moreover, downstream signaling of VE-cadherin has also been shown to
mediate interactions between ECs and pericytes [6] and tumor vessels
often exhibit discontinuous coverage of pericytes [11]. To date, only a
few studies have identified targets that direct the maturation process to
establish functional vessels, including apoptosis inhibitor Birc2 [19],
miR-126 [9], small GTPase, R-Ras [20], and the endothelial adrenome-
dullin-RAMP2 system [22]. However, none of these targets directly in-
volve mechanotransduction mechanisms, which is particularly important
in the stiff tumor tissue. Here, we demonstrate the involvement of me-
chanosensor TRPV4 in the integrity of the tumor vasculature. More
specifically, we demonstrated that the absence of TRPV4 resulted in re-
duced VE-cadherin stabilized junctions, poor pericyte coverage, and
enhanced vascular permeability, the combination of which promoted the
growth of secondary tumors, or metastasis, to the lung.

Many of the existing anti-angiogenesis therapies focusing on VEGF
encounter modest clinical benefits due inactivation over time. This is
predominantly due to acquired resistance, wherein tumors develop
VEGF-independent growth factor pathways to promote tumor growth
[12], or intrinsic resistance, where tumors are able to circumvent drug
penetration, for example, due to high interstitial pressure [13]. Vas-
cular normalization approaches recognize that vessel maturation and
the prevention of vessel regression is an equally necessary objective for
tumor vasculature, although there is still a need to identify specific
targets [21]. In this study, we demonostrate that mechanosensitive ion
channel TRPV4 plays a role in vascular integrity and functionality in
both physiological and pathological angiogenesis and could be a growth
factor alternative target for vascular normalization therapies as well as
metastasis.

Fig. 6. Absence of TRPV4 promotes lung me-
tastasis of subcutaneous LLC tumor. A)
Brightfield images (2X and 20X) of H&E stained
lung tissue collected from tumor bearing WT
and TRPV4KO mice to visualize metastases
(secondary tumor growth) in the lung. B)
Quantitative analysis of average number of lung
metastasis from WT and TRPV4KO mice with
LLC tumors [n≥4]. Data represented are
mean ± SEM of 3 independent experiments.
The significance was set at p≤0.05. Scale
bar= 1mm.
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