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Solid tumors are highly dynamic environments, in which endothelial cells (ECs) interface with blood, cancer
cells, and the extracellular matrix (ECM), thereby regulating tumor behavior and metastatic dissemination. We
recently showed that aberrant Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) activation promotes
tumor progression through ECM remodeling. Here we investigated whether VEGFR2-driven ECM remodeling
affects EC behavior and vessel stability.

Using decellularized ECM from Sk-Mel-31 melanoma cells expressing either VEGFR2YT or the aberrant
VEGFR2M2C mutant, we found that VEGFR2R!1%32Q reshapes ECM composition, including core matrisome
components, ECM-modifying enzymes, and vascular-associated proteins. ECs seeded on VEGFR2R!932Q_derived
ECM displayed altered adhesion dynamics, characterized by focal adhesion remodeling, increased haptotaxis,
and impaired morphogenic capacity. This remodeled ECM also induced cytoskeletal reorganization and,
disruption of VE-cadherin junctions via RhoA activation. Consistently, VEGFR2}?32Q_derived tumors exhibited
more immature vessels with discontinuous junctions and the expression of mesenchymal markers. Under laminar
flow, ECs exposed to VEGFR2M932Q_ECM showed a delayed calcium dynamic, altered YAP localization, defective
polarization, actin alignment and impaired shear-stress adaptation.

Overall, these findings identify VEGFR2-driven ECM remodeling as a non-cell-autonomous mechanism that
destabilizes tumor vasculature by impairing endothelial adhesion, mechanosensing, and junctional integrity,
highlighting tumor/ECM/endothelium crosstalk as a potential therapeutic vulnerability.

crucial roles, including a structural scaffold for cells, modulation of the
microenvironment, and reservoir of soluble molecules and growth fac-

1. Introduction

Solid tumors are complex ecosystems characterized by the bulk core
of tumor cells surrounded by an interactive network of non-cancerous
cells, extracellular matrix (ECM) and blood vessels, collectively known
as the tumor microenvironment (TME) [1]. In tumors, the TME
dynamically interacts with cancer cells sustaining their growth, survival
and dissemination capacities [2]. In this context, the ECM plays multiple

tors [3]. ECM also acts as both a mechanical and biochemical platform
for endothelial cells (ECs), which continuously integrate matrix-derived
and hemodynamic cues to maintain vascular homeostasis. Integrins
transduce ECM signaling inside ECs promoting the assembly and
maturation of focal adhesions (FAs), physically associated to the actin
cytoskeleton [4]. Through focal adhesion-associated signaling and
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RhoA-dependent actomyosin contractility, variations in ECM can
therefore regulate intracellular tension and cytoskeletal organization.
These forces are transmitted across the endothelial monolayer through
adherens and tight junctions, which control endothelial barrier integrity
[4]. In parallel, blood flow-derived shear forces contribute to the
vascular homeostasis, and further modulate cytoskeletal remodeling,
cell polarity and junctional stability [5]. Altogether, vascular function
relies on the coordinated integration of basal, lateral and apical me-
chanical cues. In tumors, disruption of this balance impairs endothelial
mechanotransduction leading to the formation of structurally and
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functionally abnormal, leaky blood vessels. Thereby these forces influ-
ence tumor growth and dissemination [6].

Vascular endothelial growth factor receptor 2 (VEGFR2) is a tyrosine
kinase not only related to tumor vasculature development, but also
involved in cancer cell survival, proliferation and migration. The
R1032Q substitution is the most frequently reported VEGFR2 mutation
in cancer patients (cBioPortal for Cancer Genomics 04/16/2026). It
sustains tumor growth and dissemination by heterodimerizing with the
wild-type receptor [7]. Importantly, the expression of VEGFR2R1032Q
increases the sensitivity to tyrosine kinase inhibitors, including
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Fig. 1. Characterization of dECM from VEGFR2"T Sk-MEL-31- and VEGFR2R1?32Q gk-MEL-31-derived tumors. A) DAPI stain of Sk-Mel-31 monolayer pre- and
post-decellularization, scale bar 100 pm; B) Vulcano plot of differentially expressed proteins in VEGFR2%%322 and VEGFR2™! dECMs, upregulated (in red) and
downregulated (in black) proteins. Dashed line indicates the significance threshold. Labelled proteins belong to ECM-core proteins, ECM-modifying enzymes and
ECM-related growth factors (n = 2). C) Pathway enrichment of differentially expressed proteins performed with ShinyGO 0.85. Bubble size represents the number of
proteins involved in the pathway and the color indicates the significance. D) Heatmap of selected ECM-related proteins differentially expressed in VEGFR2R!932Q gk-
MEL-31-derived tumors compared to VEGFR2"T Sk-MEL-31-derived ones. E) Quantification of CD31" area in VEGFR2R!%32Q Sk-MEL-31- and VEGFR2"" Sk-MEL-31-
derived tumors. Single data are represented as empty dots + Standard Deviation. 4-5 different fields were analyzed in 5 independent samples. ****, p < 0.001,
unpaired Student's t-test. F) Representative CD31 staining and Second harmonic generation (SHG) imaging of collagen fibers in Sk-MEL-31-derived tumors, scale bar
50 pm.
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cabozantinib and lenvatinib, supporting the potential therapeutic rele-
vance of this alteration [8].

Beyond its canonical functions, aberrant VEGFR2 activation regu-
lates mechanotransduction in melanoma, ovarian, and breast cancers
cells, integrating mechanical and soluble cues from the extracellular
environment and modulating the intracellular mechanosensing [9-11].
In this context, VEGFR2R!%32Q signaling remodels ECM composition,
organization and mechanical properties through PI3K-AKT and ERK
pathways. Accordingly, normalization or pharmacological inhibition of
VEGFR2 activity restores ECM architecture, highlighting VEGFR2 as a
key regulator of ECM dynamics and tumor mechanics [11]. Despite
these observations, whether aberrant VEGFR2-driven ECM remodeling
directly affects endothelial behavior and vascular function remains
poorly understood.

Here, we demonstrate that ECM produced by tumor cells harboring
VEGFR2R%%2Q profoundly alters endothelial mechanosensing and
vascular stability. Specifically, VEGFR2-dependent ECM remodeling
reshapes endothelial adhesion dynamics, cytoskeletal organization, cell-
cell junction integrity and its response to shear stress contributing to
vascular dysfunction. These findings identify ECM-mediated tumor-
endothelium crosstalk as a critical regulator of vascular instability and a
potential therapeutic vulnerability.

2. Results

2.1. Aberrant VEGFR2 modulates ECM composition and interaction with
the tumor vessels

To investigate how aberrant VEGFR2 activation alters TME and af-
fects vascular organization, we used the VEGFR2F?32Q mutant as a
model of VEGFR2 activation [7]. We produced a decellularized ECM
(dECM) from VEGFR2WT Sk-Mel-31 and VEGFR2*032Q Sk-Mel-31 cells
as previously shown [11]. Successful decellularization was confirmed by
the absence of DAPI-positive nuclei (Fig. 1A). The resulting VEGFR2V!-
and VEGFR2R32C.dECMs were subsequently subjected to mass
spectrometry-based proteomic analysis to obtain an unbiased,
discovery-level characterization of the matrisome. Identified proteins
were first filtered based on their extracellular localization to exclude
cellular and environmental contaminants. Subsequent analysis included
only significantly dysregulated proteins (p < 0.05) showing at least a
two-fold increase or decrease in abundance. Based on these criteria,
1231 proteins were identified as differentially expressed in
VEGFR2R1032Q gk-Mel-31 dECM compared to VEGFR2WT Sk-Mel-31
dECM (Supplementary Table 1). Among them, 834 were down-
regulated, while 397 were upregulated (Fig. 1B). Gene Ontology
enrichment analysis, performed with ShinyGO 0.85, confirmed that the
most significantly affected pathways were associated with extracellular
matrix organization and extracellular structure organization (Fig. 1C).
Detailed analysis of the individual molecules identified in the matrices
further demonstrated that ECM composition was altered at multiple
levels, from structural ECM components like collagens and laminin
chains, to ECM-modifying enzymes and ECM-associated signaling mol-
ecules, as shown in Fig. 1D. Among core ECM proteins COL1A2,
COL14A1, COL22A1, COL12A1, LAMB4 were more expressed in
VEGFR2R1932Q gk-Mel-31 dECM, while COL5A2 and COL8A1 were less
expressed. This pattern was accompanied by significant modulation of
proteins involved in ECM dynamics. Among them, metalloproteases
MMP2, MMP17, MMP25 were overexpressed in the mutant condition,
and the Fibroblast Activating Protein (FAP), which mediates proteolytic
process of collagen fibers after MMPs cleavage [9], was similarly
increased. Conversely, other ECM-remodeling proteins like Cathepsins
(CTSS, CTSL) were expressed at lower levels in the mutant-derived ECM.
Consistent with these changes, several ECM-associated growth factors,
including TGFB1, LTBP1, VEGFB, PDGFA, PDGFB, BMP4, BMP7 were
differentially expressed between the two conditions (Fig. 1D). The
altered expression of these molecules, particularly TGFB1 and its
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regulators LTBP1, BMP4/7, and PDGFA/B, may modulate collagen
biosynthesis and deposition, as well as MMPs activity, consequently
influencing ECM fibrosis, stiffness, and overall structural organization.
Together, these data highlight a broad impact of the VEGFR2R1032Q
mutation on both ECM structure and the signaling environment.

In addition, glycoproteins and proteoglycans involved in vascular
remodeling [12], including tenascin C (TNC), tenascin X (TNXB), VCAN,
EDIL3, POSTN, and ANGPTL4 were significantly dysregulated, indi-
cating a shift toward a pro-angiogenic and immature vascular phenotype
identified by proteomic analysis (Fig. 1D). TNC and TNXB regulate ECM
assembly and stiffness, interacting with core-ECM proteins [13]. Their
aberrant expression regulates ECM digestion and fibrosis, in turn pro-
moting vascular remodeling and endothelial-to-mesenchymal transition
(EndMT) [14]. Along with high VCAN expression, increased levels of
EDIL3, POSTN, and ANGPTL4 promote vessel formation leading to a
high vessel density and immature vasculature [15-18]. To assess the in
vivo relevance of these findings, VEGFR2"' Sk-Mel-31 and
VEGFR2R1032Q gk-Mel-31 were subcutaneously injected in NOD/SCID
mice. In line with our previous results [11], the expression of
VEGFR2R1%32Q enhanced tumor growth. VEGFR2WT Sk-Mel-31- and
VEGFR2R1032Q gk-Mel-31-derived tumors were then analyzed to eval-
uate how ECM architecture interfaces with the vascular network.
VEGFR2R1032Q Sk_Mel-31-derived tumors showed a higher vasculariza-
tion as demonstrated by the CD31" staining (Fig. 1E). Second harmonic
generation (SHG) imaging revealed that VEGFR2R32Q expression
induced structural ECM remodeling, as demonstrated by the reduced
orientation of collagen fibers (Fig. 1D) [11]. Of note, collagen fibers in
VEGFR2R1032Q gk.Mel-31-derived tumors, supported and closely asso-
ciated with the vascular network. In contrast, these associations were
limited in VEGFR2VT Sk-Mel-31 tumors (Fig. 1F). These observations
highlighted a distinct TME architecture driven by the expression of
VEGFR2R1032Q Taken together, these data revealed that the
VEGFR2R10%2Q gk.Mel-31 ECM undergoes profound structural and
functional remodeling, which in turn reshapes vessel formation, matu-
ration, and performance likely through both mechanical and biochem-
ical mechanisms. The proteomic analysis identified several candidate
proteins potentially associated with the expression of VEGFR2%!1032C;
however, because their differential abundance was not independently
confirmed using orthogonal protein-based approaches,
candidate-specific findings should be considered exploratory.

2.2. Remodeled ECM influences endothelial mechanics and functional
plasticity

To assess how the ECM produced by the two isogenic cell lines
influenced EC behavior, we evaluated endothelial responses to
VEGFR2WT- or VEGFR2R!032Q _dECMs. Haptotaxis assay revealed that
VEGFR2R1032Q 4ECM significantly enhanced EC migration compared to
VEGFR2VT dECM (Fig. 2A). This increased migratory propensity was
confirmed by scratch assay in which ECs directly adhered on
VEGFR2R1032Q dECM (Fig. 2B).

Despite enhanced migration, ECs seeded on VEGFR2R!1932Q _dECcM
exhibited a marked impairment of morphogenesis. In tube formation
assays, ECs formed vascular-like structures on control matrices, while
VEGFR2WT-dECM partially reduced this morphogenic ability, as
demonstrated by smaller and more fragmented tubular structures
(Fig. 2C). In contrast, VEGFR2R!032Q_dECM completely abolished tube
formation, indicating a functional uncoupling between migration and
morphogenic potential. Consistent with these defects, transcriptional
analysis revealed alterations in the expression profiles of integrins and
mesenchymal markers. ECs seeded on VEGFR2F32C.dECM down-
regulated key endothelial markers such as VE-cadherin, ZO-1 and
VCAM, while concurrently upregulating SNAIL1 and SNAIL2 (Fig. 2D).
Also, the EC integrin repertoire shifted from the expression of avp3 to-
ward alfl and/or a2p1 (Fig. 2D). These transcriptional changes sug-
gested an increased endothelial plasticity and were consistent with an
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Fig. 2. Gene expression and remodeled focal adhesions in ECs plated on VEGFR2R1%32Q_dECM. A) EC haptotatic migration performed in a Boyden's chamber.
Individual data are shown as empty dots + Standard Deviation (n = 15 from three independent experiments). ****, p < 0.001, unpaired Student's t-test. B) Collective
migration of ECs seeded on VEGFR2"- and VEGFR2R!932Q.dECMs. Representative images on the left and % covered area on the right. Individual data are shown as
empty dots + Standard Deviation (n = 5 from three independent experiments). ***, p < 0.005, Student's t-test. C) Tubulogenesis assay performed with ECs embedded
in matrigel mixed with PBS or solubilized VEGFR2"- and VEGFR2R!1?32Q.dECMs. Tube formation was evaluated at 18 h after seeding in two independent experi-
ments; D) mRNA expression of endothelial, mesenchymal markers and integrins measured through quantitative PCR in ECs seeded for 24 h on VEGFR2"'- and
VEGFR2M%32Q_dECMs (n = 3); E) Quantification of CD31 " /vimentin * vessels in VEGFR2"V" Sk-Mel-31- and VEGFR2* 322 Sk-Mel-31-derived tumors (n = 5-6). **, p
< 0.01, Student's t-test. F) Representative images of FA distribution, size and number in ECs plated on VEGFR2"- and VEGFR2R'32Q.dECMs. G) EC area mea-
surement. Individual data are represented as empty dots & Standard Deviation (n = 20-24 from three independent experiments). **, p < 0.01, Student's t-test. H)
Number of FAs in ECs plated on VEGFR2™"- and VEGFR2R°32Q.dECMs. Individual data are represented as empty dots - Standard Deviation (n = 21-24 from three
independent experiments).****, p < 0.001, Student's t-test. I) Size of FAs in ECs plated on VEGFR2""- and VEGFR2R°32.dECMs. Individual data are represented as
empty dots + Standard Deviation (n = 21-24 from three independent experiments). J) Vinculin tension in FAs measured with the Vin-TS FRET-based sensor. Color-
coded map represents sensor FRET efficiency in FAs. Quantification of FRET efficiency. Individual data are represented as empty dots + Standard Deviation (n = 17-
25 from two independent experiments). ****, p < 0.001, Student's t-test. K) FAK activity in FAs of ECs on VEGFR2""- and VEGFR2R1?32Q_dECMs measured with the
FAT-FAK FRET-based sensor. FRET efficiency, displayed as ECFP/FRET ratio. Individual data are represented as empty dots + Standard Deviation (n = 28-34 from
two independent experiments). **, p < 0.01, Student's t-test.

early or partial EndMT-associated signature; however, they were
insufficient to establish the occurrence of a complete EndMT. Given the
limitations of the in vitro setting, particularly the 24 h experimental
timeframe, we investigated whether ECs acquired mesenchymal-
associated features in vivo. CD31/vimentin double immunofluores-
cence revealed a significantly higher proportion of CD31" ECs co-

These data prompted us to further evaluate the effect of remodeled
ECM on EC adhesion. To this aim, ECs were seeded onto VEGFR2V!-
dECMs or VEGFR2F932Q_dECMs for 24 h, fixed and stained for paxillin
to evaluate the adhesion contacts (Fig. 2F). Both dECMs were permissive
for EC adhesion, and all cells were attached upon 24h. However,
VEGFR2R1032Q_ECM decreased the EC spreading as demonstrated by

expressing vimentin in VEGFR2R932Q  gk-Mel-31-derived tumors

the reduced cell area (Fig. 2G), and increased the number of paxillin™ FA
compared with VEGFR2WT tumors (Fig. 2E and Supplementary Fig. 1).

plaques per cell (Fig. 2H). Additionally, adhesion to VEGFR2R1032C.
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Fig. 3. Mutant VEGFR2-derived ECM affects cytoskeletal remodeling and cellular structural density. A) Representative images of corrals in ECs plated on
VEGFR2VT-dECM and VEGFR2R132C_dECM (scale bar 10 um) and quantification of corral area expressed in pm?. Single dots are not provided due to the high number
of corrals/cells. Data derived from the analysis of 27-28 cells from two independent experiments. ****, p < 0.001, Student's t-test. B) Representative images of lateral
cortical actin (scale bar 10 pm) and quantification, expressed in pm. Individual data are represented as empty dots + Standard Deviation (n = 27-28 cells from two
independent experiments).*, p < 0.05,Student's t-test. C) Representative immunofluorescence images of paxillin/phalloidin, gamma-actin and VE-cadherin staining
in ECs seeded on VEGFR2™T- and VEGFR2R!?32Q_dECMs (scale bar 10 pm). D) Color-coded map (left) represents Brillouin shift values (GHz) in ECs plated on
VEGFR2"T-dECM and VEGFR2R!932Q_dECM. Brillouin average shift measurements are shown in the box plot. Individual data are represented as empty dots +
Standard Deviation (n = 15-20 from four independent experiments).*, p < 0.05, ***, p < 0.005, Student's t-test.
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dECM significantly increased FA size compared with that observed in
ECs plated on VEGFR2VT-dECM (Fig. 2I).

Consistent with this, FRET-based tension measurements revealed
increased mechanical tension across vinculin in ECs on VEGFR2R1032C.
dECM, indicating enhanced force transmission at adhesion sites
(Fig. 2J). In parallel, FAK activity was measured within FAs by trans-
fecting ECs with the FRET-based FAT-FAK biosensor [19]. A significant
reduction in FAK activity was detected (Fig. 2K) in ECs plated on
VEGFR2R032Q_dECMs. Therefore, the reduced FAK activity, together
with the increased size and number of FAs, suggested that a lower FAs
turnover may stabilize the EC adhesion on VEGFR2R1032Q.dECM.
Together, these results demonstrate that VEGFR2R%32Q_driven ECM
remodeling reprograms EC adhesion by promoting stable, high-tension
focal adhesions with reduced turnover. This adhesive reprogramming
is associated with enhanced migratory behavior, impaired morphogen-
esis and increased endothelial plasticity, consistent with an early
EndMT-related phenotype.

2.3. Mechanical cues arising from the ECM reshape endothelial
mechanotransduction-associated structures

In ECs, intracellular mechano-forces arising from FAs are converted
into biochemical signals that drive cytoskeletal remodeling and junc-
tional reorganization [4]. Given the profound changes in FA dynamics,
we next investigated how VEGFR2R032Q_dECM affects cytoskeletal or-
ganization. Using expansion microscopy, we analyzed the nanoscale
organization of the actin cytoskeleton in ECs seeded on VEGFR2"- or
on VEGFR2RI1932Q_dECMs. This approach provided nanoscale visualiza-
tion of actin filaments through an approximately four-fold physical
enlargement of the samples. Quantitative analysis revealed a significant
increase in corral area, identified as delimited compartment of actin
network in the basal portion of the cell, in ECs plated on
VEGFR2R1032Q_grcMm (Fig. 3A), indicating altered force distribution at
the cell-matrix interface. The actin-mediated basal membrane
compartmentalization contributed to the spatial coordination of FAs and
related intracellular mechanotransduction [20]. Analysis of the lateral
cortical actin further highlighted major structural differences [21]. In
ECs plated on the VEGFR2R!%32Q_dECM the lateral actin network was
thinner, highlighting a reduced actin polymerization underneath the
membrane (Fig. 3B).

Also, in ECs plated on VEGFR2YT-dECM, actin filaments were
aligned parallel to the plasma membrane, consistent with stable me-
chanical support. Consistently, paxillin/phalloidin staining confirmed
that focal adhesions in ECs on VEGFR2R!932Q_dECM were more tightly
connected to contractile actin fibers, supporting a high-tension adhesive
state (Fig. 3B). This rearrangement reflected the modifications in EC
adhesive properties described above and was associated with differences
in FA distribution and size, as well as altered FA-actin interactions. The
alterations in the overall cytoskeletal structure observed in the
VEGFR2R1932Q ¢condition suggested that the cortical actin might play a
key role in cell-cell junction assembly and stability [22]. Thus, ECs were
stained for gamma-actin, which specifically polymerizes beneath the cell
membrane [23]. As expected, ECs plated on VEGFR2}M32Q_gECcM
showed a discontinuous and disorganized y-actin pattern, coupled with
disrupted VE-cadherin organization, as shown in Fig. 3C. To determine
whether these structural alterations were accompanied by measurable
changes in cellular mechanical properties, we performed label free,
live-cell Brillouin microscopy 24 h after EC seeding. Compared with ECs
cultured on standard gelatin-coated plates, cells seeded on
VEGFR2WT-dECM already displayed a significant increase in Brillouin
frequency shift, indicating that exposure to tumor-derived ECM was
sufficient to alter endothelial mechanical properties. Notably, this effect
was further enhanced by VEGFR2RI932Q.dECM, which induced a
significantly higher Brillouin frequency shift compared with both con-
trol and VEGFR2WT-dECM (Fig. 3D). These changes indicate altered
intracellular mechanical properties, consistent with increased structural
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density and reduced compressibility [24]. Together with the increased
mechanical tension across vinculin previously detected at FAs, these
findings indicate that VEGFR2F%32Q.dECM-induced cytoskeletal
remodeling associates with measurable changes in endothelial
mechanics.

Altogether, these data demonstrate that VEGFR2-driven ECM
remodeling reprograms cytoskeletal architecture by promoting stress
fiber formation, altering the mechanical properties, and disrupting
cortical actin organization. These changes impair the mechanical inte-
gration between cell-matrix and cell-cell adhesions, priming ECs for
junctional instability and vessel dysfunction.

2.4. Endothelial mechanical transition affects VE-cadherin junction
stability and vessel permeability

The integrity of adherens junctions was analyzed to evaluate cell-cell
cohesion and vessel functionality. ECs plated on VEGFR2VT-dECM
exhibited a linear and continuous VE-cadherin distribution along cell-
cell contacts, consistent with stable and functional junctions. In
contrast, ECs plated on VEGFR2F1932C.dECM, exhibited a discontinuous
and fragmented VE-cadherin pattern, reflecting unstable and highly
tensed junctions (Fig. 4A). Consistently, in these cells the disrupted VE-
cadherin localization was closely associated with actin stress fibers,
whereas in ECs plated on VEGFR2VT-dECM, actin supported and stabi-
lized intercellular junctions. VE-cadherin junction interface occupancy
was quantified using the segmentation and analysis tool PolarityJam
[23], as the ratio between the area of junctional proteins and the total
cell-cell interface area, reflecting the junctional homogeneity. In ECs
plated on VEGFR2VT-dECM, higher occupancy values indicated more
continuous and stable junctions, whereas in ECs plated on
VEGFR2R1032Q_dECM, junction coverage was reduced, consistent with a
more fragmented and unstable VE-cadherin distribution (Fig. 4A). This
observation was further corroborated by the gamma-actin/VE-cadherin
co-staining (Fig. 4B). Consistent with these data, EC monolayers plated
on VEGFR2%1032C.dECM displayed higher dextran permeability, sup-
porting an alteration in endothelial barrier integrity (Fig. 4C).

According to recent evidence that connects the cell-cell junction
integrity to tissue fluidity, defined as the transition from a solid-like
state to a fluid-like state [25], we next analyzed the fluidity of EC
monolayers seeded on dECMs. EC monolayers were monitored by
time-lapse microscopy for 24h. Although both culture conditions
exhibited an initial physiological velocity drop, ECs plated on
VEGFR2R1032Q.dECM maintained a higher fluidity compared to ECs
plated on VEGFR2WT-dECM throughout the observation period
(Fig. 4D-E). These results indicate that VEGFR2M932Q_dECM induced a
mechanical reshaping of ECs, leading to altered adhesive properties,
cytoskeletal rearrangements, and impaired adherens junctions. Conse-
quently, disrupted cell-cell contacts impacted the collective behavior of
the EC monolayer with potential critical implications for vessel forma-
tion, maturation, and function.

To validate these findings in vivo, VEGFR28?%2Q sk-MEL-31-derived
tumors were stained for CD31 and VE-cadherin. Consistent with in vitro
observations, VE-cadherin in VEGFR2R1032Q gk.Mel-31-derived tumors
exhibited a discontinuous pattern reflecting junctional vessel instability,
whereas VEGFR2YT Sk-Mel-31 -derived tumors maintained linear,
continuous junctions (Fig. 4F). Of note, a reduction of a-SMA covered
vessels was highlighted in VEGFR2R%32Q gk-MEL-31-derived tumors
(Fig. 4G and Supplementary Fig. 2). Together, these findings indicate
that VEGFR2R10%2Q.ass0ciated ECM remodeling is linked to both endo-
thelial junctional alterations and defective vascular maturation in vivo.

2.5. RhoA links cytoskeleton reorganization and vessel junctional stability
Given the central role of Rho GTPases in regulating actomyosin

contractility and consequently junction stability [26], we investigated
RhoA activation in ECs seeded on VEGFR2V'- or VEGFR2}1032Q_dECMs.
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Fig. 4. Remodeled ECM impairs VE-cadherin junctions and EC monolayer fluidity. A) Representative images of phalloidin (red) and VE-cadherin (green)
staining showing the interaction between cell-cell junctions and the actin cytoskeleton in ECs seeded on VEGFR2WT- and VEGFR2R'9322_ dECMs (left; scale bar 5 pm).
Quantification of VE-cadherin junction occupancy is shown in the box plot (right). Single dots are not provided due to the high number of measurements derived from
three independent experiments ****, p < 0.001, Student's t-test. B) Representative images showing the relationship between VE-cadherin (green) and cortical
gamma-actin (red) (scale bar 5 pm). C) Endothelial monolayer permeability assessed by dextran assay in ECs seeded on VEGFR2"VT— or VEGFR2R%32.dECMs. The
graph shows dextran-associated raw fluorescence value. Data are presented as mean + Standard Deviation (n = 4).*, p < 0.05, Student's t-test. D) Representative time
course of the average monolayer fluidity for ECs on VEGFR2""- and VEGFR2R!?32C_dECMs (respectively black and red line). Migration velocity was measured over
24h (n=3). E) Representative velocity heatmaps with overlaid vector fields showing the direction and magnitude of EC monolayer fluidity of ECs plated on
VEGFR2WT-dECM (left) and VEGFR2R132Q .dECM (right). (n = 3). F) Representative images of VE-cadherin (green) and CD31 (magenta) staining of tumors derived
from VEGFR2R1032Q Sk_Mel-31 and VEGFR2R!9%2Q gk-Mel-31 cells. The red circles indicate endothelial cell-cell junctions selected for fluorescence intensity profile
analysis (scale bar 5 pm). The graph shows the VE-cadherin fluorescence intensity profile measured along the indicated junctional line. G) CD31/a-SMA correlation in
tumors derived from VEGFR2"'Sk-Mel-31 (left graph) and VEGFR2R1932Q gk-Mel-31 cells (right graph). Individual data are represented as dots (n = 15-20).****, p
< 0.001, Student's t-test.

Both immunoprecipitation of the active GTP-bound RhoA and
Rhotekin-pull down assay showed that ECs cultured on
VEGFR2}1032C_dECM displayed an approximately two-fold increase in
the fraction of active RhoA compared with cells cultured on
VEGFR2WT-dECM (Fi g. 5A). Quantitative fluorescence analysis of active
RhoA confirmed these data (Fig. 5B). In addition, a different RhoA
distribution was highlighted. In ECs plated on VEGFR2WT-dECM active

RhoA localized predominantly at the plasma membrane, while in ECs
cultured on VEGFR2R1932Q_dECM, this spatial distribution was lost,
suggesting both RhoA mis-localization and altered activation (Fig. 5B).
In addition, in ECs plated on VEGFR2R1032Q_dECM, phosphorylated
myosin light chain (p-MLC) colocalized with basal actin stress fibers,
consistent with enhanced actomyosin contractility (Fig. 5C). By treating
ECs with the cell-permeable RhoA inhibitor CT04, we confirmed that
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phalloidin Manders' colocalization coefficient (M2) for each experimental condition. Data are presented as mean + Standard Deviation (n = 4-6). **, p < 0.01,
Student's t-test.

remodeling and junctional alterations induced by VEGFR2R932Q_dECM
are, at least in part, dependent on altered RhoA activation and/or
localization.

cytoskeleton reorganization was RhoA dependent. Although CT04 had
little effect on p-MLC/F-actin colocalization in ECs cultured on
VEGFR2WT-dECM, it significantly reduced p-MLC,/F-actin colocalization
in cells cultured on VEGFR2R'932Q.dECM and decreased the abundance
of basal stress fibers (Fig. 5C). Again, RhoA inhibition modified

VE-cadherin distribution only in ECs cultured on VEGFR2F032C.dECM. 2.6. Impaired mechanosensing affects EC response to flow-induced shear

Qualitative analysis showed a more continuous and linear junctional
pattern following CT04 treatment (Fig. 5C), suggesting a partial recov-
ery of junctional organization. Together, these data indicate that the
observed changes in endothelial mechanics coupled with cytoskeletal

stress

To investigate how VEGFR2R1032Q.dECM affects endothelial cell
mechanosensing, we examined multiple levels of the cellular response to
mechanical stimuli. We first evaluated the primary cilium, a structural
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component of the endothelial mechanosensory machinery. Primary cilia
are microtubule-based structures that play a key role in endothelial
homeostasis by acting as mechanosensors of intracellular and extracel-
lular mechanical cues [27]. A significant reduction in ciliated cells was
observed in ECs plated on VEGFR2R1932Q_ dECM compared to those on
VEGFR2WT-dECM (Fig. 6A), indicating that ECM remodeling affects
components of the endothelial mechanosensory machinery. We next
investigated whether these alterations were associated with impaired
endothelial responses to haemodynamic forces. To this, ECs seeded on
VEGFR2W!- or VEGFR2R!932Q_dECMs were subjected to a unidirectional
laminar flow at 6 dyne/cm?, using a microfluidic system. To assess the
early mechanotransduction response to flow, we monitored intracellular
Ca%" dynamics (Supplementary video 1) [28]. As shown by the repre-
sentative Ca2" traces in Fig. 6B, flow onset induced a transient increase
in cytoplasmic Ca?* in both conditions, followed by a progressive
decline after flow interruption. ECs cultured on VEGFR2R32C.dECM
exhibited a delayed Ca®" response following flow onset and a more
sustained Ca®" signal after flow interruption compared with cells
cultured on VEGFR2VT-dECM. Following prolonged shear-stress expo-
sure, ECs cultured on VEGFR2R!9320_dECM exhibited also a significantly
higher nuclear-to-cytoplasmic YAP ratio compared with VEGFR2WT--
dECM (Fig. 6C), indicating enhanced nuclear YAP enrichment. These
findings indicate that VEGFR2RI32Q.dECM alters both early and
downstream endothelial mechanotransduction response to flow. Alter-
ations in flow-induced mechanotransduction were accompanied by
morphological changes. Upon flow exposure, ECs plated on
VEGFR2WT-dECM elongated, polarized and aligned with the direction of
flow. In contrast, ECs plated on VEGFR2RI932Q.ECM exhibited
impaired morphological adaptation to shear stress, with reduced elon-
gation, polarization and flow alignment (Fig. 6D). In ECs plated on
VEGFR2VT-dECM, flow-induced polarization was associated with
thinner cell-cell junctions and, consequently, lower interface occupancy
than ECs plated on VEGFR2F?32Q_dECM. In the latter condition, ECs
retained a morphology resembling that observed under static conditions
and displayed thicker, yet morphologically disorganized, junctions,
consistent with our previous observations (Fig. 6E).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.canlet.2026.218848

Analysis of the actomyosin cytoskeleton further supported an altered
morphological response to flow. Under flow, p-MLC lost its association
with actin fibers observed under static conditions in both experimental
conditions, displaying a perinuclear distribution. However, a reduced
expression p-MLC at the cell periphery, along with a significant increase
of p-MLC signal overlapping the nuclear area was observed in ECs
cultured on VEGFR2RM32Q.dECM compared to ECs plated on
VEGFR2WT-dECM (Fig. 6F). In parallel, actin filaments, segmented using
the Cytospecter tool, were evaluated for their orientation by measuring
circular variance, ranging from 0 (all vectors aligned) to 1 (vectors
pointing in different directions). ECs plated on VEGFR2"T-dECM,
showed strong alignment of actin filaments along the direction of flow,
supporting cellular polarization and morphological adaptation.
Conversely, ECs plated on VEGFR2R!932Q.dECM exhibited disorganized
actin filaments accompanied by an altered distribution of FAs (Fig. 6G).

Finally, to assess functional consequences on cell dynamics, EC
migration under flow was tracked over time (Supplementary video 2).
Nuclei were tracked using the Fiji plugins StarDist and TrackMate, and
nuclear velocity parallel to the flow was plotted over time. Initially, ECs
plated on both dECMs migrated against the direction of flow, as indi-
cated by negative velocity values (Fig. 6H). ECs plated on VEGFR2W'-
dECM reversed their migration direction within a few hours and
migrated in the direction of flow, whereas ECs on VEGFR2R'932Q_dECM
became sensitive to flow forces only after 12h, confirming delayed
mechanosensitivity (Fig. 6H). Single cell trajectory analysis corrobo-
rated these results. During the first 12h, ECs under both conditions
migrated against the flow (red trajectories), for the following 12h, ECs
plated on VEGFR2WT-dECM realigned with flow, while on

Cancer Letters 661 (2026) 218848

VEGFR2R1032Q_dECMs, EC migration persisted against the flow (Fig. 6I).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.canlet.2026.218848

Collectively, these findings demonstrate that VEGFR2R!%322_ depen-
dent ECM remodeling interferes with multiple levels of EC response to
shear stress, encompassing alterations in the mechanosensory machin-
ery, early flow-induced mechanoresponses, and downstream mechano-
sensitive regulation. Impaired mechanotransduction was accompanied
by defective morphological adaptation to flow, characterized by altered
cell polarization, cytoskeletal and junctional remodeling, and direc-
tional migration. These results support a broader role for VEGFR2R1932Q.
dependent ECM remodeling in endothelial dysfunction and vascular
instability.

3. Discussion

The tumor microenvironment (TME) is a dynamic system in which
extracellular matrix (ECM) remodeling critically regulates tumor pro-
gression and vascular function. The ECM, which undergoes continuous
changes in tumors, forms a 3D protein network which acts both as a
structural scaffold and as a reservoir of signaling molecules and growth
factors [3]. In this study, we show that oncogenic VEGFR2 signaling in
tumor cells can drive ECM reprogramming that, in turn, impairs endo-
thelial mechanosensing and compromises tumor vascular stability.

We previously demonstrated that aberrant VEGFR2 activation pro-
motes tumorigenesis through an extensive remodeling of TME, including
altered ECM organization and architecture in ovarian and melanoma
models. Although the expression of VEGFR2 is detected in only
approximately 30 % of melanoma cases and is therefore not a universal
feature of the disease [29], the R1032Q substitution is the most
frequently reported VEGFR2 mutation and has been identified pre-
dominantly in melanoma (cBioportal). Thus, our VEGFR2R1032CQ.ex-
pressing model represents a clinically relevant system for investigating
the consequences of aberrant VEGFR2 signaling in this specific mela-
noma subset, particularly its ability to reprogram the ECM and thereby
alter endothelial mechanosensing and vascular function. More specif-
ically, aberrant VEGFR2 activation alters the expression of ECM com-
ponents including fibrillar collagen COL1A2 and the FACIT collagen
COL12A1, as well as ECM-modifying enzymes and soluble
pro-angiogenic growth factors. Increased expression of several of these
molecules has been associated with tumor aggressiveness and adverse
clinical outcomes in patients with gastric and colorectal cancers
[30-32]. Of note, tumor progression is, at least in part, driven by the
composition and architecture of the ECM. Persistent ECM remodeling,
can promote tissue stiffening and fibrosis [33,34] generating physical
and biochemical conditions that support tumor cell proliferation, inva-
sion and resistance to therapy while restricting immune-cell infiltration
and modulating growth-factor availability [35,36]. These processes may
be sustained by positive feedback mechanisms in which ECM proteases
release fibrotic growth factors such as TGFB1, LTBP1, PDGFA, PDGFB,
and BMPs, which in turn stimulate the synthesis of ECM components,
particularly collagen chains [37,38]. COL1A2 and COL14A1 are highly
expressed in fibrotic ECMs [39,40], and COL1A2 represents a
TGF-B-responsive gene whose expression and deposition are upregulated
across multiple cell types [32]. Notably, both TGF-p and VEGFR2
signaling pathways have been jointly implicated in extensive remodel-
ing of the TME, and they are associated with adverse prognosis across
multiple cancer types [41]. Accordingly, combined therapeutic strate-
gies targeting these pathways have been explored to enhance immuno-
therapy efficacy and promote normalization of the tumor architecture
[42].

According to previous evidence [43,44], ECM remodeling includes
the altered expression of glycoproteins and proteoglycans such as TNC,
TNXB, and VCAN, which may influence EC phenotype and function. The
transcriptional and functional changes observed in ECs exposed to
VEGFR2R10%2Q _dECM are therefore unlikely to reflect the effect of a
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Fig. 6. Impaired mechanosensing affects EC behavior under flow conditions. A) Representative images of primary cilia positive ECs (left) plated VEGFR2W'-
and VEGFR2R1032Q.dECMs. Acetylated tubulin stained primary cilia (green), scale bar 20um. % ciliated ECs is shown in the box plot (n = 24 from two independent
experiments) ****, p < 0.001, Student's t-test. B) Representative track of Ca®" dynamics over time in ECs seeded on VEGFR2"'- and VEGFR2R!?32Q.dECMs and
subjected to flow. Cytoplasmic Ca>" levels were monitored using the calcium indicator Fluo-4 AM. Dashed lines indicate flow onset and interruption. G) Repre-
sentative images of YAP localization in ECs seeded on VEGFR2""- and VEGFR2R!932Q.dECMs following exposure to unidirectional laminar flow at 6 dyne/cm? for 24
h. The bar graph shows the nuclear/cytoplasmic YAP ratio (n = 36 from two independent experiments). Data are presented as mean + Standard Deviation.*, p <
0.05, Student's t-test. D) Representative color-coded map of cellular eccentricity measures ECs elongation after 24 h of unidirectional laminar flow (6 dyne/cm?).
Data represent three independent experiments. The quantification is shown in the box plot. Circular histograms show the distribution of cell orientations of a single
image; the red arrow indicates the mean direction of the cell collective and its length is the polarity index. The red dashed lines indicate the 95 % confidence in-
tervals. Black dots indicate single-cell measurements. The grey arrow indicates the polar vector that points in the direction of flow, and the length of the black bar
indicates the signed polarity index (V). The polarity index ranges from 0 (not aligned with flow) to 1 (aligned with flow). Polarity index values displayed in circular
graphs are 0.769 for ECs on VEGFR2Y"-dECM and 0.29 for ECs on VEGFR2*?32C.dECM. (n = 38-67 from three independent experiments)****, p < 0.001, Student's
t-test. E) Junction occupancy of ECs on VEGFR2V"- and VEGFR2R1?32Q_dECMs subjected to laminar flow at 6 dyne/cm? for 24 h measured with Polarityjam (scale bar
50 pm). Measurement shown in the box plot. Data represents three independent experiments, ****, p < 0.001, Student's t-test. F) Representative images of p-MLC
(green), VE-cadherin (red) and nuclei (DAPI; blue) in ECs seeded on VEGFR2"T- and VEGFR2R'032Q_dECMs following exposure to unidirectional laminar flow at
6 dyne/cm? for 24 h. Quantification of p-MLC signals associated with the peripheral and nuclear regions is shown in the graphs on the right. Data are presented as
mean + Standard Deviation of two independent experiments (n = 66-70. *, p < 0.05, ***, p < 0.005, Student's t-test. G) Paxillin (green) and phalloidin (magenta)
staining used to display the actin fibers orientation in ECs on VEGFR2"'- and VEGFR2R!?32Q_dECMs, subjected to unidirectional laminar flow at 6 dyne/cm? for 24 h
(scale bar 50 pm). Measured circular variance shown in the box plot represents the fiber alignment. The distribution of vectors representing the actin fibers direction
is shown in the polar plots. ***, p < 0.005, Student's t-test. H) Velocity plot of EC migration under flow represents the velocity values relative to the time course of the
acquisition. Negative values represent a velocity against the flow direction; positive values indicate a velocity which follows the flow direction. I) Single cell tracking
of EC migration under flow. Color-coded single cell trajectories represent the distance of cell migration and the velocity relative to the flow direction. Cell trajectories
were evaluated between 0 and 13 h of migration (left column) and between 13 and 24 h of migration (right column).

single matrix component. Rather, they appear to result from the com- variations have been found to be the main components that control
bined effects of biochemical signals and altered matrix mechanics. In the Brillouin shift. The modulus probed by BLS is different by the
this context, TGF-f signaling and increased deposition of collagens and commonly measured Young's modulus, nevertheless, there has been
glycosaminoglycans may mutually reinforce ECM remodeling, estab- shown a correlation between the two, but it is empirical and sample
lishing a matrix environment permissive for the acquisition of an early dependent [49]. Complementary assessments of traction forces, FA
or partial EndMT-associated phenotype. turnover, and cortical tension will therefore be required to determine
Our findings support a hierarchical model in which VEGFR2- how the observed Brillouin changes relate to actomyosin contractility
dependent ECM remodeling disrupts the mechanical coordination be- and whether a feedback loop develops between ECM organization and
tween cell-matrix and cell-cell adhesions. Integrin-based FAs and VE- intracellular tension.
cadherin junctions do not function independently but form an inte- In this context, the absence of an organized actin network under the
grated mechanosensitive network coupled through the actomyosin lateral membrane contributes to junctional instability and enhanced
cytoskeleton. Thus, forces transmitted through one adhesive compart- migratory behavior, collectively facilitating EndMT and barrier disrup-
ment can therefore influence the organization and stability of the other tion [50]. To this, cell-cell contacts play a pivotal role in maintaining the
[45]. endothelial monolayer integrity. Modulation of the mechanical load
RhoA/ROCK-dependent contractility provides a plausible mecha- experienced by cell-cell contacts reshapes VE-cadherin junctions, which
nistic link between these adhesive alterations and endothelial barrier appear discontinuous when subjected to high tension forces [50,51].
dysfunction. RhoA activation promotes myosin light-chain phosphory- The functional consequences of this altered endothelial mechanical
lation and the assembly of contractile actin bundles, thereby increasing state were reflected in changes of the in vivo vascular organization.
the forces transmitted between FAs and VE-cadherin complexes. Indeed, endothelial junctional instability, together with reduced peri-
Consistently, MLC phosphorylation and actin stress fibers organization, vascular cell coverage, is consistent with the formation of a less mature
together with cell-cell junction integrity, are key determinants of and structurally unstable tumor vasculature. This mechanically desta-
endothelial barrier function [46]. Although a basal level of actomyosin bilized phenotype is also compatible with the acquisition of an early or
tension is required to maintain junctional integrity, excessive or partial EndMT program. Importantly, our findings do not demonstrate
spatially unbalanced contractility can destabilize adherens junctions complete EndMT but suggests that VEGFR2R1932Q ECM shifts ECs toward
and increase endothelial permeability [46-48]. This mechanical an intermediate state characterized by increased migratory potential,
uncoupling, observed in ECs plated on VEGFR2R1032Q_dECM, is medi- impaired morphogenesis, junctional instability, and the expression of
ated by RhoA-dependent cytoskeletal reorganization, characterized by EndMT-associated markers [52]. Partial EndMT states are increasingly
the formation of actin stress fibers. Accordingly, the increased recognized as biologically relevant because ECs can acquire mesen-
RhoA-GTP levels and association of p-MLC with FA-anchored stress fi- chymal and invasive properties, impairing response to flow-induced
bers observed in ECs exposed to VEGFR2R1°32Q—dECM, are consistent shear stress [53-55]. The ability of a tumor-cell-derived ECM to
with a redistribution of intracellular tension toward cell-matrix adhe- induce this phenotype highlights a non-cell-autonomous mechanism
sions. This mechanical imbalance provides an explanation for the through which oncogenic VEGFR2 signaling may reprogram the
coexistence of stabilized FAs, discontinuous VE-cadherin junctions, vasculature. Here, we also showed that ECs with mesenchymal features
increased monolayer permeability, and enhanced migratory behavior. display alterations in both early and downstream mechanical responses
The Brillouin microscopy data further indicate that exposure to to flow. The intracellular Ca** dynamics, and the nuclear localization of
VEGFR2R1032C_dECM alters the intracellular mechanical state of ECs YAP observed in these cells confirmed a concomitant dysregulation of
[24]. These measurements support the concept that the remodeled ECM downstream mechanosensitive signaling under flow. In particular, the
acts as an active determinant of EC mechanics rather than merely rep- persistence of nuclear YAP under flow may reflect an ECM-imposed
resenting a structural consequence of tumor progression. Nevertheless, mechanically activated state that interferes with the ability of ECs to
Brillouin light scattering (BLS) principle is used to probe the complex appropriately adapt to hemodynamic forces. Actually, this particular
longitudinal modulus, which reflect in a change in the Brillouin shift. process will be worth further investigation in future studies since, ac-
The Brillouin shift is sensitive to variations in sample elasticity: in bio- cording to published data that appear to be in contrast with our findings,
logical samples, cytoskeleton dynamics and intracellular solid-liquid flow-induced YAP nuclear translocation is essential to maintain vessel

11



M. Domenichini et al.

function and lumen integrity [56]. This apparent discrepancy suggests
that the functional consequences of YAP nuclear localization depend on
the broader mechanical and molecular context. Therefore, further
studies will be required to dissect its specific contribution before
establishing a direct relationship with the observed vascular
dysfunction.

Alterations in the mechanotransduction machinery are subsequently
coupled with morphological defections under flow, such reduced po-
larization end eccentricity, which further support reduced and delayed
response to flow. These alterations may indeed represent the mecha-
nistic link coupling dysfunctional endothelial mechanics and in vivo
vascular defects, potentially contributing to reduced vessel maturation
and impaired barrier integrity. These findings may also have trans-
lational implications. A destabilized vascular network can facilitate
tumor cell intra- and extravasation. Moreover, endothelial plasticity and
EndMT contribute to therapy resistance, with ECs acquiring traits that
protect tumor cells from chemotherapy, anti-angiogenic therapy, and
radiotherapy [57]. EndMT has also been proposed to contribute to the
generation of cancer-associated fibroblasts, further supporting tumor
progression and therapy evasion [57,58]. These observations provide a
rationale for targeting VEGFR2-dependent ECM remodeling as a po-
tential strategy to counteract vascular dysfunction and improve thera-
peutic response [59-61]. Pharmacological VEGFR2 inhibition has
previously been shown to partially restore ECM organization in this
model, indicating that ECM remodeling represents a reversible compo-
nent of aberrant VEGFR2 signaling [11]. Thus, in tumors characterized
by aberrant VEGFR2 activity in cancer cells, VEGFR2 inhibition may act
not only through direct effects on tumor cells and the vasculature but
also by modifying the biochemical and mechanical microenvironment to
which ECs are exposed. Collectively, our data highlight how the
expression of aberrant VEGFR2 in melanoma cells enhanced tumor
growth by directly activating pro-oncogenic intracellular signaling [7],
mechanically supporting cancer cells [11] and modulating the integrity
and stability of intratumoral blood vessels. These findings underscore a
mechanistic paradigm in which tumor cells exploit ECM remodeling and
impaired mechanosensing to orchestrate vascular instability, tumor
progression, and therapy resistance, revealing potential avenues for
therapeutically targeting the mechanobiological crosstalk between
tumor and vasculature.

4. Material and methods

Cell cultures. Human melanoma Sk-Mel-31 cells, provided by Me-
morial Sloan Kettering Cancer Center (MSK00005207), were grown in
RPMI supplemented with 10 % fetal calf serum (FCS), 1 % non-essential
amino acids (NEAA) and 1% Pen/Strep. Sk-Mel-31 cells stably
expressing VEGFR2V"- and VEGFR2R!932Q were generated as previously
described [62]. Primary Human Umbilical Vein Endothelial cells
(HUVECs) were isolated from umbilical cord and grown in M199 sup-
plemented with 20 % FCS, 1 % penicillin/streptomycin, 0,05 mg/mL of
Heparin sodium salt, and bovine brain extract.

Matrix Decellularization. Sk-Mel-31-VEGFR2"T and Sk-Mel-31-
VEGFR2R1032Q cells were seeded at 3x10° cells/cm? in complete me-
dium and grown for eight days on different culture supports depending
of experimental setting (e.g. 24 wells, Ibidi 8 wells etc). Decellularized
matrices, hereafter referred to as VEGFR2WT-dECM and VEGFR2R1032Q.
dECM, respectively, were obtained by treating the cell monolayers three
times for 15 min with 4 mM PBS/EDTA until complete cell removal [11].
One well for each protocol was stained with DAPI to verify the complete
decellularization. Decellularization was followed by six washes with PBS
to restore physiological ions balance before HUVECs seeding. The
resulting dECMs were either used immediately or stored in PBS at 4°C
for a maximum of three days.

Proteomic analysis. Decellularized matrices were harvested in
600 pL of RIPA buffer (0,5M Tris-HCI pH 7,4, 1,5M NaCl, 2,5 % deox-
ycholic acid, 10% NP-40, 10mM EDTA), yielding a protein
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concentration between 150 and 250 pg per sample. VEGFR2WT- and
VEGFR2M0%2Q_dECMs were dissolved directly in EasyPep lysis buffer.
100 pg of each sample were processed using the EasyPep MS Sample
Prep Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
following manufactured instructions. After reduction and alkylation,
proteins were digested with trypsin/LysC. Following purification, pep-
tides were quantified using the Pierce Quantitative Colorimetric Peptide
Assay kit (#23275, Thermo Fisher Scientific). A total of 1.9 pg of each
sample was injected into an UltiMate 3000 RSLC nanosystem coupled to
an Orbitrap Exploris 240 mass spectrometer (Thermo Fisher Scientific).
Peptide were separated on Easy-Spray Pepmap RSLC18 column (2 pm,
75cm x 75 pm) at a flow rate of 200 nL/min using a gradient of solvent
B (80 % acetonitrile/0.1 % formic acid, solvent A: 0.1 % formic acid in
water) from 2 % to 40 % over 200 min. Solvent B was then increased to
99 % over 20 min and maintained at 99 % for 10 min, after which the
column was re-equilibrated for 15 min. Data was acquired in positive ion
mode using a data-dependent acquisition strategy. The MS1 m/z range
was set to 375-1500 at a resolution of 120,000 (at m/z 200), with an
AGC target of 3x10° and automatic injection time. MS2 acquisition was
switched when ion intensity exceeded 1x10% using an automatically
determined m/z range, a normalized HCD collision energy of 30 %, an
AGC target of 7.5x10%, and a maximum injection time of 40 ms. MS2
resolution was set to 15,000 atm/z 200. The internal calibrant was
employed in run-start mode. Five technical replicates were analyzed for
each biological sample. Raw data generated using Xcalibur 4.2 software
(Thermo Fisher Scientific) were analyzed with Proteome Discoverer 2.5
(Thermo Fisher Scientific) using the SEQUEST algorithm. The carba-
midomethylation of cysteines was considered a fixed modification,
whereas phosphorylation of serine, threonine, and tyrosine was
considered a variable modification. Oxidation (M) and deamidation (N,
Q) were also included as variable modification. The false discovery rate
(FDR) was evaluated using a target-decoy strategy. The strict FDR was
set as 0.01 and the relaxed FDR to 0.05. Differentially expressed proteins
were filtered according to their extracellular localization using the
ShinyGO 0.85 bioinformatic enrichment tool. Contaminants were
removed. Differentially expressed master proteins were then selected
using thresholds of log 2 fold change (FC)>0.3 and p < 0.05. Fold
changes, adjusted p values, and accession numbers were used for
pathway analysis using iPathwayGuide software (Advaita Corporation,
Ann Arbor, Michigan, USA) based on Advaita's proprietary impact
analysis method.

In vivo tumorigenesis. In vivo tumorigenesis were approved by
Italian “Ministero della Salute” (authorization no. 266,/2016-PR) and
performed in accordance with national and European guidelines and
regulations. Mice were obtained from Envigo (Italy) and housed at the
Mouse Facility of the Department of Molecular and Translational Med-
icine of the University of Brescia. Mice were maintained in ventilated
cage racks at 22-24°C, under a 12h/12h light/dark cycle, with ad
libitum access to food and water for 40 days. NOD/Scid mice were
injected subcutaneously (s.c.) into the dorsolateral flank with 4x1 0° Sk-
Mel-31-VEGFR2WT or Sk-Mel-31-VEGFR2R1%32Q cells suspended in
100 pL of a 1:1 PBS/Cultrex reduced growth factor. Tumors were har-
vested and processed for histological analysis.

Histological staining. Formalin-fixed, paraffin-embedded (FFPE)
tissue sections were stained with CD31 (#DIA-310, Dianova, Eching,
Germany), VE-Cadherin (#ab33168, ABCAM, Cambridge, UK), vimen-
tin (#V5255, Sigma-Aldrich, St. Louis, Missouri, USA), and a-SMA
(#MA1-06110, Thermo Fisher Scientific). Primary antibodies were
detected using appropriate Alexa Fluor 488- or Alexa Fluor 594-conju-
gated secondary antibodies (Molecular Probes). Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) or TO-PRO-
3 (#T3605, Thermo Fisher Scientific). Samples were analyzed using a
confocal LSM880 two-photon microscope (Carl Zeiss S.P.A, Oberkochen,
Germany) equipped with Plan-Neofluar 20X/0.5 NA and 40X/0,75
objective (Carl Zeiss S.P.A.). For Second Harmonic Generation (SHG)
imaging, collagen bundles were visualized using a Chameleon IR Laser
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Table 1

Primer sequences used for quantitative PCR.
Gene Forward Reverse
Hs_Ve-Cad ACAACGAGGGCATCATCAA GGTAGAAAGGCTGCTGGAAA
Hs ZO1 CCTTCCACCTCTTACTCACCA GGTTCTGCCTCATCATTTCC
Hs VCAM GCGGAGACAGGAGACACAG GCAAAATAGAGCACGAGAAG
Hs_Vimentin CGCCAGATGCGTGAAATG ACCAGAGGGAGTGAATCCAGA
Hs SNAIL1 AATCGGAAGCCTAACTACAGCG GTCCCAGATGAGCATTGGCA
Hs SNAIL2 TGACCTGTCTGCAAATGCTC CAGACCCTGGTTGCTTCAA
Hs S100A4 CCTGGATGTGATGGTGTCC TCGTTGTCCCTGTTGCTGT
Hs ITGB3 CATCACCATCCACGACCGAA GGTTGTTGGCTGTGTCCCAT
Hs ITGAV TATGCCATCACCGTTGAAAT TATGCCATCACCGTTGAAAT
Hs ITGA1 CCGAAGAGGTACTTGTTGCAGC CCGAAGAGGTACTTGTTGCAGC
Hs ITGA2 CCGAAGAGGTACTTGTTGCAGC CCACAGAGGACCACATGTGAGAAAA
Hs ITGB1 GGATTCTCCAGAAGGTGGTTTCG TGCCACCAAGTTTCCCATCTCC

(Ex =860, Em A=430/10). Images were analyzed using ImagelJ
software.

Scratch assay. 4 x 10° HUVECs/well were seeded on Sk-Mel-31
VEGFR2WT- and VEGFR2R?1032Q.dECMs. EC monolayers were scratched
using a 200 pL pipette tip and incubated in growth medium. Cell
monolayers were photographed after scratch (T0) and after 16 h (T16).
The area covered by migrating cells was quantified using ImageJ soft-
ware (National Institutes of Health, Bethesda, Maryland, USA). Results
were expressed as Area 16 -Area o

Haptotaxis in Boyden's Chamber. Sk-Mel-31-VEGFR2"T and Sk-
Mel-31-VEGFR2R932Q cells were seeded and maintained for 8 days on
the lower portion of PVP-free polycarbonate filters (8 pm pore size,
Costar, Cambridge, USA) to prepare dECMs. After decellularization,
PVP-free filters were inserted in a Boyden chamber. 50 pL. of HUVECs
(2.5x10%/mL cells in M199 5% FBS) were seeded in the upper com-
partments of a Boyden's chamber. The lower compartments were filled
with 10 % FBS-M199. As a negative control 1 % FBS-M199 was used.

After 5 h of incubation at 37 C°, cells migrated to the lower side of the
filter were stained with Diff-Quik (Dade-Behring, Deerfield, Illinois,
USA) and counted. Five random selected fields were analyzed for each
sample, with experiments performed in triplicate.

Gene expression. Total RNA was extracted using TRIzol Reagent
(Thermo Fisher Scientific) according to the manufacturer's instructions.
Complementary DNA (cDNA) was made from 2 pg of total RNA using
MML-V (Thermo Fisher Scientific). Real-time PCR was performed using
ViiA7 Real-Time PCR System (Thermo Fisher Scientific), and data was
analyzed with ViiA7 Real-Time Software (Thermo Fisher Scientific).
Primer sequences used in this work are listed in Table 1.

FLIM/FRET analysis of Vinculin tension sensor. HUVECs were
transiently transfected to express Vinculin Tension Sensor (VinTS) or its
Tail-Less control (VinTL) [63]. At 24 h after transfection, cells express-
ing VinTS and VinTL were seeded on VEGFR2R932Q. and VEGFR2W!--
dECMs in p-slide (IBIDI, Grafilfing, Germany). Cells expressing
Vinculin-mTFP1 were used to determine donor alone fluorescence life-
time. The fluorescence lifetime of mTFP1 fluorophore, in presence or
absence of the acceptor fluorophore, was evaluated in all experimental
conditions with an LSM880 confocal two-photon microscope equipped
with a time-correlated single-photon counting (TCSPC) module (Pico-
Quant, Berlin, Germany). The donor was excited at 860 nm using a
Chameleon Vision II picosecond-pulsed laser operating at a repetition
rate of 80 MHz (Coherent Inc, Santa Clara, California, USA). TCSPC
decay curves were fitted using a single-exponential decay model
employing the SymphoTime 64 software (PicoQuant). For each indi-
vidual cell, focal adhesion areas were selected as regions of interest
(ROIs), and the average lifetime within each ROI was determined. FRET
efficiency (E) was calculated using the following equation where tp and
Tpa are the lifetime values of donor fluorophore in the absence and
presence of the acceptor, respectively.
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E=1-(tpa/7D)

FRET analysis of FAT-FAK sensor. To analyze the FAK activity,
ECFP/FRET emission ratio was analyzed in HUVECs transfected with
FAT-FAK FRET biosensor (Addgene, Watertown, Massachusetts, USA)
[19]. The FAT-FAK FRET sensor contains the ECFP/YPet FRET pair
interspaced by a flexible linker and a FAK substrate sequence and the
FAT domain for FA localization. Transfected cells were seeded onto
VEGFR2WT-dECM or VEGFR2R!%32Q_dECM for 24 h. Images of ECFP and
FRET channels were obtained exciting the biosensor at 458 nm and
acquiring emissions at 515 + 50 nm and 570 + 50 nm, respectively using
a LSM880 laser-scanning microscope (Carl Zeiss S.P.A) equipped with a
Plan-Apochromatic 63X/1,4 Oil DIC objective (Carl Zeiss S.P.A). Images
were then analyzed with the Imagej software to measure the ECFP/FRET
ratio as a read out of FAK activity in FAs. At least 15 images for exper-
imental conditions were analyzed in each of three independent
experiments.

Brillouin microscopy. HUVECs (2x10°) were seeded onto 35-mm
glass dishes (IBIDI, Grafilfing, Germany) coated with porcine gelatin
(#G2500, Sigma-Aldrich) (1 % in ultrapure distilled water), VEGFR2WT-
dECM or VEGFR2R932Q_dECM, and analyzed after 24 h. Brillouin fre-
quency shifts were measured using an Olympus IX-81 microscope with a
Discoverer™ Brillouin system (CellSense GmbH, Berlin, Germany)
equipped with a dual-crossed virtually imaged phased array (VIPA)
configuration and a 780 nm excitation laser. Brillouin measurements
were acquired with a 40x/NA =0.75 Oil objective (Olympus, Tokyo,
Japan), at a step size of 2 ym in a 37 °C temperature-controlled stage
(Ibidi, Germany). Brillouin shifts measurements were obtained using
BMicro (https://github.com/BrillouinMicroscopy/BMicro). For each
sample, the mean Brillouin shift was calculated from the acquired pixel-
wise measurements and subsequently plotted using GraphPad Prism.
Measurements were performed in four independent experiments.

Monolayer fluidity. Endothelial monolayer fluidity was assessed by
time-lapse video microscopy. 6x10°> HUVECs were seeded overnight in a
6-well plate containing VEGFR2WT-dECM or VEGFR2R1032Q.dECMs.
Cells were imaged using an Axio Observer microscope (Carl Zeiss)
equipped with a Plan-Neofluar 20X/0.5 NA objective, and phase-
contrast images were acquired every 10 min for 1440 min. A constant
temperature of 37°C and 5% CO; were maintained throughout the
experiment using a heated stage and environmental chamber. The
videos obtained were analyzed using particle image velocimetry (PIV)
using the PIVlab analysis tool in MATLAB (http://www.PIVlab.de) [64].
Velocity vector fields were calculated for each frame using a two-pass
interrogation procedure, with interrogation windows of 100x100
pixels in the first pass and 50x50 pixels in the second pass. Mean values
and standard deviation were determined from six replicates in two in-
dependent experiments.
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Immunofluorescence analysis. 1x10° HUVECs were seeded on
dECM in Ibidi 8 well chamber for 24 h. Where indicated, cells were
treated with 1 pg/mL of Rho inhibitor CT04 (Cytoskeleton, Denver,
Colorado, USA) for 180 min. Cells were then fixed with 4 % PFA, per-
meabilized with 0.1 % Triton-X100 and immunostained with antibodies
against Paxillin (#05-417, Sigma-Aldrich), VE-Cadherin (#ab33168,
ABCAM, Cambridge, UK), y-actin (#MABT824, Sigma-Aldrich), phos-
pho-Myosin (#3671, Cell signaling), Rho-GTP (#26904, New East Bio-
sciences, King of Prussia, Pennsylvania, USA), YAP (#sc-101199, Santa
Cruz, Dallas, Texas, USA) or acetylated tubulin (#T6793, Sigma-
Aldrich). Where indicated, F-actin and nuclei were visualized using
fluorescently labelled phalloidin, and 4’,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich), respectively. Primary antibodies were detected
using appropriate AlexaFluor 488- or AlexaFluor 594-conjugated sec-
ondary antibodies (Molecular Probes). Images were acquired using a
LSM880 confocal microscope (Carl Zeiss) and analyzed using ImageJ
software or Zen black 2.3 software (Carl Zeiss). For Rho-GTP fluores-
cence intensity measurement, images were analyzed using a fixed
threshold value of 25 by ImageJ tool. Fluorescence intensity was
normalized to the cell area. Focal adhesions were quantified from
paxillin-stained images using ImageJ. Data were expressed as the
number of focal adhesions per cell. The phospho-myosin/phalloidin
colocalization was analyzed employing the colocalization tool imple-
mented in Zen black 2.3 software. Four optical sections were acquired
for each field, and maximum intensity projections of the resulting z-
stack were generated before analysis. The Manders' Colocalization Co-
efficient (M5) was calculated as:

M2 = Zi Czi, colocal /Czi

Primary cilia length was measured from acetylated tubulin-stained
images using Zen black 2.3 software. Unless otherwise indicated, ex-
periments were performed at least three independent times, with 10-15
images analyzed per experimental condition.

Rho-GTP Immunoprecipitation. HUVECs (2X106) were seeded on
VEGFR2"T- or VEGFR2}032Q_dECMs-coated 10 cm dishes for 24 h. Cells
were lysed on ice in 600 pL of lysis buffer (50 mM Tris pH 7.5, 10 mM
MgCl,, 0.3M NaCl, 1% NP40, protease and phosphatase inhibitors,
Merck KGaA, Darmstadt, Germania). Lysates were centrifuged at 13,000
x g for 15 min to remove insoluble debris, and protein concentration was
quantified for normalization. For each experimental condition, 1.8 mg of
total protein lysates were incubated for 30 min at 4 °C under rotation
with 4 pug of anti-Rho-GTP antibody and 40 pL of anti-mouse IgG-
Agarose beads (#A6531, Sigma-Aldrich) pre-equilibrated in lysis buffer.
Agarose beads were recovered by centrifugation at 2000 x g for 1 min,
washed three times with 500 pL of wash buffer (25 mM Tris pH 7.5,
30 mM MgCl,, 40 mM NaCl) and, resuspended in 30 pL of SDS sample
buffer. Samples were separated by 15% SDS-Page, and membranes
probed with an anti-total-Rho antibody (#sc-418, Santa Cruz). An
aliquot of total cell lysates (20 pg) was analyzed in parallel with anti-
total-Rho and anti-GAPDH (#sc-365062, Santa Cruz) antibodies to
assess total Rho levels and protein loading, respectively. Chemilumi-
nescent signals were acquired using a ChemiDoc™ Imaging System
(BioRad, Hercules, California, USA). To avoid interference from immu-
noglobulin light (~25 kDa) and heavy (~50 kDa) chains, the membrane
containing immunoprecipitated Rho-GTP was cut below 25 kDa before
imaging. Densitometric analysis was performed using ImageJ software.
As an independent approach to assess active Rho, the Rho-GTP pull-
down assay was also performed using Rhotekin-RBD beads (Cytoskel-
eton) for incubation with cell lysates.

Macromolecular permeability. HUVECs seeded at a density of
3x10° cells per well onto 24-well cell culture inserts (8.0 um, Corning,
New York, USA) containing VEGFR2"T- or VEGFR2F2C_dECM for
24h to allow the formation of a confluent monolayer. Rhodamine-
conjugated dextran (70kDa, Sigma-Aldrich) was then added to the
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upper chamber. Molecular permeability across the HUVEC monolayer
was assessed after 90 min by measuring the fluorescent signal in the
lower chamber using a fluorescent plate reader (EnSight, PerkinElmer,
Waltham, MA, USA).

Expansion microscopy. Cells were fixed with 4 % PFA for 10 min at
room temperature (RT) and treated with 0.1 M glycine for 10 min. After
three washes with PBS, samples were incubated in Blocking buffer (PBS,
0.1 % Tween-20, 1% BSA, 5% goat serum) for 30 min followed by
overnight incubation at RT with 0.5pM Actin ExM Range (#PL-3-04
range, Chrometra, Kortenaken, Belgium), and 20 pg/mL DAPI (#D9542,
Sigma-Aldrich) diluted in blocking buffer. Samples were washed twice
with PBS-T, and incubated with 0.1 mg/mL Acryloyl-X SE (6-acryloyl-
amino-hexanoic acid, succinimidyl ester, AcX; Invitrogen) in PBS over-
night at 4 °C. Samples were washed twice with PBS for 15 min, added
with Gelation solution 40 % (v/v) 49:1 Acrylamide:Bis-acrylamide so-
lution (Sigma-Aldrich), (5 M NacCl, 33 % sodium acrylate, 0.2 g/mL APS,
and 0.2 g/mL TEMED in PBS) for 5 min on ice. Samples were incubated
for 1 h at 37 °C to allow gel polymerization. Samples, digested overnight
at RT with 0.2 mg/mL (8 U/mL) Proteinase K (#E00491, Thermo Fisher
Scientific) in Digestion buffer (25 mM EDTA, 50 mM Tris-HCI pH 8.0,
0.5 % Triton X-100, 1 M NaCl). Samples were expanded approximately
fourfold in deionized water. Expanded samples were imaged using a
Zeiss LSMB880 laser-scanning microscope, equipped with Plan-
Apochromatic 63X/1,4 Oil DIC objective and Airyscan. Images were
analyzed using ZEN software (Carl Zeiss) and ImageJ. Fifteen images
from different cells were analyzed for each experimental condition.
Experiments were performed at least twice independently. To segment
and measure the area of basal actin corrals, images were analyzed using
ImageJ software. Briefly, images were converted to 8-bit and segmented
using Otsu thresholding with a dark background The resulting binary
masks were eroded twice, inverted and processed using the watershed
algorithm to separate adjacent structures. Individual corrals were
identified using the Analyze Particles function, excluding objects inter-
secting the image boundaries. The segmented masks were overlaid on
the original images, and the area of each corral was measured. Corrals
with an area <0.001 pm? or >1.0 um? were excluded from the analysis
to minimize artifacts arising from local image-resolution limitations.

Lateral cortical actin thickness was quantified using ZEN Blue soft-
ware by drawing a line perpendicular to the plasma membrane across
the entire width of the actin-positive cortical layer. Measurements
expressed in pm were performed at 3 independent positions per cell and
averaged to obtain a single value for each cell. The measurement was
repeated for at least fifteen images across three independent
experiments.

Invitro flow-induced shear stress. 3x10° HUVECs were cultured to
confluence onto IbiTreat p-Slide I Luer chambers (0.4 mm channel
height; Ibidi) containing VEGFR2V'- or VEGFR2R!%32QdECMs in
degassed EGM2 medium (Lonza, Basel, Switzerland). Unidirectional
laminar flow corresponding to a shear stress of 6 dyn/cm? was applied
for 24 h at 37 °C in a CO3 incubator using a Ibidi Pump System equipped
with a red perfusion set (15 cm tubing length, 1.6 mm inner diameter,
10 mL reservoirs). The following pump parameters were used: calibra-
tion factor, 0.99; medium viscosity, 0.0072 dyn*s/cmz; pressure,
8.4 mbar; flow rate, 6.30 mL/min; and flow-switching time, 22s. Static
control cells were maintained under otherwise identical culture condi-
tions for the same duration. After 24 h, cells were fixed in 4 % PFA and
stained with the previously described antibodies. Images were acquired
using an LSM980 laser-scanning microscope (Carl Zeiss) equipped with
a Plan-Neofluar 20X/0.5 NA objective as 3x 3 tiled fields. For cell seg-
mentation using Cellpose. Nuclei (DAPI) and membrane (VE-cadherin)
channels were used as references. When necessary, segmentation masks
were manually corrected before subsequent analysis. The resulting
masks were analyzed using PolarityJam bioinformatic tool [65] to
quantify cell polarity, elongation, cell area, and junctional interface
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occupancy. For each experimental condition, 10 fields were analyzed,
corresponding to approximately 150 cells/field. Truncated or isolated
cells were excluded during segmentation or automatically by Polar-
ityJam when below the detection threshold. Experiments were per-
formed independently at least three times. Higher-magnification images
acquired using a Plan-Apochromatic 63X/1,4 Oil DIC objective were
analyzed for actin filament orientation using the Cytospectre bio-
informatic tool [66]. For live-cell imaging under flow, nuclei were
labelled with the live-cell nuclear dye SPY555-DNA (Stein am Rhein,
Switzerland). Cells were exposed under unidirectional laminar flow at
6 dyn/cm?, using a YELLOW/GREEN perfusion set (50 cm tubing length,
1.6 mm inner diameter, 10 mL reservoirs), and imaged using an LSM980
laser-scanning microscope (Carl Zeiss) equipped with a Plan-Neofluar
20X/0.5 NA objective. Images were acquired every 10min for
1440 min under continuous flow. Live-cell images acquired as 3 x 3 tiled
fields were segmented using Cellpose and analyzed with Polarityjam for
cell polarity, elongation and junction interface occupancy as described
above. Nuclear tracking was performed using the StarDist plugin in Fiji,
and nuclear trajectories were analyzed using the TrackMate plugin. Cell
velocity and trajectories were subsequently plotted using Jupiter Note-
book within the Anaconda Navigator platform.

For Ca?" intracellular dynamics, cells subjected to shear stress for
24h, were incubated for 10 min with 6 pyM Fluo-4 AM (Thermo Fisher
Scientific) in HBSS without Ca®* and magnesium. Intracellular calcium
dynamics were followed by time-lapse imaging using a Plan-Neofluar
20X/0.5 NA objective. Fluorescence baseline was recorded during the
first 2min (1 image every 10s) in the absence of shear stress. Laminar
flow was then applied for 1 min Ca%* dynamics was monitored for 7 min
(1 image every 105s) [28]. Image analysis was performed using ImageJ.
Different ROIs were randomly selected. Five cells for each field were
analyzed. Results were expressed as F (fluorescent intensity)/Fo (mean
baseline fluorescence). At least three randomly selected ROIs were
analyzed in each of four independent fields per experimental condition.
Experiments were performed twice independently.

Statistical analyses. Statistical analyses were performed using
GraphPad Prism10 (GraphPad Software). Student's t-test for unpaired
data (2-tailed) was used to test the probability of significant differences
between two groups of samples. For more than two groups of samples,
data were statistically analyzed with one-way ANOVA (analysis of
variance), and individual group comparisons were evaluated by Bon-
ferroni multiple comparison test. The significance level was set at
P <0.05.
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