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ARTICLE INFO ABSTRACT

Keywords: Recent data shows that alterations in the expression and/or activation of the vascular endothelial growth factor
VEGFRZ receptor 2 (VEGFR2) in high grade serous ovarian cancer (HGSOC) modulate tumor progression. However,
O‘(,;asré)acrzl cancer controversial results have been obtained, showing that in some cases VEGFR2 inhibition can promote tumori-
H ) genesis and metastasis. Thus, it is urgent to better define the role of the VEGF/VEGFR2 system to understand/
Mechanotransduction . R .. . . P :

Cell motility predict the effects of its inhibitors administered as anti-angiogenic in HGSOC. Here, we modulated the expression
Metastasis levels of VEGFR2 and analyzed the effects in two cellular models of HGSOC. VEGFR2 silencing (or its phar-

macological inhibition) promote the growth and invasive potential of OVCAR3 cells in vitro and in vivo.
Consistent with this, the low levels of VEGFR2 in OV7 cells are associated with more pronounced proliferative
and motile phenotypes when compared to OVCAR3 cells, and VEGFR2 overexpression in OV7 cells inhibits cell
growth. In vitro data confirmed that VEGFR2 silencing in OVCARS3 cells favors the acquisition of an invasive
phenotype by loosening cell-ECM contacts, reducing the size and the signaling of focal adhesion contacts (FAs).
This is translated into a reduced FAK activity at FAs, ECM-dependent alterations of mechanical forces through
FAs and YAP nuclear translocation. Together, the data show that low expression, silencing or inhibition of
VEGFR2 in HGSOC cells alter mechanotransduction and lead to the acquisition of a pro-proliferative/invasive
phenotype which explains the need for a more cautious use of anti-VEGFR2 drugs in ovarian cancer.

1. Introduction inhibiting the activity of the receptor via tyrosine kinase inhibitors (TKi)

(e.g. pazopanib, cediranib, nintedanib and sorafenib) is a therapeutic

Ovarian cancer (OC) is a lethal gynecological cancer, with 313,959
new cases and 207,252 deaths worldwide in 2020 (WHO). High grade
serous ovarian cancer (HGSOC) is the most frequent and aggressive
histologic type. At diagnosis, most HGSOC patients present abdominal
and/or distant metastases and the majority of them experience recur-
rence. The treatment of metastatic HGSOC remains a major clinical
challenge as the therapeutic options often produce unsuccessful out-
comes (Cannistra, 2004; Moffitt et al., 2019; Lisio et al., 2019). Among
targeted therapies, interfering with the vascular endothelial growth
factor (VEGF)/VEGF receptor 2 (VEGFR2) axis by modulating ligand
bioavailability via anti-VEGF antibodies (i.e. bevacizumab) or by

approach approved or in clinical trial for HGSOC (Mei et al., 2023).
Although these approaches were developed to block tumor angiogen-
esis, recent studies have highlighted that HGSOC cells express VEGFR2
and have an active VEGF/VEGFR2 axis, demonstrating that
anti-angiogenic drugs also affect the tumor VEGF/VEGFR2 axis. How-
ever, anti-VEGFR2 drugs showed individual variability, limited efficacy
and widespread resistance. In this context, it is remarkable that the
VEGFR2 protein levels detected in tumor cells show a positive signifi-
cant correlation with PFS in advanced-stage HGSOC (Guan et al., 2019).
Consistent with this and similarly to other cancer types, VEGFR2
knockdown induces HGSOC cells to acquire an invasive phenotype
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(Adham et al., 2010; Volz et al., 2020). These bodies of evidence ques-
tion the prevailing perception of tumor VEGFR2 as an oncogene, sug-
gesting instead that it may act as a tumor brake in HGSOC, and indicate
that alterations in VEGFR2 could modulate the aggressiveness of HGSOC
cells. This also implies that inhibition of tumor VEGF/VEGFR2 axis by
anti-“angiogenic” drugs might be detrimental, possibly explaining the
variable response/limited efficacy of these drugs in HGSOC. On these
bases, there is an urgent need to clarify the promoting vs suppressive
role of tumor VEGF/VEGFR2 axis in HGSOC in order to provide cancer
patients with safe and efficacious targeted therapies.

In the attempt to fill this gap, we analyzed the role of VEGFR2 in two
cellular models of HGSOC. VEGFR2 silencing in OVCARS3 cells enhances
the tumorigenesis and metastasis in vitro and in vivo. To further inves-
tigate the association between the levels of VEGFR2 and cell growth and
motility, we compared OVCAR3 with OV7 cells, which express signifi-
cantly lower levels of VEGFR2. OV7 cells exhibit a more pronounced
proliferative and motile behavior. Also, VEGFR2 overexpression in OV7
cells negatively regulated cell growth, confirming that VEGFR2 modu-
lates HGSOC cells. Mechanistically, VEGFR2 levels modulate cell
migration by controlling focal adhesion (FA) signaling, mechanical
tension across FAs and mechanotransduction. Altogether, our data shed
light on the role of the VEGF/VEGFR2 axis in limiting HGSOC pro-
gression and set the bases for a better evaluation of VEGFR2-targeted
drugs in the treatment of OC patients.

2. Materials & methods
2.1. Cell cultures

Representative human HGSOC cell lines OVCAR3 and OV7 were
purchased respectively from the European Collection of Authenticated
Cell Cultures (ECACC) and Istituto Zooprofilattico Sperimentale della
Lombardia e dell’Emilia Romagna (IZSLER, Brescia, Italy). OVCAR3
cells were maintained in RPMI medium supplemented with 20 % Fetal
Bovine Serum (FBS, Gibco, ThermoFisher scientific, Carlsband, CA,
USA), and 0.01 mg/mL bovine insulin (growt medium). OV7 cells were
maintained in DMEM/HAMS F12 medium (Gibco) supplemented with
5 % FBS, 0.01 mg/mL bovine insulin, and 0.5 pg/mL hydrocortisone
(growth medium). Cells were subcultured every three days and peri-
odically checked to exclude mycoplasma contamination.

For VEGFR2 silencing, cells were infected with lentiviral particles
harboring Mission® VEGFR2-targeting shRNAs. A single shRNA
(TRCN0000001686) or a mix of four VEGFR2-targeting shRNAs were
used to generate sShVEGFR2-OVCAR3 or shVEGFR2mix-OVCARS3 cells,
respectively. Cells transduced with non-targeting lentiviral particles
(SCH202V) were named shCtrl-OVCAR3 and were used as controls in all
experiments. Transduced cells were maintained in 1 pg/mL puromycin.
For VEGFR2 overexpression cells were stably transfected with pBE_h-
VEGFR2 plasmid using FuGENE (Promega, Milan, Italy). Transfected
cell lines were maintained in 0.5 mg/mL geneticin.

2.2. Western blot analyses

Cells were lysed in lysis buffer [S0 mM Tris-HCl buffer (pH 7.4),
150 mM NaCl, 1 % Triton X-100, 1 mM Na3VOy, and protease and
phosphatase inhibitors (Sigma Aldrich, Milan, Italy). Next, lysates were
separated by SDS-PAGE, transferred to PVDF membrane and probed
with specific antibodies. Chemiluminescent signal was acquired by
ChemiDoc™ Imaging System (Bio-Rad Laboratories, Providence, RI).

2.3. Cell proliferation

10x102 cells/cm? were cultured in DMEM 2 % FBS or growth me-
dium in the absence or the presence of 50 ng/mL of recombinant VEGF-
A for 48 h. Cell proliferation was measured by crystal violet colorimetric
assay (OD 595 nm).
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2.4. In vivo tumorigenesis

4%10° shVEGFR2-OVCAR3 or shCtrl-OVCAR3 cells were injected
subcutaneously (s.c.) into the dorsolateral flank of NOD/SCID female
mice (Envigo, Milan, Italy). Tumor volume was measured with calipers
and calculated according to the formula V:(Dxdz)/z, where D and d are
the major and minor perpendicular tumor diameters, respectively. At
the end of the experimental procedure, tumors were harvested, weighed,
and processed for further analyses.

2.5. Immunofluorescence analyses

Cells seeded on collagen (Roche) (Coll)- or fibronectin (Sigma-
Aldrich) (FN)-coated p-slides or p-dishes with an elastically supported
surface with increasing rigidities (1.5, 15, 28 kPa; Ibidi) were incubated
for 16 h and then fixed with 4 % PFA, permeabilized with 0.1 % Triton-
X100 and immuno-decorated with the indicated antibodies. The actin
cytoskeleton was decorated using fluorescently labeled phalloidin.
Formalin-fixed paraffin-embedded tissue sections were immunodeco-
rated using the indicated antibodies. Nuclei were counterstained with
4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Samples were
visualized by fluorescence microscopy, using a LSM880 confocal mi-
croscope (Carl Zeiss S.P.A.) and analyzed using ImageJ software.

2.6. Zebrafish embryo metastasis assay

The transgenic line Tg(kdrI:mCherry) was maintained at 28°C under a
14 h light/10 h dark cycle at pH 7.0-7.5 and conductivity 400-500 ps.
OVCARS cells were stained with CellTracker Green CMFDA Dye (Mo-
lecular Probes, ThermoFisher scientific, Carlsband, CA, USA) and
microinjected (~250 cells in 4 nL of PBS per embryo) into the duct of
Cuvier of 48 hpf anesthetized (200 mg/L tricaine) Tg(kdrI:mCherry)
zebrafish embryos using the electronic microinjector FemtoJet coupled
with the InjectMan N12 manipulator (Eppendorf Italia, Milan, Italy).
After injection, embryos were maintained at 33°C. After 4 h the accu-
mulation of cells into the caudal vascular plexus (CVP) was evaluated by
fluorescence microscopy.

2.7. FAT-FAK biosensor

FAT-FAK biosensor contains the ECFP/YPet FRET pair interspaced
by a flexible linker and a FAK substrate sequence and the FAT domain
for FA localization. By measuring the ECF/FRET emission ratio it en-
ables to monitor FAK activity within FAs, as FAK can phosphorylate the
Tyr residue within the substrate increasing the ECFP/FRET ratio (Wu
et al., 2016). OVCARS3 cells transiently transfected with the FAT-FAK
sensor and seeded onto Coll- or FN-coated p-slides (Ibidi) for 16 h,
were fixed and imaged using a LSM880 laser-scanning microscope (Carl
Zeiss S.P.A, Oberkochen, Germany) equipped with a
Plan-Apocrhromatic 63X/1,4 Oil DIC objective (Carl Zeiss). 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.
Images were then analyzed by Zen black 2.3 software to measure the
ECFP/FRET ratio as a readout of FAK activity in FAs.

2.8. Mechanical tension

Cells were transiently transfected with the VinTS construct and
seeded onto Coll- or FN-coated p-slides (Ibidi) for 16 h. VinTS contains a
TSMod elastic linker in between the mTFP1/Venus FRET couple, all
cloned between the head and tail domains of vinculin protein. FRET was
quantified by fluorescence lifetime imaging (FLIM) in live cells using an
two-photon LSM880 laser-scanning microscope equipped with a
Chameleon Vision II Ti:Sapphire pulsed laser (Coherent Inc, Santa Clara,
CA, USA) and a FLIM system for time-correlated single-photon counting
module (PicoQuant, Berlin, Germany). Of note, the FRET efficiency is
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inversely proportional to the mechanical tension applied to vinculin
(Grashoff et al., 2010). The fluorescence lifetime of mTFP1 was
measured at 860 nm at an 80 MHz repetition rate. The decay curves
were recorded and fitted using the SymphoTime 64 software version 2.2
(PicoQuant) to determine the donor lifetime in the absence or the
presence of the acceptor (tDA/tD). FRET efficiencies (E) were calcu-
lated using the following equation: E=1—(tDA/tD)

2.9. Scratch assay

When indicated, culture plates were pre-coated with FN or Collagen.
Cells were seeded at the density of 16x10* cells/cm? onto standard or
CytoSoft® 6-well plates with increasing (0.5-16 kPa) rigidity (Advanced
BioMatrix, Inc, Carlsbad, USA). After 16-24 h, confluent monolayers
were scratched with a 200 pL tip and incubated in growth medium. Actin
rich membrane protrusions, known as membrane ruffles, were counted
after 4 h (Mitola et al., 2006a). After 24-48 h, monolayers were pho-
tographed, and the newly covered area was quantified by ImageJ
software.

2.10. Scattering assay

Cells spheroids (800-1000 cells/each) were prepared by seeding
cells in round-bottom 96-well plates in DMEM 0.4 % methylcellulose.
Next, cell spheroids were harvested, resuspended in DMEM 2 %FBS and
seeded onto standard plates in the presence of 50 ng/mL of recombinant
VEGF-A or left untreated. After 48 h, spheroids were photographed and
cell scattering was quantified by the formula (total area-spheroid area)/
spheroid perimeter using ImageJ image analysis software (https:
//imagej.net/ij/download.html).

2.11. RT-qPCR

Total RNA was extracted using TRIzol Reagent (Invitrogen, Termo-
Fisher) according to the manufacturer’s instructions. Two pg of total
RNA were retro-transcribed with MMLV reverse transcriptase (Invi-
trogen) using random hexaprimers. Then, cDNA was analyzed by qPCR
using the primers listed in Table 1. Human HPRT, ACTB, PP1A, GAPDH
and SDHA were analyzed as candidate endogenous controls. The most
suitable endogenous control for normalization was selected based on the
“gene stability score” [calculated using the QuantStudio Design &
Analysis Software (ThermoFisher)]. Next, 2784Ct yas calculated. Data
are expressed as relative expression ratios.

2.12. Boyden chamber cell migration assay
Cells suspended in serum free medium were seeded at 1 x 10° cells/

mL in the upper compartment of a Boyden chamber containing gelatin-
coated PVP-free polycarbonate filters (8ym pore size). Growth medium
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was placed in the lower compartment. After 4-16 h of incubation at
37°C, cells migrated to the lower side of the filter were stained with Diff-
Quick reagent (Microptic) and quantified using ImageJ software.

2.13. Statistical analyses

Statistical analyses were performed using Prism 10.2.3 (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.
Differences were considered significant when p<0.05 unless otherwise
specified.

3. Results

3.1. VEGFR2 silencing sustains the tumorigenesis and metastatic
dissemination of OVCAR3 cells

In order to investigate how VEGFR2 regulates the progression of
HGSOC, we took advantage of representative human OVCAR3 HGSOC
cells. A VEGFR2-targeting shRNA was used to knock down the receptor
expression in OVCAR3 cells. Silencing was confirmed by comparing
VEGFR2 expression in control (shCtrl) and silenced (shVEGFR2) cells by
Western blot (WB) analyses (Fig. 1a). The reduction of VEGFR2 levels
was accompanied by a decrease in the levels of pAkt and increased levels
of pErkl/2 downstream mediators (Fig. 1a). Similar results were ob-
tained when VEGFR2 expression was knocked down in OVCAR3 cells
using a combination of 4 different shRNAs (shVEGFR2-mix) (Fig. S1a).
These changes in intracellular signaling prompted us to explore how the
low VEGFR2 expression affects the tumorigenic and metastatic capacity
of HGSOC cells. As shown in Fig. 1b, VEGFR2 silencing accelerated
OVCARS3 proliferation in vitro. Consistently, shVEGFR2-OVCARS3 cells
showed a significantly increased tumorigenicity capacity in vivo
compared to shCtrl-OVCAR3 cells (Fig. 1lc-d). shVEGFR2-OVCAR3-
derived tumors displayed increased vascularization compared to those
derived from shCtrl-OVCARS cells, as demonstrated by the IF analysis of
CD317 blood vessels (Fig. le-f).

Next, we investigated the metastatic capacity of shVEGFR2-OVCAR3
cells in an in vivo Zebrafish metastasis assay. Fluorescently labeled cells
were injected into the duct of Cuvier of Tg(kdrl:mCherry) embryos at 48
hpf and their accumulation in the caudal vascular plexus (CVP) of em-
bryos was monitored over time. As shown in Fig. 2, shVEGFR2-OVCAR3
disseminated more than control cells into the CVP. Again, this was
confirmed also in shVEGFR2-mix-OVCARS3 cells (Fig S1b-c). Together
these data corroborate the role of VEGFR2 in limiting the growth and
dissemination of HGSOC cells.

3.2. VEGFR2 silencing alters focal adhesion signaling in OVCAR3 cells

The metastatic process involves a series of steps, including the

Table 1

List of primers used in the study.
Gene name Forward Reverse
KDR (VEGFR2) GGAAATGACACTGGAGCCTA TTTGAAATGGACCCGAGACA
TWIST GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT
MMP2 GTATGGCTTCTGCCCTGAGA CACACCACATCTTTCCGTCA
NCAD CAACTTGCCAGAAAACTCCAGG ATGAAACCGGGCTATCTGCTC
VIM CGCCAGATGCGTGAAATG ACCAGAGGGAGTGAATCCAGA
CD44 AACACCAAGCCCAGAGGAC TCCAAATCTTCCACCAAACC
ALDHI1A1 TCAGCAGGAGTGTTTACCAAAG TCCCAGTTCTCTTCCATTTCC
OCLN AGCAGCGGTGGTAACTTTGA TTCCCTGATCCAGTCCTCCT
MMP10 GACAGAAGATGCATCAGGCAC GGCGAGCTCTGTGAATGAGT
ACTB CACACAGGGGAGGTGATAGC GACCAAAAGCCTTCATACATCTCA
HPRT CTTTCCTTGGTCAGGCAGTATAA AGTCTGGCTTATATCCAACACTTC
GAPDH GAAGGTCGGAGTCAACGGATT TGACGGTGCCATGGAATTTG
SDHA GGACAACTGGAGGTGGCATT TTTTCTAGCTCGACCACGGC
PPI1A GAGGAAAACCGTGTACTATTAGC GGGACCTTGTCTGCAAAC
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Fig. 1. VEGFR2 silencing promotes OVCARS3 cell proliferation, growth and metastasis. Western blot analysis of VEGFR2, phospho (p)-Akt and pErk1/2. p-actin
was used as loading control. Non-adjacent lanes from the same blot are shown (see SIII) (a). In vitro cell proliferation in growth medium (b). In vivo growth of
shVEGFR2-OVCARS3 and shCtrl-OVCARS3 cells implanted subcutaneously into the flank of NOD/SCID female mice (n=8-12) (c). Photographs of tumor xenografts are
shown in (d) (scale bar 8.5 mm). Anti-CD31 analysis of FFPE sections of tumor xenografts (e). Quantification of CD31" area by image analysis (f). WB images are
representative of 3 independent experiments that gave similar results. Individual values of each biological replicate obtained in 3 independent experiments are shown
in Box and Whiskers graphs (points), where error bars represent min to max values. Data are shown as mean (SD) of biological replicates. Error bars, SD. **, p<0.01,

*#% p<0.005 Student’s t test.
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Fig. 2. VEGFR2 silencing promotes metastatic dissemination of OVCARS3 cells in vivo. Analysis of the metastatic spread of fluorescently labeled shVEGFR2-
OVCAR3 and shCtrl-OVCARS3 cells into the caudal vascular plexus (CVP) of Tg(kdr:mCherry) zebrafish embryos following injection in the duct of Cuvier. Repre-
sentative images of CVP are shown (a). Represented values correspond to the mean (SD) of the number of cells accumulating at the CVP 4 h post-injection, n=15-25
injected embryos. Individual values of biological replicates are shown (points). Error bars, SD. Experiments were repeated three times (b). **, p<0.01, Student’s

t test.

coordinated regulation of cell adhesion, release of matrix degradation
enzymes, cytoskeleton reorganization, cell migration and proliferation.
Gaining insights into the bases of these processes is essential, as the
disruption of any of these stages holds the potential to halt cancer
dissemination. Each of these steps can be modeled in vitro. To delve into
the role of VEGFR2 in regulating the metastatic spread of HGSOC, we
analyzed the ability of shVEGFR2-OVCAR3 and shCtrl-OVCARS3 cells to
adhere onto different ECMs and to organize their focal adhesions (FAs).
Collagen (Coll) and fibronectin (FN) were selected, among others, given
their role in regulating VEGFR2 activation (Soldi et al., 1999; Mitola
et al., 2006b) and their dysregulation in OC (Sherman-Baust et al., 2003;
Cheon et al., 2014; Natarajan et al., 2019; Kenny et al., 2014; Bao et al.,
2021). The number of cells adherent to Coll and FN after 24 h was
similar for shCtrl-OVCAR3 and shVEGFR2-OVCARS3 cells (90-95 % of

total seeded cells). Despite this, we detected significant changes in the
organization and signaling of FAs. As shown in Fig. 3a-c, the silencing of
VEGFR2 did not affect the number of FAs per se. Interestingly, it
significantly reduced by 28-40 % the area of p-Paxillin™ FAs in the basal
portion of cells adherent to Coll and FN respectively when compared to
shCtrl-OVCAR3 cells. Consistent results were obtained when
shVEGFR2-mix-OVCARS3 cells were compared to shCtrl-OVCARS3 cells
(Fig. S1d-f). To further characterize FA signaling we measured the ki-
nase activity of FAK within FAs by transfecting OVCARS3 cells with the
fluorescence resonance energy transfer (FRET)-based FAT-FAK
biosensor (Wu et al., 2016). By analyzing cells adherent to ECMs we
detected a significant reduction in FAK activity when shCtrl-OVCAR3
cells were seeded onto FN compared to the same cells seeded on Coll.
In this context, VEGFR2 silencing further reduces FAK activity when
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Fig. 3. VEGFR2 silencing alters focal adhesion signaling in OVCARS3 cells. IF analysis of pPAX in cells adherent to collagen- (Coll) or fibronectin (FN)-coated
p-slides. F-Actin was decorated with phalloidin. The number/cell and average dimension (area) of pPAX" FAs were analyzed and quantified by image software
analyses. Scale bar 20 pm (a-c). Analysis of FAK activity in the FAs of cells transfected with FAT-FAK FRET-based sensor and adherent onto Coll- or FN-coated
p-slides. Scale bar 30 pm (d-e). ECFP/FRET ratio images are shown in d. ECFP/FRET ratio was calculated using Zen Software and is shown in (e). Individual
values of each biological replicate derived from 3 independent experiments are shown in Box and Whiskers graphs (points), where error bars represent min to max

values. *, p = 0.027 (c), 0.048 and 0.037 (e); **, p<0.01, Student’s t Test.

cells are adherent to FN, while it does not significantly modify the ac-
tivity of FAK in FAs in cells seeded onto Coll (Fig. 3d,e). Overall, this
data point to a role of VEGFR2 in the modulation of FA-associated
signaling in HGSOC cells.

3.3. VEGFR2 silencing increases the mechanotransduction in OVCAR3
cells

FAs are nanoscale complexes of structural and signaling molecules
(including FAK, PAX, vinculin etc.) that link the ECM to the cytoskel-
eton, and function as principal sites of mechanotransduction, a molec-
ular process that translates mechanical cues applied to cells into
intracellular biochemical signals. To explore the role that VEGFR2 plays
in mechanotransduction, we visualized the mechanical tension across
shVEGFR2-OVCAR3 and shCtrl-OVCARS3 cells. To this, we exploited the
FLIM/FRET-based Vinculin tension sensor (VinTS) (Grashoff et al.,
2010). This sensor enables the analysis of the mechanical tension
applied on vinculin. Control and silenced OVCAR3 cells were transfected
with the VinTS construct and plated onto Coll or FN. Imaging analyses
showed that the adhesion of shCtrl-OVCAR3 on FN increases FRET ef-
ficiency in the FAs with respect to Coll-seeded cells, demonstrating the
generation of lower tension forces. In this context, VEGFR2 silencing
significantly decreased FRET efficiency in cells plated on FN, indicating
an increased tension across vinculin. Instead, in cells adherent to Coll,

Coll

FN

Q

VEGFR2 knock-down leads to increased VinTS sensor FRET efficiency
compared to shCtrl-OVCARS3 cells, supporting a looser cell-substrate
adhesion (Fig. 4a-b). Next, we evaluated whether the changes in the
tension across vinculin upon VEGFR2 silencing modify the localization
of the mechanosensor YAP. As demonstrated by immunofluorescence
analyses, YAP was mainly localized within the nucleus in
shCtrl-OVCAR3 cells seeded on Coll and VEGFR2 silencing did not
impact its localization. On the other hand, the adhesion onto FN main-
tained YAP in the cell cytoplasm and in close contact with p-PAX" FAs in
shCtrl-OVCARS3 cells. In this context, VEGFR2 silencing promoted YAP
translocation into the nucleus (Fig. 4c). This confirms that the VEGF/-
VEGFR2 axis and ECM control the mechanotransduction in HGSOC cells.
Thus, the ECM remodeling in OC deserves further attention as it may
impact the response to targeted therapies.

3.4. VEGFR2 silencing promotes the acquisition of a pro-migratory
phenotype in OVCARS3 cells

To continue the characterization of the role of VEGFR2 in controlling
the metastatic dissemination of HGSOC cells, we evaluated the effects of
VEGFR2 silencing on cell migration. As anticipated, VEGFR2 knock-
down significantly promoted the migratory capacity of OVCARS3 cells.
This was highlighted by the higher number of membrane ruffles (Fig. 5a)
and by the increase of the newly covered area (Fig. 5b) exhibited by
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Fig. 4. VEGFR2 silencing alters mechanotransduction in OVCAR3 cells. FRET images of VinTS sensor in cells adherent to Coll or FN. FRET was quantified by
fluorescence lifetime imaging (FLIM). Color-coded FRET efficiency is shown in representative pictures. Scale bar 20 pm. Individual values of each biological replicate
derived from 3 independent experiments are shown in Box and Whiskers graphs (points), where error bars represent min to max values. *, p = 0.021; ***, p<0.005,
Student’s t Test. (a-b). IF analysis of YAP and pPAX in shCtrl-OVCAR3 and shVEGFR2-OVCARS3 cells adherent to Coll or FN. Scale bar 10 pm (c).
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sentative pictures and magnification are shown. Scale bar 50 pm. Arrowheads, membrane ruffles (a). Calculated newly covered area and representative images of
wounded monolayers after 48 h are shown in b (scale bar 300 pm). Individual values of each biological replicate derived from 3 independent experiments are shown
in Box and Whiskers graphs (points), where error bars represent min to max values. ****, p<0.001, Student’s t test. Migration of OVCAR3 cells in a Boyden chamber
in the absence or the presence of neutralizing anti-VEGFR2 antibody (c). Scratch assay of shCtrl-OVCAR3 and shVEGFR2-OVCARS3 cells seeded onto uncoated (Ctrl)
or FN/Coll-coated (1 pg/mL) plates (d). Data are shown as the mean (SD) of three independent measurements. Error bars, SD. *, p=0.036, **, p<0.01, ***, p<0.005

Student’s t test.

shVEGFR2-OVCARS3 cells when compared to shCtrl-OVCARS3 cells in a
scratch assay in vitro. Similar results were obtained with shVEGFR2-mix-
OVCARS cells (Fig. S1g-h) and when OVCARS3 cells were treated with an
anti-VEGFR2 neutralizing antibody in a Boyden chamber migration
assay (Fig. 5c). Finally, we assessed the contribution of ECM on the
collective cell migration. To this, a scratch assay was performed on
shCtrl-OVCAR3 and shVEGFR2-OVCARS3 cells seeded onto FN or Coll-
coated culture plates. Regardless the type of underlying ECM, the
motility of shCtrl cells was not affected in a significant manner, while the
migration of shVEGFR2-OVCAR3 cells was slowed down when cells
were adherent to FN or Coll compared to uncoated plates. However,
shVEGFR2-OVCARS3 cells maintained a higher motility than control cells
(Fig. 5d). On the other hand, ECM coating did not affect the proliferation
of both shVEGFR2- and shCtrl-OVCAR3 cells (Fig. S2). Noticeably,
VEGFR2-silenced cells displayed increased expression of VIM, CD44,
MMP2 and MMP10 markers and decreased levels of ALDHIA1 and OCLN
(Fig. S3). All the features exhibited by OVCAR3 cells upon VEGFR2
knock-down (i.e. high motility, expression of VIM, CD44 markers)
resemble the recently characterized fast-progressing and aggressive
claudin-low subtype of HGSOC (Romani et al., 2021).

Q

shCtrl

shVEGFR2

In addition to the type of substrate (i.e. ECM), the adhesive/motile
phenotype of ovarian cancer cells is also influenced by the stiffness of
the substrate (Fan et al., 2021). Thus, we analyzed the effect of VEGFR2
silencing on cell motility in a scratch assay as a function of substrate
stiffness (0.5-28 kPa). The Paxillin phosphorylation was followed to
evaluate the FA activity. As expected, phospho-paxillin increased with
substrate stiffness in shCtrl-OVCARS3 cells. Instead, silenced cells dis-
played very low pPAX staining (Fig. 6a) compared to control cells and
pPAX levels did not change with varying substrate stiffness (Fig. 6a).
This suggests that cells with low VEGFR2 expression could be less
responsive to changes in substrate rigidity. We next investigated cell
motility in a scratch assay performed on a 0.5 or 16 kPa stiff substrate.
Under both conditions, ScVEGFR2-OVCARS3 cells repaired the scratch
significantly faster than control cells. The increase in substrate stiffness
significantly increased the repair of the scratch by shCtrl-OVCARS3 cells,
while exerting a milder effect (not significant) on shVEGFR2-OVCAR3
cells (Fig. 6b). This confirmed that VEGFR2 silencing hampered the
responsiveness of OVCAR3 cells to changes in extracellular stiffness.
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Fig. 6. VEGFR2 silencing modifies the response of OVCAR3 cells to changes in substrate stiffness. pPax staining of siVEGFR2-OVCARS3 or shCtrl-OVCAR3 cell
monolayers grown onto FN-coated p-dishes with an elastically supported surface with increasing rigidities (1.5-28kPa) (a). Scratch assay of shVEGFR2-OVCAR3 or
shCtrl-OVCARS3 cell monolayers adherent to Coll-coated CytoSoft® 6-well plates with increasing (0.5-16 kPa) rigidity. Data are shown as mean of two independent

experiments. Error bars, SEM. *, <0.05; *** p<0.005, Student’s t test.
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3.5. Low levels of VEGFR2 are associated with a proliferative and motile
phenotype in HGSOC cells

To verify how the levels of VEGFR2 modulate the behavior of HGSOC
cells we selected an additional representative and well-characterized
HGSOC cell line, namely OV7 cells. Of note, these cells express signifi-
cantly lower levels of VEGFR2 compared to OVCAR3 cells (Fig. 7a). As
shown in Fig. 6b, overexpression of VEGFR2 in OV7 cells elicits opposite
outcomes as compared to VEGFR2 knockdown in OVCARS3 cells, as it
significantly decreases by more than 50 % the cell clonogenic capacity in
vitro. Also, by comparing OVCAR3 with OV7 cells we demonstrated that
“VEGFR2-low” OV7 cells displayed a more pronounced proliferative and
migratory capacity (Fig. 7c-d), paralleled by a higher expression of
invasion-related genes, including the EMT markers N-CAD and TWIST,
and MMP2 compared to “VEGFR2-high” OVCARS3 cells (Fig. 7f). Of note,
VEGF-A stimulation did not affect the in vitro proliferation of OVCAR3
and OV7 cells (Fig. 6f-g). On the contrary, VEGF-A stimulated both
OVCAR3 and OV7 cell scattering (Fig. 7h-i). Together, this data
confirmed that VEGFR2 expression levels regulated cell proliferation
and motility in two HGSOC cell models and suggested that VEGFR2
expression levels and VEGFR2 activation may act independently to
regulate the phenotype of HGSOC cells.

In conclusion, our data collectively demonstrate that VEGFR2 limits
the growth, motility and invasiveness of HGSOC cells in vitro and in vivo,
by modulating cell-lECM mechanotransduction, and suggest that
VEGFR2 inhibition should be carefully considered in HGSOC patients to
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avoid unwanted and detrimental effects.
4. Discussion

The VEGF/VEGFR2 pathway is commonly considered to exert pro-
tumoral effects and this has justified the development and the use of
targeted drugs in cancer treatment. However, recent preclinical and
clinical data have questioned this concept, showing instead that inhi-
bition of the VEGF/VEGFR2 pathway, under certain circumstances, may
induce tumors to acquire a pro-metastatic phenotype. This evidence has
opened the urgent question of how this axis is regulated in the different
cancers, to guide therapeutic choices and avoid unwanted and detri-
mental effects. Here we demonstrated that low levels of VEGFR2
expression and/or its inhibition in two cellular models of HGSOC sustain
tumor proliferation, motility and invasion. Our data confirm previous
findings showing that VEGFR2 silencing in OVCAR3 cells leads to
increased tumor cell proliferation (Adham et al., 2010) and reveal for
the first time the role of VEGFR2 in limiting the motility and metastatic
potential of HGSOC cells. These findings add a piece of knowledge about
the role of VEGFR2 in HGSOC. In addition, the silencing or the inhibition
of VEGFR2 promotes the growth and vascularization of tumors that may
ultimately support unwanted pro-metastatic features of HGSOC cells.
Although further studies are necessary to corroborate these new con-
cepts, a greater attention should be paid to the administration of
anti-VEGFR2 drugs to OC patients in light of the results shown in this
study.
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Fig. 7. Comparison of OVCAR3 and OV?7 cell lines. mRNA levels of VEGFR2 measured by qPCR (a). Analysis of the in vitro clonogenic capacity of OV7 and OV7-
VEGFR2 cells (b). In vitro cell proliferation (c¢) and migration (d) of OVCAR3 and OV7 cells in growth medium. mRNA levels of motility-related genes measured by
qPCR. ACTB was used as endogenous control for normalization (e). In vitro cell proliferation (f-g) or scattering (h-i) of OVCAR3 or OV7 cells left untreated (Ctrl) or
stimulated with 50 ng/mL of recombinant VEGF-A for 48 h in DMEM 2 % FBS. Representative pictures of scattered cells are shown. Scale bars, 100 um. Data are

shown as the mean (SD) of three independent measurements. Error bars, SD. *, p<0.05, **, p<0.01, **

, p<0.001, Student’s t test.
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To investigate the impact of low-VEGFR2 expression in HGSOC we
compared OVCAR3 and OV7 cells, which endogenously express high
and low levels of the receptor, respectively. These experiments
confirmed that low levels of VEGFR2 are associated with increased
proliferation and motility. Of note, OV7 cells have been recently char-
acterized as a model of claudin-low (CL)-HGSOC tumors, typically
characterized by decreased expression of claudins and other epithelial
markers, increased expression of mesenchymal and stemness markers,
altered metabolism, increased metastatic potential and reduced
response to carboplatin (Romani et al., 2021). Data suggest that VEGFR2
downregulation may be part of the gene program activated in fast
migrating/fast-progressing CL-HGSOC. We also addressed the comple-
mentary question whether VEGFR2 activation inhibits HGSOC motility
and proliferation. Our results suggest that VEGFR2 levels and VEGFR2
activation may act independently in the regulation of HGSOC cell
biology. However, these aspects could have a profound impact on the
therapeutic choices for HGSOC patients and deserve further
investigation.

HGSOC cells mostly exfoliate from the primary lesions, survive
anoikis, attach to the mesothelial lining of the peritoneum and invade
this epithelial layer to metastasize abdominal organs. This process,
known as transcoelomic dissemination, remains the major cause of
death in OC (Naora and Montell, 2005). Cell-ECM interactions and
mechanical forces regulate multiple steps of OC cell motility and
metastasis. Rigid/fibrotic ECM with altered collagen fibril density/to-
pology is found in primary and metastatic OC (McKenzie et al., 2018).
OC cells express ECM-stiffening enzymes and use mechanical forces to
attach and invade the mesothelial layer (Iwanicki et al., 2011). In turn,
mesothelial cells actively promote early OC metastasis by increased
production of fibronectin (Kenny et al., 2014). The impact of VEGFR2
inhibition on the motile and invasive capacity led us to hypothesize that
VEGFR2 could regulate cell-ECM interactions and mechanotransduction
in HGSOC cells.

Components of the cellular mechanosensing system include integ-
rins, FAs, actin cytoskeleton and associated molecular motors that
together convert mechanical cues into ion fluxes and/or intracellular
signaling. Mechanotransduction occurring at FAs dictates how cells
attach, spread and move onto ECM. In the long term, mechanical signals
through FAs regulate gene expression and alter cell behavior (Nelson
and Bissell, 2006). In this context, FAs are the pivotal complexes (more
than 100 different proteins can be recruited in FAs) that take contacts
with ECM and coordinate the assembly of intracellular adhesion com-
plexes and transmit mechanical signals. In turn, FAs are very
well-known foci of signal transduction of RTKs, including VEGFR2.
VEGFR2 is found within FAs in endothelial cells, it activates the kinase
activity of FAK inside or outside FAs and modulates the cytoskeleton
reorganization. Consistent with this paradigm, data shows that VEGFR2
levels modulate the organization and signaling of FAs. In particular,
VEGFR2 silencing in OVCARS3 cells leads to a reduction of the area of
pPPAX" FAs and of FAK activity within FAs. Based on this data, it is
reasonable to speculate that the lack of VEGFR2 may hamper protein
recruitment at FAs, resulting in less FAK activity. This is consistent with
a looser cell-substrate adhesion and may explain the increased motility
and metastatic capacity of OVCAR3 cells detected both in vitro and in
vivo. Our data are consistent with previous findings showing that small
FAs are associated with a highly motile phenotype in metastatic cancer
cells (Sharifi et al., 2016) and that paxillin downregulation promotes
endothelial cell migration (German et al., 2014).

FAs are master regulators of mechanotransduction. FA maturation
leads to the activation of the Hippo-YAP/TAZ signaling pathways which
eventually results in YAP nuclear translocation. Consistent with this,
VEGFR2 silencing affects FA reorganization and signaling, the me-
chanical tension across vinculin and the localization of YAP in OVCAR3
cells. Of note, the different mechanical effects of VEGFR2 silencing on
different ECMs could reflect the role of fibronectin and collagen in the
regulation of receptor activation (Soldi et al., 1999; Mitola et al.,

European Journal of Cell Biology 103 (2024) 151459

2006Db). In this context, it is important to remember that both collagen
and fibronectin are dysregulated in OC where they sustain cancer pro-
gression and metastatic spread (Sherman-Baust et al., 2003; Cheon et al.,
2014; Natarajan et al., 2019; Kenny et al., 2014; Bao et al., 2021) and
VEGFR2 expression may collaborate in the modulation of cancer pro-
gression. However, Coll or FN coating did not significantly alter the
motility of control OVCAR3 cells while decreasing the motility of
VEGFR2-knocked-down OVCAR3 cells. Future studies will investigate
how different ECMs and VEGFR2 levels could co-act to control HGSOC
metastasis.

In addition to the type of ECM, substrate stiffness influences the
motility of ovarian cancer cells (Fan et al., 2021). In our experimental
conditions, VEGFR2 silencing reduces the responsiveness of OVCAR3
cells to changes in substrate stiffness, while increasing the sensitivity to
changes in ECM composition (see above). These aspects deserve further
investigation to understand whether VEGFR2 levels influence in a
ECM-dependent (composition and/or stiffness) manner HGSOC
dissemination. Of note, when cells were seeded onto substrates with a
stiffness in the range of kPa (compared to glass/plastic substrates that
have a stiffness in the order of GPa), paxillin was not recruited in the
elongated anisotropic FAs, while it forms small cluster at cell-cell
junctions (Fig. 6a) as previously reported for other FA proteins
(Kleinschmidt and Schlaepfer, 2017). Localization of FA proteins out of
FAs is not surprising. For example, structured illumination microscopy
images and intensity profile analysis demonstrated that paxillin over-
lapped with cadherin (Bai et al., 2023).This may be due to, at least in
part, a substantial lack of FAs in ovarian cancer cells adherent to sub-
strates with a stiffness below 25 kPa (McKenzie et al., 2018). Also, it
suggests that under biomimetic conditions, pPAX in OVCARS3 cells may
have a role in cell-cell junction dynamics and collective migration.
Further investigation is necessary to clarify how VEGFR2 silencing af-
fects the response to substrate stiffness.

Only scattered evidence has shown that RTKs, including EGFR and
VEGFR2, regulate mechanosensors (calpain 2, YAP/TAZ) (Wang et al.,
2017; Schwartz et al., 2018). Our findings suggest that VEGFR2 levels
control the mechanosensitivity of OC cells, being the first report of this
role of VEGFR2 in cancer cells. These results open the way to the
identification of novel druggable vulnerabilities that target mechanical
cues in OC.

In our study we employed 2D cell models to characterize the role of
VEGFR2 in HGSOC motility and mechanotransduction. More sophisti-
cated 3D models could be used to further assess how VEGFR2 regulates
cell-ECM and cell-cell interactions during the steps of HGSOC progres-
sion. In this context, invadopodia, key structures that contribute to the
ability of cancer cells to invade and metastasize, could be analyzed and
the unknown role of VEGFR2 in the regulation of these structures in
HGSOC cells could be better characterized. These models could also help
to understand how ECM-dependent force generation is linked to
VEGFR2 levels. In particular they will help to clarify how VEGFR2
silencing increases force generation on FN, while decreasing it on Coll
promoting in both cases cell motility.

Of note, VEGFR2 silencing in OVCARS3 cells using a single or a mix of
4 shRNAs exerted similar effects, confirming that VEGFR2 levels control
mechanotransduction, motility, growth and metastasis of OVCAR3 cells.
Further confirmation of the role of VEGFR2 in the OVCAR3 model de-
rives from the similar effects of its pharmacological inhibition. More-
over, the comparison of VEGFR2-expressing OVCAR3 cell with OV7
cells, which express significantly lower levels of VEGFR2, showed that
low VEGFR2 is associated with pronounced growth and motility.
Finally, VEGFR2 overexpression in OV7 cells exerts opposite effects (i.e.
reduction of proliferation) as compared to VEGFR2 silencing in OVCAR3
cells, corroborating the importance of VEGFR2 levels in controlling
HGSOC cell behavior.

In conclusion, this study highlights the unprecedented role of
VEGFR2 in altering mechanotransduction through FAAs and in limiting
the proliferation and motility of HGSOC cells. Our report adds to a
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growing body of work that shows that VEGFR2 expression in cancer
cells, in certain contexts, can block tumor progression rather than pro-
moting it. Together with other studies, our results suggest that greater
attention should be paid to the use of anti-VEGFR2 drugs for OC
patients.
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