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SUMMARY
Cancer cells use actin-based membrane protrusions, invadopodia, to degrade stroma and invade. In serous
ovarian cancer (SOC), the endothelin A receptor (ETAR) drives invadopodia by a not fully explored coordi-
nated function of b-arrestin1 (b-arr1). Here, we report that b-arr1 links the integrin-linked kinase (ILK)/bPIX
complex to activate Rac3 GTPase, acting as a central node in the adhesion-based extracellular matrix
(ECM) sensing and degradation. Downstream, Rac3 phosphorylates PAK1 and cofilin and promotes invado-
podium-dependent ECM proteolysis and invasion. Furthermore, ETAR/ILK/Rac3 signaling supports the
communication between cancer and mesothelial cells, favoring SOC cell adhesion and transmigration.
In vivo, ambrisentan, an ETAR antagonist, inhibits the adhesion and spreading of tumor cells to intraperitoneal
organs, and invadopodiummarker expression. As prognostic factors, high EDNRA/ILK expression correlates
with poor SOC clinical outcome. These findings provide a framework for the ET-1R/b-arr1 pathway as an inte-
grator of ILK/Rac3-dependent adhesive and proteolytic signaling to invadopodia, favoring cancer/stroma in-
teractions and metastatic behavior.
INTRODUCTION

Invadopodia are actin-rich membrane extensions used by

cancer cells to degrade the extracellular matrix (ECM), a non-

cellular structure comprising the basement membrane and the

collagen-based interstitial matrix (Murphy and Courtneidge,

2011; Paterson and Courtneidge, 2018; Eddy et al., 2017). Their

functional activity requires the coordination of complex molecu-

lar machinery, including the arrangement of an F-actin-cortactin

core surrounded by actin regulatory proteins, such as ARP2/3,

N-WASP, cofilin, and actin cross-linking proteins, the presence

of scaffolding, adhesion, and signaling-associated proteins for

the stabilization, and the continuous delivery of proteases,

ensuring ECMproteolytic degradation and penetration by cancer

cells (Eddy et al., 2017; Paterson andCourtneidge, 2018). Several

growth factors, among other stimuli, might induce invadopodia,

generating signaling cues implicated from the initial steps of

anchoring and protein recruitment to the final steps of matrix

degradation or structure disassembling (Masi et al., 2020). Integ-

rins and associated proteins operate in the same subcellular

compartments promoting the recruitment of matrix metallopro-

teinases (MMPs) especially the transmembrane MMP, MT1-
This is an open access article und
MMP, which is essential for invadopodia-mediated pericellular

matrix degradation and cell invasion (Badowski et al., 2008; Tak-

kunen et al., 2010; Destaing et al., 2011; Branch et al., 2012; An-

telmi et al., 2013; Beaty et al., 2013; Hoshino et al., 2013; Revach

and Geiger, 2014; Parekh andWeaver, 2016; Peláez et al., 2017,

2019). In this context, integrins and the protein integrin-linked ki-

nase (ILK) are needed for adhesion ring formation, localization of

the vesicular adaptor protein IQ-domain GTPase-activating pro-

tein 1 (IQGAP1), and MT1-MMP to invadopodia, overall control-

ling invadopodium maturation and ECM degradation (Sakurai-

Yageta et al., 2008; Petropoulos et al., 2016).

ILK is a well-known serine/threonine kinase and multidomain

adaptor located in close association with integrin cytoplasmic

tails, used by cancer cells to sense the surrounding and to trans-

mit signals from the ECM to the actin cytoskeleton (McDonald

et al., 2008; Cabodi et al., 2010). ILK regulates cytoskeletal reor-

ganization by activating Rac1 and Cdc42 GTPases, critically

involved in the invadopodia life cycle (McDonald et al., 2008).

High expression of ILK is associated with high-grade human tu-

mors and metastatic cancer cell phenotypes, including in serous

ovarian cancer (SOC) (Ahmed et al., 2003; Graff et al., 2001; En-

gelman et al., 2013; Bruney et al., 2016). Although ILK can direct
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invadopodium-associated ECMdegradation, its functional regu-

lation in the invadopodia life cycle is still not well known.

As a focal point for signaling pathways regulating cytoskeleton

reorganization and cell motility, the growth factor endothelin-1

(ET-1) acting through the type A receptor (ETAR), belonging to

the large G-protein-coupled receptor (GPCR) family, is a driver

of invadopodia (Rosanò et al., 2013a; Masi et al., 2020). Active

ETAR recruits the scaffold protein b-arrestins (b-arrs) and func-

tional interactions of b-arr1 or b-arr2 with many signaling pro-

teins in cytosolic or nuclear compartments strongly contribute

to the tumor-promoting activities (Rosanò et al., 2009, 2013b;

Smith and Rajagopal, 2016; Tocci et al., 2019). The b-arr func-

tional divergence depends on their differential interactions with

specific proteins or on the different subcellular localization (Pe-

terson and Luttrell, 2017; Jean-Charles et al., 2017). The multi-

task b-arr isoforms, acting as a signal transducers of GPCR,

facilitate an intricate signaling interchange that rules different

cellular effects in malignant disease. An increasing body of evi-

dence has demonstrated that, although SOC cells express

both b-arrs (Rosanò et al., 2009), downstream of ETAR, b-arr1

coordinates invadopodia formation and proteolytic activity (Ro-

sanò and Bagnato, 2019). b-arr1 interactions determine the

convergence and activation/inhibition of specific signals at inva-

dopodia, as the Rho GTPases and their regulators (Rosanò and

Bagnato, 2019). RhoC is the main Rho GTPase regulated by

b-arr1 through the interaction with PDZ-RhoGEF and the actin

regulator hMENA/hMENADv6. The activity and the spatial distri-

bution of RhoC represents a critical route by which the tumor

cells control the recruitments of cortactin, TKS5, and MMPs in

the formation of non-degradative invadopodium precursors,

and the spatial restriction of cofilin activity, starting the matura-

tion process (Semprucci et al., 2016; Di Modugno et al., 2018;

Purayil and Daaka, 2018), further highlighting the interaction

network of b-arr proteins in controlling cytoskeleton dynamics

(Masi et al., 2020; DeFea, 2013).

Considering that ILK can be regulated by ET-1 signaling (Ro-

sanò et al., 2006), and that adhesion rings surrounding invado-

podia promote targeted protease recruitment by a mechanism

linking ILK and IQGAP1 (Branch et al., 2012), in this study, we ad-

dressed the role of ILK in ET-1/b-arr1 signaling and to what

extent ILK could enhance invadopodium activity in SOC pro-

gression. Moreover, since the importance of the communication

between cancer and stromal cells in supporting the invadopo-

dium-mediated invasion, we evaluated also ETAR/ILK-driven

signaling in the interaction of SOC cells with mesothelial cells,

further reinforcing their invasive behavior. Finally, we tested the

utility of blocking ETAR signaling in preventing invadopodium ac-

tivity, tumor cell adhesion, and peritoneal spread in SOC

xenografts.

RESULTS

High ILK/ETAR expression is associated with poor
prognosis in serous ovarian cancer patients
A previous study reported a positive correlation between high

expression of ILK and high-grade SOC, compared to weak stain-

ing in low-grade lesions (Ahmed et al., 2003). Moreover, analysis

of OC tissues demonstrated that ETAR overexpression is associ-
2 Cell Reports 34, 108800, March 2, 2021
ated with worse survival in advanced stages (Rosanò et al.,

2014). Therefore, we investigated the prognostic significance

of EDNRA (ETAR) and ILK mRNA expression in SOC patients

by using the TCGA dataset. Kaplan-Meier analysis and the log-

rank test evaluating median expression values of combined

EDNRA and ILK mRNAs demonstrated that the survival rate of

SOC patients with high EDNRA/ILK expression, in terms of over-

all survival (OS) and progression-free survival (PFS), is signifi-

cantly worse than those in low-expression groups (Figure 1A),

supporting the use of ETAR/ILK as potential prognostic bio-

markers in SOC patients.

ILK/bPIX are new interactors of b-arr1 in ET-1-
dependent manner
Emerging data established that ILK is a key effector of invado-

podium stability and ILK is a key effector of invadopodium sta-

bility and maturation (Branch et al., 2012). In the GEF family, the

p21-activated kinase (PAK)-interacting exchange factors PIXa/

b are partners of ILK in controlling Rho GTPase activity (Bagro-

dia et al., 1998; Baird et al., 2005), and bPIX is implicated in in-

vadopodia (Md Hashim et al., 2013; Ward et al., 2015; Donnelly

et al., 2017). Since ET-1 might induce bPIX translocation to

focal complexes (Chahdi et al., 2005) and bPIX might also

mediate ET-1 signaling (Chahdi and Sorokin, 2006), we investi-

gated whether ILK and bPIX might interact with b-arr1 to regu-

late invadopodia signaling downstream of ETAR. In a panel of

SOC cells, SKOV3, OVCAR3, and CAOV3, RT-PCR, and west-

ern blotting (WB) analyses demonstrated that ILK and bPIX

(PIXB) are expressed in all cell lines, at the mRNA and protein

level, along with b-arr1 (ARRB1) (Figures 1B and S1A). To un-

cover whether b-arr1 can interact with ILK or bPIX, we used

different approaches. As shown by co-immunoprecipitation

(co-IP) assays followed by WB analyses, ET-1 addition facili-

tates the interaction of b-arr1 with both bPIX and ILK, after

30 min of stimulation, while this effect is absent in the presence

of the ETAR antagonist ambrisentan but not of the ETBR antag-

onist BQ788 (Figures 1C, 1D, S1B, and S1C). Similar results

have been found upon silencing of ETAR and rescue with an

ETAR-GFP plasmid (Figure S1D), confirming that ETAR is the

main receptor involved in this process. Since SOC cells also

express b-arr2 (Figure S1E), we evaluated the interaction of

b-arr2 with ILK and bPIX. ET-1 promotes the interaction of

b-arr2 with bPIX but not with ILK (Figure S1F), leading us to

focus only on the interaction of b-arr1. To further demonstrate

the interaction of endogenous b-arr1 with ILK and bPIX, we

used also in situ proximity ligation assay (PLA) technology to

visualize the interaction between two proteins that are in close

proximity. bPIX/b-arr1 and ILK/b-arr1-containing spots were

significantly more numerous when ET-1 was added to cells,

while this effect was impaired upon treatment with ambrisentan

(Figure 1E and S2A). The interaction between bPIX or ILK and

b-arr1 was also confirmed by using GST pull-down assays

and b-arr1 fusion protein, demonstrating a direct interaction

between endogenous bPIX or ILK and GST-b-arr1 fusion pro-

tein (Figure S2B). Of note, by using cells expressing AU5-

b-arr1, the formation of a trimeric complex comprising b-arr1

with both bPIX and ILK was shown upon stimulation with ET-

1 but not in the presence of ambrisentan (Figure S2C).



Figure 1. ILK/bPIX interacts with b-arr1 in SOC cells

(A) Kaplan-Meier analysis of overall survival (OS) or progression-free survival (PFS) curves in SOC patients with low or high ETAR (EDNRA)/ILK expression.

(B) Representative western blot (WB) analysis of ILK, bPIX, and b-arr1 expression in indicated cell lines.

(C) Lysates of OVCAR3 cells stimulated with ET-1 (100 nM) for 30 min were immunoprecipitated (IP) with anti-b-arr1 Ab. IPs and inputs were analyzed for WB for

bPIX and b-arr1 expression. Histograms indicatemeans ± SD of the average band intensity of bPIX in b-arr1 IP normalized to inputs (fold changes versus CTR); n =

3, t test, Welch correction.

(D) Lysates of SKOV3 cells stimulated with ET-1 and/or Ambrisentan (AMB) (1 mM) for 30 min were IP with anti-ILK Ab or immunoglobulin G (IgG). IPs and inputs

were subjected to WB for b-arr1 and ILK expression. Histograms indicate means ± SD of the average band intensity of b-arr1 in ILK IP normalized to inputs (fold

changes versus CTR). n = 3, one-way ANOVA, Tukey post hoc analysis.

(E) Representative image of PLA detection of bPix and b-arr1 or ILK and b-arr1 complexes in SKOV3 cells stimulated with ET-1 and/or AMB (30 min). The red

signal represents positive PLA reaction, and DAPI staining (blue) highlights the nucleus. Scale bar, 10 mm. Histograms, means ± SD of PLA dots per nucleus from

signals observed in about 30 cells chosen randomly in 5 different fields; n = 3. One-way ANOVA, Tukey post hoc analysis.

(F) si-SCR, Dn-SRC, and si-b-arr1-transfected OVCAR3 cells stimulated with ET-1 and/or AMB for 30minwere IP with anti-bPIX. IPs and inputs were subjected to

WB for phospho-tyrosine (pTyr) and bPIX expression.

(G) si-SCR and si-ILK-transfected SKOV3 cells stimulated by ET-1 for indicated times were subjected to WB for phospho-cortactin (pcortactin) and cortactin.

For (F) and (G), the fold change of pTyr/bPIX or pcortactin/cortactin with respect to control is reported. n = 3. For each WB, Tubulin was used for loading control.

See also Figures S1 and S2.
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bPIX might be phosphorylated on tyrosine 442 in response to

growth factors and in an Src-dependent manner to promote Rho

GTPase activity and cell motility (Feng et al., 2010). Considering

that b-arr1 interacts with Src to regulate its activation (Luttrell

et al., 1999; Imamura et al., 2001; Rosanò et al., 2009), we tested

whether the ET-1-driven b-arr1/Src complex might control bPIX

phosphorylation. ET-1 promotes tyrosine phosphorylation of
bPIX, while this effect is lost in cells transfected with si-b-arr1

or with a plasmid expressing dominant-negative Src, or upon

treatment with ambrisentan (Figure 1F). Moreover, the effect of

silencing of b-arr1 can be rescued by the expression of b-arr1-

FLAG (Figure S2D), further supporting the role of b-arr1/Src in

ET-1-dependent phosphorylation/activation of bPIX. b-arr1/Src

promotes ET-1-dependent tyrosine phosphorylation of cortactin
Cell Reports 34, 108800, March 2, 2021 3
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(Di Modugno et al., 2018), considered a key molecular switch

promoting the invadopodia maturation into degradative struc-

tures (Oser et al., 2009; Mader et al., 2011). Therefore, we tested

the effect of ILK on cortactin. While ET-1 promotes tyrosine

phosphorylation of cortactin, silencing of ILK inhibits this effect

in both SKOV3 and OVCAR3, implying ILK as an upstream regu-

lator of cortactin (Figures 1G and S2E).

Overall, these data establish a molecular association between

ILK/bPIX and b-arr1 taking place in SOC cells in an ET-1-depen-

dent manner, which influences phosphorylation/activation of

bPIX and cortactin, in virtue of the ability of b-arr1 to regulate

Src activity.

ILK/bPIX/b-arr1 acts as a mediator of ET-1-driven Rac3
activity
Recent findings pointed to a prominent role of bPIX in orches-

trating Rac3 GTPase activity, acting as a central node connect-

ing signaling from growth factors and adhesion complexes at in-

vadopodia (Donnelly et al., 2017; Rosenberg et al., 2017).

Considering the implication of Rac3 in tumor progression (de

Curtis, 2019), we compared the differences in Rac3 expression

between SOC tissues and paired healthy tissues from three inde-

pendent bioinformatics databases. Analysis from the GENT2

database identified a significantly higher RAC3 expression in

SOC tissues compared to normal ovarian tissues (Figure 2A).

Moreover, RAC3 is upregulated by at least 4-fold in 43 cases

of SOC compared with 10 samples of normal peritoneum, ac-

cording to the Yoshihara Ovarian Statistics data from the Onco-

mine database (https://www.oncomine.org/) (Figure 2B). Be-

sides, the GEPIA (Gene Expression Profiling Interactive

Analysis) dataset, used to compare the mRNA expression be-

tween tumor and normal tissues matching TCGA and GTEx

data, further showed that the expression level of RAC3 mRNA

was higher in the tumor than in normal tissues (Figure S3A).

These findings suggest that the role of Rac3 in SOC progression

deserves to be further elucidated.

The GSE14407 dataset downloaded from the Gene Expres-

sion Omnibus (GEO) database also confirmed that RAC3

mRNA expression was higher in ovarian cancer cells in compar-

ison to normal ovarian surface epithelial (OSE) cells (Figure S3B).

Our SOC cell lines express Rac3 at both mRNA and protein

levels (Figures 2C and 2D). Then, we analyzed the changes in

the activation status of Rac3 upon ET-1 challenge and the role

of ILK/b-arr1/bPIX complex. As shown by pull-down assays,

ET-1 enhanced Rac3 activation within 5 min in all cell lines (Fig-

ures 2E–2G and S3C–S3E). Silencing of b-arr1 or ETAR, as well

as treatment with ambrisentan, but not with BQ788, dramatically

impaired Rac3 activation (Figures 2E, 2G, and S3C–S3E). The

inhibitory effect in ET-1-induced Rac3 activation was also

observed in cells silenced for either ILK or bPIX (Figures 2E

and 2F). Moreover, overexpression of ETAR or b-arr1 rescued

the effect of their silencing (Figures S3D and S3E). Altogether

these data demonstrate that ET-1-dependent Rac3 activity is

related to the ETAR/b-arr1/ILK axis that requires the GEF activity

of bPIX.

To uncover the detailed signaling pathways driven by ILK/

bPIX/Rac3molecular complex, we focused on PAK1 in the group

I class of PAK family since bPIX is involved in activation of PAK
4 Cell Reports 34, 108800, March 2, 2021
and LIM domain kinases to inactivate cofilin and PAK1 regulates

invadopodium at different levels (Jeannot et al., 2017; Nicholas

et al., 2019; Williams et al., 2019; Gasparski et al., 2019). ET-1

enhanced phosphorylation of PAK1 at threonine 423 within its

catalytic domain, a residue critical to its kinase activity (Figures

2H, 2I, and 2J). Silencing of bPIX or Rac3 or upstream ILK

reduced ET-1-induced PAK1 phosphorylation (Figures 2I and

2J), indicating that bPIX/Rac3 serves as intermediate in ILK-

dependent PAK1 activation. Cofilin-dependent actin polymeri-

zation is required for invadopodia maturation (Oser et al., 2009)

and ETAR/b-arr1 participates in the confinement of actin poly-

merization in invadopodia by inhibiting cofilin activity (Semprucci

et al., 2016). While ET-1 induced phosphorylation/inactivation of

cofilin on Ser3, silencing of ILK, bPIX, or Rac3 impaired this effect

(Figures 2I and 2J). The silencing of ILK can be rescued by over-

expression of ILK on phosphorylation of PAK1 and cofilin (Fig-

ure 2J), suggesting that ILK is amediator of ET-1 in regulating co-

filin signaling through PAK1.

The ET-1-dependent b-arr1/ILK/Rac3 axis regulates
degradative activity at invadopodia
We then evaluated whether ILK/bPIX/Rac3 signaling contributes

to ET-1-dependent invadopodia regulation. As shown in Figure 3,

while ET-1 promotes the co-localization of cortactin with F-actin

in both SKOV3 and OVCAR3 cells, silencing of ILK inhibited this

interaction, indicating potential involvement of ILK/Rac3

signaling in the ET-1-regulated invadopodium protein recruit-

ment. Since cancer cell lines might exhibit an adhesion ring for-

mation around invadopodia consisting of adhesion components,

such as paxillin and vinculin, and ILK plays a role in adhesion ring

formation and maturation, we evaluated the localization of pax-

illin related to that of the invadopodium-specific marker cortac-

tin. As shown by confocal laser scanner microscopy (CLSM)

analysis in both OVCAR3 and SKOV3 cells, cortactin appears

diffuse in the cytoplasm, and paxillin-positive structures are

evident at the periphery of the cells. In ET-1-treated cells, a sig-

nificant number of discrete paxillin-cortactin positive structures

are present in the perinuclear region of the cells, an effect that

was absent upon silencing of either ILK or Rac3, as well as

upon ambrisentan treatment (Figures S4 and S5). To test the

role of ILK as a mediator of ETAR-driven invadopodia function

and ECM degradation, we evaluated the ability of cells to pro-

duce ventral actin protrusionswith degradative activity by gelatin

degradation assays. ET-1 stimulation significantly increased the

ability of cells to degrade the gelatin in all cell lines tested (Fig-

ure 4; Figures S6–S8). CLSM images show that paxillin-rich pro-

trusions containing discrete cortactin spots (Figure 4), as well as

F-actin/cortactin protrusions (Figures S6 and S8), protrude

through the pores by actively degrading the ECM. A 3D-recon-

struction model of selected regions with matrix holes indicated

co-localization of paxillin with cortactin or cortactin with F-actin

to or in the proximity of ECM-degrading invadopodia structures

(Figure 4; Figures S6–S8). Treatment with ambrisentan or

silencing of ILK or Rac3 or bPIX completely abolished the ET-

1-driven effects (Figure 4; Figures S6–S8), demonstrating that

ILK/bPIX/Rac3 signaling is a critical route in the ET-1-driven in-

vadopodia process, by coordinating adhesion and degradative

activities at invadopodia.

https://www.oncomine.org/


Figure 2. ET-1 regulates Rac3 activity through ILK/bPIX/b-arr1

(A) RAC3 (Rac3) mRNA expression in normal ovarian tissues (NO, n = 110 samples) and SOC tissues (n = 285 samples) (GENT2 database). Mann-Whitney test.

(B) Oncomine data showing RAC3 expression in SOC and normal tissues (NO). Mann-Whitney test.

(C) Representative RT-PCR analysis showing RAC3 mRNA levels in indicated cell lines. CypA, loading control.

(D) Representative WB analysis of Rac3 expression in indicated cell lines.

(E) PAK-PBD-GST beads were used to pull down Rac3-GTP from si-SCR and si-ILK-transfected CAOV3 cells stimulated with ET-1 and/or AMB for 5 min.

(F) PAK-PBD-GST beads were used to pull down Rac3-GTP from si-SCR and si-bPIX-transfected OVCAR3 cells stimulated with ET-1 for 5 min.

(G) PAK-PBD-GST beads were used to pull down Rac3-GTP from si-SCR, si-b-arr1, and si-ETAR-transfected OVCAR3 cells stimulated with ET-1 for 5 min. For

(E)–(G), pull-down and input samples were analyzed by WB. The fold change of Rac3-GTP/Rac3 versus control is reported. n = 3.

(H) Lysates of cells stimulated with ET-1 were analyzed for phospho-PAK (pPAK) (Thr423) and PAK expression.

(I) si-SCR, si-Rac3, si-bPIX, and si-ILK-transfectedOVCAR3 cells stimulatedwith ET-1 (60min) were analyzed forWB for pPAK1, PAK1, phospho-cofilin (p-cofilin)

(Ser3), and cofilin expression.

(J) SKOV3 cells transfected with si-SCR or si-ILK and co-transfected with ILK wild type (WT) and stimulated by ET-1 for 60 min were analyzed for WB for pPAK1,

PAK1, p-cofilin, and cofilin expression.

For (H), (I), and (J), the fold change of pPAK1/PAK1 and p-cofilin/cofilin versus control is reported. n = 3. For each WB, Tubulin was used for loading control. See

also Figure S3.
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To more specifically test the requirement of ILK-dependent

signaling for the ability of SOC cells to proteolytically cleave sur-

rounding collagen fibers and invade, we cultured cells in droplets

of polymerized collagen I and assessed pericellular collagenoly-

sis by using the neoepitope Col1-3/4C antibody that recognizes

the collagenase-cleaved fragment of collagen I (Wolf et al., 2007;

Monteiro et al., 2013). In SKOV3 cells embedded in type I
collagen, ET-1 significantly induces pericellular collagen degra-

dation as indicated by the staining from Col1-3/4C, while this

signal is strongly reduced upon treatment with ambrisentan or

after depletion of ILK or Rac3 (Figure 5A).

MT1-MMP is considered the dominant protease accumulating

at invadopodia and critical for focal degradation of ECM to these

sites (Ferrari et al., 2019). Considering that phosphorylation of
Cell Reports 34, 108800, March 2, 2021 5



Figure 3. ET-1R/ILK signaling regulates the interaction of paxillin with cortactin

A confocal laser scanning microscopy (CLSM) analysis of OVCAR3 (left panels) or SKOV3 (right panels) cells transfected with si-ILK and stimulated with ET-1 for

6 h and then stained for cortactin (green) and F-actin (magenta) detection. Co-localization is shown in merged images, detected in white (arrows). Nuclei are

reported in blue (DAPI). Scale bar, 20 mm. See also Figures S4 and S5.
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MT1-MMP on Thr567 regulates its activity promoting adhesion

and invasion of both meso-mimetic cultures and collagen by

SOC cells (Yang et al., 2017) and that MT1-MMP is an ILK sub-

strate (Bruney et al., 2016), we tested whether ILK phosphory-

lates MT1-MMP upon ET-1 axis activation. As shown in Figures

5B and S3F, phosphorylation of MT1-MMP is evident down-

stream of ET-1 stimulation, while silencing of ILK or ambrisentan

treatment hampered this effect, indicating that ET-1/ILK regu-

lates MT1-MMP activity. This effect most likely favors the cleav-

age and activation of MMP-2 and -9, since gelatin zymography

assays showed that ILK silencing negatively affects the ability

of ET-1 to promote their expression and secretion (Figure S3G).

Cancer cells use invadopodia to breach basement mem-

branes and invade mesenchymal tissues. To link ILK-dependent

invadopodia to cell invasion, we performed inverted invasion as-

says, where cells were allowed to invade into a plug composed

of fibrillar collagen-I. Importantly, while cells stimulated with ET-

1 invade efficiently into collagen I, this effect is almost lost when

cells were silenced for ILK or Rac3 or were treated with ambri-

sentan (Figure 5C). This was also the case for cells that were

grown as spheroids and tested for the capacity to invade in a
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3D type I collagen matrix. As compared with multicellular spher-

oids of ET-1-treated cells, invasion of b-arr1/ILK/Rac3-silenced

spheroids was decreased by �40% similar to ambrisentan-

treated cells (Figure S9A). In line with the above results, the

ET-1-induced cell invasion is impaired upon silencing of ILK,

bPIX, Rac3, b-arr1, and ETAR or upon treatment with ambrisen-

tan in transwell invasion assays, while overexpression of ETAR or

b-arr1 rescued the effect of their silencing (Figures S9B and

S9C). Altogether, these data indicate that the invadopodium for-

mation and pericellular collagen degradation require the compo-

nents of the ILK/Rac3 axis to enhance the invasive potential of

SOC cells.

Ovarian cancer cell interaction with mesothelial cells
and invasion are regulated by ET-1-dependent ILK/
b-arr1/Rac3 signaling
Since during SOC spread, tumor cells attach to and invade

through the mesothelium—an epithelial-like monolayer lining

the organs of the abdominal cavity (Lengyel, 2010; Yeung

et al., 2015)—we tested the ability of cells to adhere to mesothe-

lial cells and to migrate through mesothelial monolayer in vitro.



Figure 4. ET-1-driven invadopodia function is mediated by ILK/bPIX/Rac3 signaling

CLSM analysis of OVCAR3 cells, transfected with si-SCR, si-bPIX, or si-Rac3, plated onto gelatin and treated with ET-1 (48 h). Cells were stained for paxillin

(green) and cortactin (red). Gelatin was reported in pseudo color gray and nuclei in blue (DAPI). Co-localization is shown in merged images. Orthogonal views (y-z

plane; x-–z plane) indicate areas of degraded gelatin with co-localized paxillin and cortactin (arrows). Right, separate channels andmerged images of the selected

ROI and the histogram profiles of paxillin/cortactin/gelatin signals in the line drawn. A 3D-reconstruction model showing paxillin/cortactin complexes (detected in

yellow) in the matrix-degrading area is shown. Scale bar, 20 mm. Histograms, means ± SD of normalized degradation area percentage of cells). n = 3, one-way

ANOVA, Tukey post hoc analysis. See also Figures S6–S8.
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As shown by a quantitative evaluation of the adhesion of cancer

cells to the primary mesothelial cell monolayer, the number of

cells adhering to the monolayer significantly increased upon

ETAR activation, as confirmed by the inhibitory effect of ambri-

sentan (Figures 6A and S10A). Silencing of ILK, bPIX, or Rac3 in-

hibited this process (Figures 6A and S10A), confirming that ILK/

bPIX/Rac3 molecular signaling controls the adhesion to meso-

thelial cells.

To test the transmesothelial migration ability, fluorescently

labeled cells invading across the mesothelial cells were fixed

and counted. While ET-1 significantly promoted transmeso-

thelial movement through meso-mimetic cultures, silencing

of ILK, bPIX, or Rac3 or ambrisentan treatment significantly

reduced this effect (Figures 6B and S10B), further support-

ing the role of ET-1-dependent ILK/bPIX/Rac3 signaling to

facilitate the communication between SOC and mesothelial

cells, supporting cell invasion. Of note, ET-1-dependent in-

vadopodia are most likely involved in this process since
silencing of TKS5 or MT1-MMP inhibited this effect

(Figure 6B).

Ambrisentan suppresses intraperitoneal seeding and
metastasis in SOC xenografts
To assess the significance of ETAR signaling in regulating intra-

peritoneal seeding and metastatic behavior in vivo and to eval-

uate the inhibition of ETAR-dependent signaling as a therapeutic

opportunity to control metastatic colonization, mice were intra-

peritoneally injected with SKOV3 cells stably expressing lucif-

erase, to mimic some aspects of ovarian cancer cell seeding

on the peritoneal surfaces, representing typical metastatic sites

observed in patients with an advanced stage of the disease.

For in vivo adhesion assays, untreated or ambrisentan-pre-

treated tumor cells were i.p. injected, and abdominal organs

(liver, kidneys, intestine and mesentery, spleen with pancreas,

and omentum) were excised. Based on the ex vivo biolumines-

cence (BLI) value from luciferase-expressing cells, significantly
Cell Reports 34, 108800, March 2, 2021 7



Figure 5. ETAR/ILK/Rac3 promotes cleavage of collagen I, MT1-MMP phosphorylation, and cell invasion

(A) Pericellular collagenolysis by SKOV3 cells transfected with si-SCR, si-ILK, or si-Rac3 and treated with ET-1 and/or AMB, measured as the mean intensity of

Col1-3/4C (red)/collagen I (green) signal per cell ±SD. DAPI staining (blue) highlights the nucleus. Histograms, themean ±SD, n = 2. one-way ANOVA, Tukey post

hoc analysis.

(B) si-SCR and si-ILK-transfected SKOV3 cells stimulated with ET-1 and/or AMB for 30min were IP with anti-MT1-MMP Ab. IPs and inputs were subjected toWB

for pThr and MT1-MMP expression and Tubulin for loading control. The fold change of pThr/MT1-MMP versus control is reported. n = 3.

(C) si-SCR, si-ILK, and si-RAC3 SKOV3 cells treated with ET-1 and/or AMBwere allowed to invade type I collagen plugs in an inverted invasion assay (48 h). Cells

were stained with PKH67, and serial optical sections (10-mm intervals) were acquired. The invasion was measured by dividing the sum of signal intensity of all

slides beyond 20 mm (invading cells) by the sum of the intensity of all slides (total cells). n = 2, one-way ANOVA, Tukey post hoc analysis.

See also Figures S3 and S9.
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more tumor cells attached to the mesentery, peritoneum, and

omentum in the control group compared with the ambrisentan-

treated group (Figure 7A).

To examine whether ambrisentan therapy can inhibit intraperi-

toneal dissemination, mice were treated with vehicle or ambrisen-

tan for 5weeks, and tumor cell propagation in the peritoneal cavity

of mice was evaluated by BLI images every 3 days. BLI analyses

revealed that ambrisentan significantly inhibited intraperitoneal

spreading (Figure 7B). After sacrifice, peritoneal metastatic or-

gans were examined, and several nodules were recorded. Metas-

tases spread across the abdominal cavities of the mice, including

the kidney, spleen, omentum, intestine, mesentery, and the
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abdominal wall. Ambrisentan markedly reduced the number of

metastatic lesions in the abdomen (Figure 7C). The evaluation of

the changes in the expression of invadopodia effectors in different

metastatic nodules demonstrated a reduced expression of Rac3

and cortactin in nodules from ambrisentan-treated mice (Fig-

ure 7D). These data strongly suggest a therapeutic windowwhere

ambrisentan might be used in the treatment of SOC metastasis.

DISCUSSION

Identifying regulatory mechanisms of SOC progression is impor-

tant toward developing therapeutic tools against pre-metastatic



Figure 6. ILK/bPIX/Rac3 signaling enhances the ability of SOC cells to adhere to and migrate across monolayered human mesothelial cells

(A) SKOV3 cells (green), transfected with si-SCR, si-bPIX, si-ILK, and si-Rac3 or, when indicated, with si-b-arr1 and si-ETAR and/or co-transfection with mock or

b-arr1-FLAG or ETAR-GFP, respectively, were seeded into a monolayer of mesothelial cells (gray) and stimulated with ET-1 and/or AMB for 30 min. Images of

adherent cells were captured. Histograms means ± SD from the quantification of signals in 15 different fields. n = 3, one-way ANOVA, Tukey post hoc analysis.

(B) SKOV3 cells (red), transfected with si-SCR, si-TKS5, and si-MT1-MMP or, when indicated, with si-b-arr1 and si-ETAR and/or co-transfection with mock or

b-arr1-FLAG or ETAR-GFP, respectively, were applied into the upper chamber with a monolayer of mesothelial cells on a fibronectin-coated membrane and

stimulated with ET-1 and/or AMB and/or Ilomastat for 30 min. After 12 h, cells migrated through the mesothelial layer, and fibronectin and membrane pores were

photographed. Histograms means ± SD from the quantification of signals in 15 different fields. n = 3, one-way ANOVA, Tukey post hoc analysis.

See also Figure S10.
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cancer. Metastatic progression requires the successful comple-

tion of sequential steps, and the invasion of cancer cells through

the ECM is a prerequisite of themetastasis formation. To achieve

efficient motility, cancer cells might employ protease-secreting

invadopodia, enabling them to break the ECM and to dissemi-

nate and colonize secondary sites (Paterson and Courtneidge,
2018; Eddy et al., 2017; Leong et al., 2014). In this study, we pro-

vide a direct mechanism by which the ETAR/b-arr1 pathway inte-

grates adhesion and proteolytic signaling through ILK/Rac3 that

allows cells to remodel ECM and invade. Mechanistically, we

demonstrate that (1) concomitant high expression of ETAR/ILK

is a negative prognostic factor in SOC patients; (2) bPIX is a
Cell Reports 34, 108800, March 2, 2021 9



Figure 7. Ambrisentan inhibits peritoneal adhesion, metastatic dissemination, and invadopodia marker expression

(A) Bioluminescent images of SKOV3-Luc cells, untreated (CTR) or pretreated with Ambrisentan (AMB), on abdominal organs (n = 5 mice/group). The organs

arranged are intestine and mesentery, spleen with pancreas, and omentum. The adherent cell aggregates were observed, and the luminescence was read and

recorded. Data are presented as mean ± SD, n = 2, Mann-Whitney test.

(B) Bioluminescent images of i.p. SKOV3-Luc-injected mice, undergoing treatments for 5 weeks with 200 mL Metocell (vehicle, CTR) or 200 mL AMB (10 mg/kg,

oral daily), both by oral gavage. Tumor burden was assessed on days 17, 25, 32, and 39 after tumor cell injection. Data are presented as mean ± SD, n = 2, Mann-

Whitney test.

(C) Mice treated as in (B) were euthanized at the end of the treatment, and visible intraperitoneal nodules (indicated by white arrowheads) were photographed and

counted. Data are presented as means ± SD, n = 2, Mann-Whitney test.

(D) Representative WB for Rac3, pCortactin, and cortactin expression in metastatic nodules. Tubulin was used for loading control.
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new interactor of b-arr1 and ILK; (3) the ILK/bPIX/b-arr1 platform

represents themeans throughwhich ETAR controls the activity of

Rac3 GTPase and cofilin, operating invadopodia-dependent

ECM remodeling and cell invasion; (4) the signaling pathway be-

tween ETAR and ILK/bPIX/Rac3 facilitates the interaction with

mesothelial cells, favoring cell invasion and metastatic progres-

sion; and (5) ambrisentan inhibits adhesion and metastatic

dissemination of SOC cells.

Invadopodia formation is a dynamic process requiring the

combined and synergistic activity of ECM-modifying proteins

with growth factors receptors and the interplay with tumor

microenvironmental factors (Paterson and Courtneidge, 2018).

Although the involvement of several growth factors in the assem-

bly and function of invadopodia is emerging, how growth factor

receptors interact with specific adapters and signaling mole-

cules to drive formation and activation of these proteolytic struc-

tures, modifying the stroma to a permissive state to invasion, is

not fully understood. In this context, our recent findings high-

lighted b-arr1 as the center of a regulatory complex at the inter-

face of ETAR signaling and invadopodia, in fine-tuning SOC cell

invasion and metastasis (Rosanò and Bagnato, 2019). As a pri-
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mary component of a core scaffold to direct spatiotemporal

specificity of multi-protein complexes, b-arr1 controls the reor-

ganization of the actin cytoskeleton to favor ECM degradation

and transendothelial migration process (Semprucci et al.,

2016; Di Modugno et al., 2012, 2018; Purayil and Daaka, 2018;

Chellini et al., 2019). As previously reported, ILK might function

as a bridge between proteolytic and adhesion signaling, since

it resides in the same pathway of integrins to invadopodium-

associated ECM degradation (Sakurai-Yageta et al., 2008), mak-

ing ILK as an attractive signaling molecule to dissect in ET-1-

dependent invadopodium activity. Previous studies demon-

strated a cross-regulation between ET-1 and bPIX (Chahdi

et al., 2005, Chahdi and Sorokin, 2006). Moreover, bPIX is

considered a potent driver of invadopodia formation upon hyp-

oxic stimulus (Md Hashim et al., 2013). Our findings highlight

ILK as a key molecular partner modulating the emergence of in-

vadopodia and provide a framework linking ET-1 and bPIX,

involving ILK and b-arr1, to modulate the molecular switch of

Rac3 from inactive to an active state, providing a mechanism

connecting ILK to cytoskeleton dynamic and invadopodium-

mediated cell invasion. Furthermore, these findings further
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highlight the relevance of b-arr1 in invasion andmetastasis via in-

vadopodia regulation and, together with the described role of

b-arr2 in invadopodia and metastatic progression (Li et al.,

2009), reinforce the relevance of b-arrs as major hubs controlling

GPCR signaling network in tumor progression.

In the family of Rho GTPases, while the role of Rac1 in cancer is

well established, the implication of the closely related Rac3 is only

recently becoming evident, resulting in its expression in different

human tumors, including breast cancer, glioblastoma, prostate

cancer, and lung adenocarcinoma (deCurtis, 2019). In the invado-

podium context, Rac3 has been proposed as a driver of breast

cancer invasion and metastasis formation (Donnelly et al., 2017;

Rosenberg et al., 2017). Its activation is critical for integrin-medi-

ated invadopodium adhesion to the ECM and delivery of MMPs

for ECM proteolysis, representing an important node connecting

growth factor signaling, such as that of epidermal growth factor

receptor, with adhesion signaling at invadopodia (Donnelly et al.,

2017). Our study uncovers a specific role of ILK/bPIX for activation

of Rac3 and downstream of PAK1, linked to cofilin regulation.

Although PAK1 localizes to invadopodia with opposite effects de-

pending on the cellular context (Moshfegh et al., 2014; Jeannot

et al., 2017;Williams et al., 2019; Nicholas et al., 2019), we hypoth-

esize that activation of PAK1 downstream of ET-1/ILK/Rac3 can

determine the balance between activation/inactivation of cofilin

contributing to invadopodium life cycle and provide mechanistic

insights into the role of ILK coupling adhesion and growth factor

receptors during invasive activities. Besides, the loss of matrix

degradation, as well as inhibition of MT1-MMP observed upon

silencing of components of the ILK complex, suggests an addi-

tional function of ILK in invadopodiamaturation and complements

previous findings demonstrating the involvement of ILK/IQGAP1

in delivering MMPs to the plasma membrane (Sakurai-Yageta

et al., 2008;Wickström et al., 2010; Branch et al., 2012). According

to the well-demonstrated role of bPIX in orchestrating Rac3 acti-

vation only in the ring-like compartment (Donnelly et al., 2017)

and consistent with the idea that the ring-like compartment is

adhesion dependent (Branch et al., 2012), our findings suggest

the importance of b-arr1/bPIX interaction in regulating Rac3 acti-

vation in a specific region of invadopodia and most likely for the

correct delivery of proteases.

In patients with advanced SOC, tumor cells show a propensity

to recur as an intraperitoneal metastatic disease by adhering and

transmigrating to the mesothelial cells and subsequently

inducing submesothelial ECM invasion (Lengyel, 2010). Our un-

derstanding of the biology of the ovarian tumor microenviron-

ment has evolved quickly, discovering the tumor-promoting

signaling between mesothelial and SOC cells actively partici-

pates in the establishment of the metastatic niche, and suggest-

ing that controlling mediators of mesothelial/SOC cell interplay

might represent a vulnerability in the treatment of this tumor

(Kenny et al., 2015). According to previous data showing that

ILK mediates ovarian cancer cell adhesion and invasion of

meso-mimetic cultures (Bruney et al., 2016), our findings inte-

grate the idea that ILK and its interaction with b-arr1/bPIX,

coupled to Rac3 activation and post-translational regulation of

the MT1-MMP, might represent a novel mechanism in the estab-

lishment of productive interactions of SOC cells to monolayer

surfaces, as a prerequisite to bypass the mesothelial barrier,
and finally to support an invadopodium-mediated invasion.

These findings complement the importance of Rac3 in balancing

ECM adhesion and ECM degradation to a functional role during

the metastatic cascade (Donnelly et al., 2017).

The beneficial effects of ETAR/ILK signaling in invasive protru-

sions and tumor-stroma interactions appear to be dependent

by b-arr1/bPIX molecular complex, as evident by the impairment

of these processes in vitro after ablation of single components. Of

note, our results also indicate a potential of a drug-repurposing

strategy using ambrisentan, a selective ETAR antagonist

approved by the FDA and EMA for the treatment of pulmonary hy-

pertension, to interfere with the ETAR/b-arr1 axis to limit the met-

astatic potential of SOC cells. Ambrisentan at the low dosage is

effective in inhibiting both the adhesion to intraperitoneal organs

and the spread of SOC cells, by controlling also invadopodia ef-

fectors. In linewith our results, recent findings showed that ambri-

sentan is effective in decreasing metastasis into the lungs and

liver from breast cancer cells, associated with the enhancement

in animal survival (Kappes et al., 2020). In our previous studies,

we evaluated the effect of ETBR antagonism along with ETAR

antagonism in ovarian cancer cells (Rosanò et al., 2005, 2014;

Tocci et al., 2019) using either specific ETBR antagonist or dual

ET-1R antagonist. According to data obtained in this work, it

seems that the best means to target the ET-1 axis in ovarian can-

cer patients would be to use an ETAR-specific antagonist,

capable of blocking critical pathways involved in cancer invasion.

Indeed, significant inhibition of tumor growth, EMT, invasion, and

metastatic progression has been observed targeting ETAR, while

ETBR blockade can enhance anti-tumor immune cell recruitment

and inhibit tumor vascularization (Buckanovich et al., 2008; Kan-

dalaft et al., 2009; Coffman et al., 2013). Altogether these findings

indicate that targeting ETAR harnessing the metastatic ability of

SOC cells is an avenue to be explored.

Previous studies using primary and metastatic ovarian carci-

nomas showed that both ET-1 receptors are expressed, and,

in particular, ETAR is strongly expressed in ovarian carcinoma

cells, whereas ETBR is mainly found in the endothelial cells of in-

tratumoral vessels (Salani et al., 2000). Expression of ET-1 and

ETAR correlates with advanced stages of the disease associated

with a poor prognosis (Rosanò et al., 2005, 2011). Accordingly,

molecular indicators derived from bioinformatic analyses

showing that high expression levels of ETAR/ILK positively corre-

late with poor prognosis, conveying important prognostic infor-

mation that might be translated in clinical situations, as predic-

tive prognostic markers in SOC patients. Future experiments

designed to explore the regulatory landscape of integrin-related

signaling and its connection with the ET-1R/b-arr1/ILK axis

might fully elucidate the integration of adhesion and proteolytic

pathways in the pre-metastatic niche.
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A., Larrayoz, I.M., and Rouzaut, A. (2017). b3 integrin expression is required for

invadopodia-mediated ECM degradation in lung carcinoma cells. PLoS ONE

12, e0181579.
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R., Infante, E., Duperray-Susini, A., Dingli, F., Lanyi, A., Loew, D., et al. (2020).

Intersection of TKS5 and FGD1/CDC42 signaling cascades directs the forma-

tion of invadopodia. J. Cell Biol. 219, e201910132.

http://refhub.elsevier.com/S2211-1247(21)00114-5/sref60
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref60
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref60
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref61
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref61
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref61
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref61
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref62
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref62
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref62
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref62
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref63
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref63
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref63
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref63
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref64
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref64
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref64
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref64
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref65
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref65
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref65
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref66
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref66
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref66
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref66
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref82
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref82
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref82
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref82
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref67
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref67
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref67
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref67
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref67
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref68
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref68
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref68
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref68
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref69
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref69
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref69
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref70
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref70
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref70
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref70
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref70
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref71
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref71
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref72
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref72
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref72
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref72
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref73
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref73
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref73
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref74
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref74
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref74
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref74
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref75
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref75
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref75
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref75
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref76
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref76
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref76
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref76
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref76
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref77
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref77
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref77
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref77
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref78
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref78
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref78
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref79
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref79
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref79
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref79
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref80
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref80
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref80
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref80
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref81
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref81
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref81
http://refhub.elsevier.com/S2211-1247(21)00114-5/sref81


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ILK Genetex Cat#GTX10169; RRID:AB_1950586
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Rabbit monoclonal anti-phospho-Cofilin (Ser3) Cell Signaling Technology Cat#3313; RRID:AB_2080597

Rabbit monoclonal anti-Cofilin (D3F9) XP Cell Signaling Technology Cat#5175; RRID:AB_10622000

Mouse monoclonal b-arrestin2 Santa Cruz Biotechnology Cat#sc-13140

Rabbit polyclonal anti-FLAG Cell Signaling Technology Cat#2638

Rabbit polyclonal anti-ETAR Thermo Fisher Scientific Cat#PA3-065

Mouse monoclonal anti-Threonine Immunological Sciences Cat#MAB-80131

Mouse monoclonal anti-Tyrosine Immunological Sciences Cat#MAB-94223

Rabbit polyclonal anti-Paxillin GeneTex Cat#GTX125891

Bacterial and virus strains

BL21(DE3) Chemically Competent E. coli Thermo Fisher scientific C600003

Chemicals, peptides, and recombinant proteins

Fibronectin human foreskin Sigma-Aldrich Cat#F2518-5MG

Collagen Type I rat tail BD biosciences Cat#MA01730

Collagen type I From Bovine Skin,

Fluorescein Conjugate

Invitrogen Cat#D12060

BQ-788 sodium salt Bachem Cat#4058874

N-cis-2,6-Dimethylpiperidinocarbonyl-

b-tBu-Ala-D-Trp(1-methoxycarbonyl)-D-Nle-OH

Cultrex Basement Membrane Matrix Trevigen Cat#3432-001-01

Ilomastat Millipore Cat#GM6001

Ambrisentan Sigma-Aldrich Cat#SML2104

Critical commercial assays

Rac Activation Assay Biochem Kit Cytoskeleton Cat#BK035

Cultrex 3D Spheroid Cell Invasion Assay Trevigen Cat#3500-096-K

Experimental models: cell lines

Human cell lines: SKOV3 American Type Culture

Collection (ATCC)

ATCC� HTB-77; RRID:CVCL_0532
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Human cell lines: OVCAR3 American Type Culture

Collection (ATCC)

ATCC� HTB-161; RRID:CVCL_0465

Human cell lines: CAOV3 American Type Culture

Collection (ATCC)

ATCC� HTB-75; RRID:CVCL_0201

Human primary mesothelial cell Zen-Bio Cat#MSO-1; Cat#DME-F

Experimental models: organisms/strains

Mouse: NOD/SCID 4-5 weeks (female) Charles River laboratories N/A

Oligonucleotides

Primers for ILK: Eurofins Genomics N/A
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Reverse: 50-GAGTGTTTGTTCAGGGTTCCATTT-30

Primers for bPIX(PIXB): Eurofins Genomics N/A
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Primers for b-arr1(ARRB1): Invitrogen Cat#824370
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Primers for Cyclophilin A: Eurofins Genomics N/A
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siRNA targeting sequence: ILK: (13.2) IDT integrated

DNA technologies

N/A

50-AUGAUUGUGCCUAUCCUUGAGAAGA-30

30-UGUACUAACACGGAUAGGAACUCUUCU-50

SiRNA targeting sequence: bPIX (PIXB): (13.1) IDT integrated DNA

technologies

N/A

50-GAAAGAUAUCUUCUACUCUUCCCAA-30

30-UACUUUCUAUAGAAGAUGAGAAGGGUU-50

SiRNA targeting sequence: Rac3 (RAC3): (13.1) IDT integrated DNA

technologies

N/A

50-GACGUCUUUCUGAUCUGCUUCUCTC-30

30-GACUGCAGAAAGACUAGACGAAGAGAG-50

SiRNA targeting sequence: MT1-MMP:

(13.1), (13.2) and (13.3)

IDT integrated DNA

technologies

N/A

50-GGCAACAUAAUGAAAUCACUUUCTG-30

30-UACCGUUGUAUUACUUUAGUGAAAGAC-50

50-GCCAUGAAGUCUUCACUUACUUCTA-30
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50-UGUGGCUAAAAGGAAUCUAAUCUTG-30
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SiRNA targeting sequence: TKS5 (SH3PXD2A): (13.2) IDT integrated DNA

technologies

N/A

50-CAAGCACUGAACACCGUCAACCAGA-30

30-AGGUUCGUGACUUGUGGCAGUUGGUCU-50

SiRNA targeting sequence: b-arr1(ARRB1) Dharmacon Cat#L-011971-00

SMARTpool

SiRNA targeting sequence: ETAR (EDNRA) Dharmacon Cat#L-005485-00

SMARTpool
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Recombinant DNA

pGEX-4 T1 b-arrestin1 Nobles et al., 2007 Addgene plasmid # 36918;

http://addgene.org/36918;

RRID:Addgene_36918

AU5-b-arrestin1 full-lengtht Richard D Ye from University

of Illinois, Chicago, IL, USA

N/A

pcDNA3-b-arr1-FLAG Dr Robert Lefkowitz Howard

Hughes Medical Institute,

Duke University, Durham, NC, USA

N/A

EDNRA GFP-tagged OriGene Technologies Cat# RG205385

pcDNA3.1 ILK-WT Upstate Biotechnology N/A

dominant-negative Src DN

c-Src K296R/Y528F

Upstate Biotechnology N/A

Software and algorithms

ImageJ https://imagej.nih.gov/ij/

GraphPad Prism 8 https://www.graphpad.com/

scientific-software/prism/

GENT2 Park et al., 2019 http://gent2.appex.kr.

Gene Expression Profiling Interactive

analysis (GEPIA) database

Tang et al., 2019 http://gepia.cancer-pku.cn/

Oncomine database Rhodes et al., 2007 https://www.oncomine.org/

Gene Expression Omnibus

(GEO) database GEO2R

https://www.ncbi.nlm.

nih.gov/geo/geo2r/

Other

Resource website for graphical

abstract creation

this paper https://biorender.com/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Laura

Rosanò (laura.rosano@uniroma1.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate/analyze datasets/code.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

For cell lines, established human high-grade ovarian serous adenocarcinoma cell lines SKOV3, OVCAR3, CAOV3were obtained from

the American TypeCulture Collection (LGCStandards, Teddington, UK). OVCAR3 cells weremaintained in RPMI-1640medium (Cat#

618700-010; GIBCO Thermo Fisher), SKOV3 in McCoy’s 5A medium (Cat# 26600-023; GIBCO Thermo Fisher) and CAOV3 in Dul-

becco’s modified Eagle medium (Cat#21885-025; GIBCO Thermo Fisher).

Humanprimarymesothelial cells (Cat#DMES-F)wereobtained fromZen-Bio, inc,USAandmaintained inMesothelial CellGrowthMe-

dium (Cat#MSO-1;Zen-Bio). Allmediaweresupplementedwith10%fetal calf serum,50units/mLpenicillin and50mg/mLstreptomycin.

Cellswere incubatedat37�C inahumidifiedatmospherewith5%CO2.Whenappropriate, cellswere incubated in serum-freemediawith

ET-1 at 100 nmol/L for the indicated times. Ambrisentan or BQ788were used at the concentration of 1mmol/L for 30min before the addi-

tion of ET-1. Ilomastat was used at the concentration of 25 mM. All cells were tested routinely for mycoplasma contamination.

For in vivo animal studies, the experimental protocols comply with the principles of (https://arriveguidelines.org) and were

approved by the National Ethics Committee for Animal Experimentation of the Italian Ministry of Health (Authorization N� 1/2020-

PR #365869604). The mice were housed in single cages with wood-derived bedding material in a specific pathogen-free facility
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with a 12h light/dark cycle under controlled temperatures (20–22 �C). Mice were cared for under the Principles of Laboratory Animal

Care (National Institutes of Health publ. no. 85–23, revised 1985) and with national laws, and received water and food ad libitum. 4–

6 weeks of age female NOD/SCID mice (Charles River Laboratories, Milan, Italy) were used.

METHOD DETAILS

Antibody and chemical reagents
Antibodies used for WB were as follows: anti-ILK (Cat# GTX101691; Genetex), anti-b-arr1 (Cat# ab32099; Abcam), anti-bPIX (Cat#

4515; Cell Signaling), anti-Phospho-PAK1 (Thr423)/PAK2 (Thr402) (Cat# 2601; Cell Signaling), anti-PAK1 (Cat# 2602; Cell Signaling),

anti-Rac3 (Cat# ab129062; Abcam), anti-Tubulin (Cat# sc-32,293; Santa Cruz), anti-AU5 (Cat# ab24576; Abcam), anti-MT1-MMP

(Cat# sc-12366; Santa Cruz), anti-Cortactin (Cat# 3503; Cell Signaling), anti-phospho-Cortactin Tyr 421 (Cat# ab47768; Abcam),

anti-Cofilin (Cat# 5175; Cell Signaling), anti-phospho-Cofilin (Ser3) (Cat# 3313; Cell Signaling), anti-b-arr2 (Cat# sc-13140; Santa

Cruz) and DYDDDDK (FLAG) Tag (Cat# 2368S; Cell Signaling), Endothelin A receptor (Cat# PA3-065; Thermo Fisher), anti-phos-

pho-Threonine (Cat# MAB-80131) and anti-phospho-Tyrosine (Cat# MAB-94223; Immunological Sciences). Antibodies used for IF

and PLA were as follows: anti-Cortactin (Cat# ab33333; Abcam), anti-Paxillin (Cat# GTX125891; Genetex), anti-bPIX (Cat# sc-

137221; Santa Cruz), anti-b-arr1 (Cat# LSC156512; LSBIO), anti-ILK (Cat# GTX101691; Genetex), horseradish peroxidase-conju-

gated goat anti-rabbit or anti-mouse Abs, Alexa Fluor-488 and 594 secondary antibody (Thermo Fisher).

Chemical reagents used were as follows: Alexa Fluor 488 (Cat# A1101; Thermo Fisher), Alexa Fluor 594 (Cat# A11037; Thermo

Fisher), Alexa Fluor 633 phalloidin (Cat# A22284; Thermo Fisher), Alexa Fluor 594 phalloidin (Cat# A12381; Thermo Fisher), 4’,6’-dia-

midino-2-phenykindole (DAPI) (Cat# 1331762; Bio-Rad Laboratories), Vectashield (Cat# H-1000; Vector Laboratories), QCMGelatin

Invadopodia Assay (RED) (Cat# ECM671; Millipore), Calcein blue AM (Cat# C1429; Thermo Fisher), PKH26 Red Fluorescent Cell

Linker Kit for General Cell Membrane Labeling (Cat# PKH26GL-1KT, Sigma-Aldrich), PKH67 Green Fluorescent Cell Linker Kit for

General Cell Membrane Labeling (Cat# PKH67GL-1KT, Sigma- Aldrich), ET-1 (Cat# E7764-1MG; Sigma-Aldrich), BQ788 (1 mM)

(Peninsula Laboratories), Ambrisentan (Cat# SML2104; Sigma-Aldrich) also called (+) - (2S) - 2-[(4,6dimethylpyrimidin-2-yl) oxy]-3-

methoxy-3,3-diphenylpropanoic acid, Ilomastat (Cat# GM6001; Millipore). Fibronectin human foreskin (Cat# F2518-5MG; Sigma-Al-

drich), Collagen Type I rat tail (Cat# MA01730; BD biosciences), Collagen type I From Bovine Skin, Fluorescein Conjugate (Cat#

D12060; Invitrogen).

RNA isolation and RT-PCR
Total RNAwas extracted from cells using Trizol Reagent (Thermo Fisher), according to themanufacturer’s instructions and 1 mgwere

used for retrotranscription (RT) using Euro Script M-MLV Reverse Transcriptase (Euroclone). cDNA was examined by semiquantita-

tive polymerase chain reaction (PCR), conducted in the automated DNA Thermal Cycler GeneAmp PCR System 9700 (Applied Bio-

system) using AmpliTaq DNA Polymerase (Applied Biosystem). The primers used were as follow:

ILK F: 50-GAGAGCGGGCAGAGAAGATG-30

ILK R: 50-GAGTGTTTGTTCAGGGTTCCATTT-30

bPIX (PIXB) F: 50-AGCTCGAGAGACACATGGAGGATT-30

bPIX (PIXB) R: 50-TCTGCAGCTCAAGCTCTTTCCTCT-30

Rac3 (RAC3) F: 50-GACGACAAGGACACC-30

Rac3 (RAC3) R: 50-CCTCGTCAAACAGTC-30

b-arr1 (ARRB1) F: 50-GAGCACGCTCTTACCCTTTCAC-30

b-arr1 (ARRB1)R: 50-TCTCTGGGGCATACTGAACC-30

CyclophilinA F: 50- TTCATCTGCACTGCCAAGAC-30

CyclophilinA R: 50-TCGAGTTGTCCACAGTCAGC-30

The PCR products were analyzed by electrophoresis on 1% agarose gel and visualized by using ChemiDoc Imaging System and

ImageLab Software (Bio-Rad Laboratories).

Silencing and transient transfection
Silencing of b-arr1 (L-011971-00) and ETAR (L-005485-00) for 72h was performed using ON-TARGET plus SMART pool siRNAs (Di

Modugno et al., 2018) and siGENOME Control Pool Non-targeting was used as a negative control (SCR) (Dharmacon). For silencing

of ILK, RAC3, bPIX,MT1-MMP and TKS5 three selected pre-designed and validated siRNAs for a single target gene eachwere tested

for their knockdown efficiency (ILK: hs.Ri.ILK.13.1, hs.Ri.ILK.13.2, hs.Ri.ILK.13.3; RAC3: hs.Ri.RAC3.13.1, hs.Ri.RAC3.13.2,

hs.Ri.RAC3.13.3; bPIX: hs.Ri.bPIX.13.1, hs.Ri.bPIX.13.2, hs.Ri.bPIX.13.3; MMP14: hs.Ri.MMP14.13.1, hs.Ri.MMP14.13.2,

hs.Ri.MMP14.13.3; TKS5: hs.Ri.TKS5.13.1, hs.Ri.TKS5.13.2, hs.Ri.TKS5.13.3 (TriFECTa kit, IA, USA) (Figure S11). The TriFECTa

kit from IDT contains three Dicer-substrate 27-mer RNA duplexes that are specific. Each TriFECTa kit contains silencer-negative con-

trol. In brief, 13 105 cells were seeded and cultured in 6-well plates until they reached 30%–50% confluence and transiently trans-

fected for 48h, using Lipofectamine RNAiMAX (Cat# 13778; Invitrogen) reagent according to the manufacturer’s instructions. After
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silencing the cells were lysed to confirm efficient knockdown, total cell lysate was collected at the endpoint of each experiment and

analyzed by western blotting. The best knockdown efficiency (75%–90%) was obtained employing hs.13.2 for ILK, hs.13.1 for Rac3,

hs 13.1 for bPIX, hs 13.2 for TKS5 and a pool of the three siRNAs forMMP14 (Figure S11). For transient ectopic expression of the AU5-

b-arr1 full-length plasmid, we used constructs tagged with an AU5 epitope at their carboxyl termini kindly provided by Professor Ri-

chard D Ye (Department of Pharmacology, College of Medicine, University of Illinois, Chicago, IL, USA). The dominant-negative Src

(DN-Src) was purchased fromUpstate Biotechnology. For rescue experiments, we used the pcDNA3-b-arr1-FLAGwild-type plasmid

construct, a ‘wobble’ mutant construct encoding rat b-arr1 sequences resistant to small interfering RNA targeting kindly provided by

Dr Robert Lefkowitz (Howard Hughes Medical Institute, Duke University, Durham, NC, USA) for the ectopic expression of b-arr1. For

the ectopic expression of human endothelin receptor type A (EDNRA), we used a C-terminal EDNRAGFP-tagged plasmid containing

transcript variant 1 (Endothelin A Receptor (EDNRA) (NM_001957) Human Tagged ORF Clone, Cat# RG205385; OriGene Technol-

ogies). TrueORFs do not contain any UTR sequences All these plasmids were transfected for 24h by using Lipofectamine 2000

(Cat#11668-027; Invitrogen). The cDNA constructs have been obtained from Upstate (ILK cDNA allelic pack): wild-type ILK (ILK-

WT), and control plasmid.

Western blotting (WB) and Immunoprecipitation (IP)
For WB analysis, total cells were detached by scraping, collected by centrifugation, and lysed in RIPA buffer [50 mMTris$HCL (pH

7.5), 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate (NaDoc), 0.1% SDS] and proteases and phosphatase inhibitors

(Roche). Protein concentrations were determined using the DC Protein assay (Bio-Rad Laboratories). Cell lysates were resolved on

MiniPROTEAN TGX gels and transferred to nitrocellulose membranes (Bio-Rad Laboratories), followed by WB using the primary an-

tibodies. Primary antibodies were revealed using horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse Abs (Bio-Rad

Laboratories). For the immunoprecipitation (IP), precleared whole-cell lysates were incubated with specific Abs or the correspondent

IgG control Ab (Thermo Fisher) and protein A and G Sepharose beads (GE Healthcare) at 4 �C overnight. For detection of co-immu-

noprecipitated b-arr1, HRP-conjugated protein A peroxidase (Thermo Fisher) was used as secondary Ab. Proteins were visualized by

chemiluminescence (Clarity Western ECL Substrates, Bio-Rad Laboratories). Quantification analyses were performed by ImageJ

(https://imagej.nih.gov/ij/), a Java based freeware, and reflects the relative amounts as a ratio of each protein band relative to the

lane’s loading control.

Immunofluorescence and confocal laser scanning microscopy (CLSM)
Cells cultured on coverslips were fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.2%

Triton X-100 and blocked with 0.1 M glycine, 1% BSA and 0.1% Tween20 in PBS for 30 min at room temperature. Samples

were incubated with primary Abs in 0,5% BSA in PBS overnight at 4�C, followed by incubation with secondary Abs con-

jugated with Alexa Fluor 488 (Cat# A11001; Thermo Fisher) and Alexa Fluor 594(Cat# A11037; Thermo Fisher) for 1h at

room temperature. Actin cytoskeleton was visualized by using Alexa Fluor 633 phalloidin (Cat# A22284; Thermo Fisher).

Nuclei were stained with 4’,6’-diamidino-2phenykindole (DAPI) (Bio-Rad Laboratories). Coverslips were finally mounted

with a Vectashield mounting medium for fluorescence (Vector Laboratories). CLSM observations were performed with a

Zeiss LSM980 apparatus, using a 63x/1.40 NA oil objective and excitation spectral laser lines at 405, 488, 543, 594 and

639 nm. Image acquisition and processing were carried out using the Zeiss Confocal Software Zen 3.1 (Blue edition). Sig-

nals from different fluorescent probes were taken in sequential scan settings and co-localization were visualized in merge

images. Several cells for each labeling condition were analyzed and representative results are shown. All colocalization an-

alyses were carried out using the Coloc2 plugin of ImageJ software to calculate Pearson’s correlation coefficients. This soft-

ware estimates the degree of overlap between fluorescence signals obtained in two separate fluorescent channels. The

Pearson’s coefficients were calculated from multiple images (n = 5–15) from 3 independent experiments and then averaged

and a standard deviation of the mean was calculated.

Proximity ligation assay (PLA)
Briefly, cells (3 3 104 cells) were cultured on slides in a 24-well plate and stimulated for 15 min, then fixed with 4% para-

formaldehyde for 10 min at room temperature, washed in PBS and blocked at 37�C with Duolink Blocking Solution. After

blocking, cells were incubated with the primary Abs overnight at 4�C. Cells were washed with the wash buffer A and then

incubated with Probe Anti-Mouse PLUS (Cat# DUO92001) and Probe Anti-Rabbit MINUS (Cat# DUO92005; Sigma-Aldrich)

for 1 h at 37�C. Coverslips were washed with buffer A and then incubated with a DNA ligase diluted in Ligation buffer for

30 min at 37�C. After washing, coverslips were incubated with a DNA polymerase diluted in Amplification buffer for

120 min at 37�C. Slides were then washed with buffer B and incubated for 10 min with 4,6-diamidino-2-phenylindole dihydro-

chloride (DAPI). Coverslips were finally mounted with a Vectashield mounting medium for fluorescence. Red PLA signals (exci-

tation/emission 598/634 nm) were identified as fluorescent spots by using a Leica DMIRE2 microscope equipped with a Leica

DFC 350FX camera and elaborated by a Leica FW4000 deconvolution software (Leica). Images were imported in merged tiff

formats containing both signal and nuclei channels. For each experimental condition, 15 randomly selected non-overlapping

vision fields were analyzed and used for quantification analysis.
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Inverted 3D collagen invasion assay
200 ml of 2.0mg/ml collagen-I was allowed to polymerize in Transwell inserts (8-mmpores, Corning) for 2 h at 37�C. Cells were seeded

on top of the collagen gel in serum-freemedium, and stimuli and/or inhibitors were added to themedium in the bottom chamber of the

Transwell as chemoattractants. After 48 h of seeding, cells were fixed and stained with DAPI and visualized by confocal microscopy

with serial optical sections captured at 10-mm intervals with a 10 3 objective on a Nikon A1R+ confocal unit on a Nikon Eclipse Ti-2

invertedmicroscope, using a 60x/1.40NAoil-immersion objective and laser lines at 405, 488, 563, and 640 nm. Image acquisition and

processing were carried out using the NIS Elements C software suite ver. 5.1. The invasion was measured by dividing the sum of

signal intensity of all slides beyond 20 mm (invading cells) by the sum of the intensity of all slides (total cells), as per Zagryazh-

skaya-Masson A. et al., 2020).

Quantification of pericellular collagenolysis
Cells treatedwith indicated siRNAswere trypsinized and resuspended (2.53 105 cells/ml) in 200 ml ice-cold 2.0mg/ml Collagen type I

From Bovine Skin, Fluorescein Conjugate (Cat# D12060; Invitrogen). The collagen solution was adjusted to pH 7.5 using 0.34 N

NaOH, and HEPES was added to 25 mM final concentration. 40 ml of the cell suspension in collagen was added on a glass coverslip,

and collagen polymerization was induced for 30 min by incubation at 37�C. Serum-free medium was then added, and cells

embedded in not-cross-linked collagen were stimulated and incubated for 16 h at 37�C. After fixation for 30 min at 37�C in 4%

PFA in PBS, samples were incubated with anti-Col1-3/4C antibodies for 2h at 4�C.
After extensive washes, samples were stained with Alexa Fluor 594 anti-rabbit IgG (Cat# A11037; Thermo Scientific) antibody and

counterstained with DAPI. Image acquisition was performed using an A1R+ Nikon confocal microscope with a 60 3 NA 1.40 oil im-

mersion objective, using a 561 nm laser excitation and a high-sensitivity GaASP detector with a 595/50 nm bandpass filter. Quan-

tification of collagen degradation was performed as described by (Zagryazhskaya-Masson et al., 2020). Briefly, data were collected

as themean intensity of pericellular Col1-3/4C signal frommaximum intensity projection of 10 optical sections with 2 mm interval from

confocal microscope z stacks (20 mm depth) using NIS Elements (Nikon) software.

Gelatin zymography
To detect MMP-9 and�2 secretion and activity, conditioned media of untreated or treated cells were collected and concentrated by

using Spin-X UF concentrator columns (Cat# 431483; Corning). Samples were separated by 9%SDS/PAGE gels containing 1mg/mL

gelatin. The gels were washed for 30 min at 22�C in 2.5% Triton X-100 and then incubated in 50 mM Tris (pH 7.6), 1 mM ZnCl2, and

5 mM CaCl2 overnight at 37�C. After incubation gels were stained with 0.2% Coomassie Blue. Enzyme-digested regions were iden-

tified as white bands on a blue background.

Fluorescent gelatin degradation assay
Coverslips were inverted on 200 mL drop of QCM Gelatin Invadopodia Assay (RED) (Millipore) and heated to 37�C. Coverslips were

fixed in 0.5% glutaraldehyde for 15 min at 4�C and, after washing with PBS, were quenched with 5 mg/ml sodium borohydride for

3 min at room temperature. Slides were sterilized with 70% ethanol and left in complete growth media for 1h before use. Cells

were cultured on gelatin-coated coverslips in a 24-well plate and left to adhere. Cells were then incubated for 48h in different exper-

imental conditions and finally fixed and stained for CLSM examinations. Fluorescence signals were analyzed by Zeiss LSM980 Mi-

croscope equipped with a 63x oil objective. 3D-reconstruction images of selected regions of interest (ROI) with evident matrix degra-

dation spots were shown. For the area of degradation, thresholding and particle size analysis were performed using Fiji. Experiments

were done in triplicates by imaging > 10 fields of view and > 5 cells in each sample.

GTPase pull-down assays
To monitor Rac3 activation was used Rac Activation Assay Biochem Kit (Cat# BK035; Cytoskeleton). Cells were lysed in lysis buffer

(50 mMTris (pH7.5), 10mM MgCl2, 0.5 M NaCl and 2% Igepal and proteases inhibitors) and 500 mg of cell extracts were incubated

with PAK (p21-Activated protein Kinase) PDB (p21 Binding Domain) beads to pull down Rac3-GTP forms and samples were rotated

at 4�C for 60 min. Beads were washed, and proteins were eluted in Laemmli Sample Buffer by heating to 95�C for 2 min. Rac3 was

detected using specific Abs.

Recombinant protein purification and GST-pull down assay
The plasmid pGEX-4 T1 b-arrestin1 [a gift from Robert Lefkowitz (Addgene plasmid #36918)] was transformed by heat shock into

E. coli BL21. Transformed cells were grown in LB medium, supplemented with 50 mg/ml Ampicillin, till an OD 600 of 0.6-0.7 and

induced with 1 mM isopropyl-thiogalactoside (IPTG) for protein expression, at 25�C overnight. From the cell-pellet, recombinant pro-

tein was purified using the MagneGST Protein Purification System (Promega), according to the manufacturer’s instructions.

For GST-pull down assay, 300 mg of cell lysate, 10 mg of GST-protein and GST-fusion probe were incubated together with 50 ml of

Glutathione-Sepharose beads for 2h at 4�Cwith end-over-end mixing. The samples were centrifuged at 1300 RPM for 2 min and the

beads washed 3 times with ice-cold GST lysis buffer (20 Mm Tris-Cl (pH = 8), 200 Mm NaCl, 1 Mm EDTA (pH = 8), 0,5% NP-40, pro-

teases inhibitor (Roche). After washes proteins were eluted in Laemmli 2X by heating to 95� for 5 min. Complexes recovered from the

beads were analyzed by WB and detection of GST- b-arr1 was performed using GST (cat# SC-138, Santa Cruz) Abs.
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Cell adhesion to mesothelial monolayer
SKOV3 (20x103) or OVCAR-3 after trypsinization were labeled with PKH67 Green Fluorescent Cell Linker for 5 min or blue Calcein for

30min, washed two times and added to a 96-well microplate coated with amonolayer of human primary mesothelial cells. Cells were

incubated with serum-free medium alone or with ET-1 and/or AMB and after 30 min non-adherent cells were removed by washing

three timeswith serum-freemedium. Adherent cells were photographed by using Bio-Rad ZOE fluorescent cell imager (Bio-Rad Lab-

oratories) and the results of the analysis of the individual photos are reported, normalized to control and shown as a fold of control.

The experiment was performed in triplicates for all conditions described and repeated at least three times.

Transmesothelial migration assay
Human primary mesothelial cells were seeded (1x105) in 8.0 mm pore sized membranes (Cat# 662638; Greiner bio-one) coated with

fibronectin (10 mg/ml) and left to form a monolayer for 48h at 37�C. SKOV3 (20x103) and OVCAR3 (40x103) cells, in different exper-

imental conditions, were stainedwith PKH26 Fluorescent (Cat#MINI26-1KT; Sigma-Aldrich) for 5min at 37�C,washedwith complete

medium, plated onto a mesothelial monolayer, and allowed to migrate for 12h. Serum-free medium alone or with ET-1 and/or AMB

were added to the lower chamber. Transmigrated cells were photographed by using Bio-Rad ZOE fluorescent cell imager (Bio-Rad

Laboratories) and the results of the analysis of the individual photos are reported, normalized to control and shown as a fold of control.

The experiment was performed in triplicates for all conditions described and repeated at least three times.

Transwell invasion assay
The assays were carried out using an insert 8.0 mm pore sized membranes (Cat# 662638; Greiner bio-one) coated Matrigel Invasion.

Cells (43 104) were stimulated with serum-free medium alone or with ET-1 and/or AMB, added to the lower chamber precoated with

Cultrex Basement Membrane Matrix (Cat# 3432-001-01Trevigen). The cells were left to migrate for 12h at 37�C. Cells on the upper

part of themembrane were scraped using a cotton swab, and themigrated cells were stained using Three-Step Stain Set (Cat#3300;

Thermo Scientific). The experiment was performed in triplicates for all conditions described and repeated at least three times. From

each transwell, several images were taken by using Bio-Rad ZOE fluorescent cell imager under a phase-contrast microscope, and

four broad fields were considered for quantification.

3D invasion assay
3D invasion assay was performed using Cultrex 3-D Spheroid Cell Invasion Assay (Cultrex #3500-096-K) according to the manufac-

turer’s instructions. SKOV3 cells spheroids were generated by plating 3000 cells for 48 h in 3D Culture Qualified 96 Well Plate. Then,

spheroids were embedded into not-cross-linked collagen I-based invasion matrix. After 1 h at 37 �C, serum-free media with or

without ET-1 and/or AMB was added to spheroids wells. Plates were incubated for 72h and all spheroids were photographed by us-

ing Bio-Rad ZOE fluorescent cell imager (Bio-Rad Laboratories). Quantification of invasion area was measured using ImageJ soft-

ware (https://imagej.nih.gov/ij/). Captured images were converted to 8 bit, the threshold was set to capture the total structure and

calculate the invasive area outside the spheroid core.

In vivo experiments
Mouse in vivo adhesion assays were performed in the following way: 23 106 viable SKOV3-Luc cells were injected into the peritoneal

cavity of mice (n = 5 per group). 8 h later, mice were sacrificed. Peritoneum, omentum, andmesentery were excised and ex vivo anal-

ysis performed. After gentle washing with PBS to eliminate non-adherent cells, the luminescence of the adherent cell aggregates was

read and recorded. For testing antitumor metastatic efficacy of ambrisentan, mice were injected intraperitoneally with 200 mL PBS

containing 23 106 viable SKOV3-Luc cells, following the guidelines for animal experimentation. Two weeks after, animals were ran-

domized into two different groups undergoing the following treatments for 5 weeks: (i) 200 mL Metocell (vehicle, CTR), (ii) 200 mL am-

brisentan (10mg/kg, oral daily), both by oral gavage. The experiment was performed twice with 6 mice per treatment arm per exper-

iment. Mice were observed 2 times per week and monitored for signs of distress (i.e., changes in appearance, respiration, activity,

etc.) and weighed; mice showing signs of distress or losing greater than 15% body weight were euthanized. Tumor burden was as-

sessed on days 17, 25, 32, and 39 after tumor cell injection by measuring light emission following intraperitoneal luciferin adminis-

tration. Briefly, 10 min after administration of D-luciferin (75 mg/kg body weight, intraperitoneal; Perkin Elmer, Hopkinton, MA, USA),

photon emission was acquired for 5 min and analyzed with a CCD camera (Xenogen IVIS Lumina System; Perkin Elmer). Total flux

(photons/second) was determined for the entire abdominal cavity per mouse and normalized to the mean total flux of control-treated

mice imaged on day 17. Upon experimental termination (day 39), mice were euthanized and the number of visible metastases were

measured and carefully dissected, frozen and analyzed for WB analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics analysis
Analysis of Rac3 in cancers and normal tissues was carried out using GENT2 (http://gent2.appex.kr/gent2/) platform (Park et al.,

2019). From GENT2 we selected data from GPL570 platform comprising 110 Normal samples and 285 Serous ovarian cancer

samples.
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The expression levels of Rac3 in ovarian serous carcinoma compared with that in the normal tissues (peritoneum) were identified

from Yoshihara Ovarian Statistics data deposited in Oncomine Oncomine database (Reported ID: A_23_P336408) (Rhodes et al.,

2007). The default settings were used and the threshold parameters were as follows: P value = 1 3 10�4, fold change: 2 and gene

rank in the top 10%.

To analyze the levels of Rac3 mRNA expression in ovarian cancer compared with those in normal specimens we used the online

database GEPIA2, an interactive web-based tool that includes normal and tumor samples from the Genotype-Tissue Expression

(GTEx) projects and TCGA for analyzing RNA sequencing expression data (Tang et al., 2019). The significance test method was

one-way ANOVA, using disease state (Tumor or Normal) as the variable for calculating differential expression.

The gene expression profiles of Rac3 (GSE14407) was downloaded from the Gene Expression Omnibus (GEO) database (https://

www.ncbi.nlm.nih.gov/geo), a public functional genomics data repository. The annotation platform was GPL570: [HG-U133_Plus_2]

Affymetrix Human Genome U133 Plus 2.0 Array platform. Comparison of normal ovarian surface epithelia (OSE) and ovarian cancer

epithelial cells (CEPIs). CEPIs were isolated by laser capturemicrodissection from serous papillary ovarian adenocarcinomas (Bowen

et al., 2009).

To analyze the correlation of combination of EDNRA (204464_s_at) and ILK (201234_at) mRNA expression to overall survival (OS)

and progression-free survival (PFS) in ovarian cancer a cohort of serous ovarian cancer patients (all stages) from all dataset was inter-

rogated using the Kaplan-Meier plotter web tool (http://kmplot.com/analysis/index.php?p=service&cancer=ovar) (Gyorffy et al.,

2012). The ovarian cancer patients were followed up to 5 years. To determine the prognostic value, the samples were split into

two groups according to the median expression of the mean signal of the genes. The mRNA expression above or below the median

separates the cases into high expression and low expression. Hazard ratio (HR), 95% confidence intervals, and log-rank P were pre-

sented on the main plots. P value of < 0.05 was considered to be statistically significant.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism software and the values represent mean ± SD. Data were tested for

normal distribution and Mann–Whitney nonparametric test was used when appropriated. Graphs comparing two conditions were

analyzed via unpaired t test with Welch’s correction. Graphs comparing more than two conditions were analyzed via one-way

ANOVA followed by Tukey correction for multiple comparisons. Statistical significance was defined as *, p < 0.05; **, p < 0.01;

***, p < 0.001; ****, p < 0.0001. ns, not significant.
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