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ARTICLE INFO ABSTRACT

Keywords: We previously showed that digitoxin inhibits angiogenesis and cancer cell proliferation and migration and these
Cardiac glycosides effects were associated to protein tyrosine kinase 2 (FAK) inhibition. Considering the interactions between FAK
ROS 4 and Rho GTPases regulating cell cytoskeleton and movement, we investigated the involvement of RhoA and Racl
NADPH oxidase in the antiangiogenic effect of digitoxin. Phalloidin staining of human umbilical vein endothelial cells (HUVECs)
RhoA GTPase . . . . C e . .

ROCK showed the formation of stress fibers in cells treated with 10 nM digitoxin. By Rhotekin- and Pak1- pull down

assays, detecting the GTP-bound form of GTPases, we observed that digitoxin (10-25 nM) induced sustained
(0.5-6 h) RhoA activation with no effect on Racl. Furthermore, inhibition of HUVEC migration and capillary-like
tube formation by digitoxin was counteracted by hindering RhoA-ROCK axis with RhoA silencing or Y-27632
treatment. Digitoxin did not decrease p190RhoGAP phosphorylation at Tyr1105 (a site targeted by FAK), sug-
gesting that RhoA activation was independent from FAK inhibition. Because increasing evidence points to a
redox regulation of RhoA, we measured intracellular ROS and found that digitoxin treatment enhanced ROS
levels in a concentration-dependent manner (1-25 nM). Notably, the flavoprotein inhibitor DPI or the pan-
NADPH oxidase (NOX) inhibitor VAS-2870 antagonized both ROS increase and RhoA activation by digitoxin.
Our results provide evidence that inhibition of HUVEC migration and tube formation by digitoxin is dependent
on ROS production by endothelial NOX, which leads to the activation of RhoA/ROCK pathway. Digitoxin effects
on proteins regulating cytoskeletal organization and cell motility could have a wider impact on cancer pro-
gression, beyond the antiangiogenic activity.

Endothelial cell migration
Antiangiogenic drugs

1. Introduction

Cardiac glycosides (CGs) are drugs of natural origin, known to be
Na®/K"-ATPase (i.e. sodium pump) inhibitors. Two drugs of this class,
digoxin and digitoxin, are still clinically used to treat congestive heart
failure and cardiac arrhythmias. The cardiovascular effects of CGs have
been associated with sodium pump inhibition, which leads to an in-
crease of intracellular Na* that subsequently reduces Na/Ca exchanger
activity promoting intracellular Ca?*t increase [1]. Besides the well-
known cardiovascular effects, several preclinical and clinical studies

have highlighted a potential use of CGs as anticancer drugs [2-4]. In
fact, research works from several groups including our own have shown
that CGs specifically block cancer cell proliferation or induce tumour
cell death by mechanisms unrelated to sodium pump inhibition and
calcium overload [4-6]. Early studies from Xie’s group, confirmed by
other laboratories, suggested that Na'/K'-ATPase acts as a signal
transducer and that CG binding induces the activation of diverse sig-
nalling cascades and second messengers, including reactive oxygen
species (ROS), that influence cell growth, survival, proliferation, and
migration [7-9]. However, other targets for CGs cannot be excluded.

Abbreviations: CGs, cardiac glycosides; DCFDHDA, 2',7'-dichlorfluorescein-diacetate; DPI, diphenyleneiodonium chloride; FAK, protein tyrosine kinase 2; FBS,
fetal bovine serum; GAP, GTPase-activating protein; GEF, guanine nucleotide exchange factor; HUVECs, human umbilical vein endothelial cells; NOX, NADPH
oxidase; ROCK, Rho associated coiled-coil containing protein kinase; ROS, reactive oxygen species.
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More recently, it has been suggested that some CGs are immunogenic
cell death inducers: they promote cytotoxic effects in cancer cells while
stimulating an immune response against dead-cell associated antigens
[10]. On the other hand, CG use has been associated with increased risk
of breast cancer due to potential estrogen-like activity [11]. Overall, the
clinical relevance of CG anticancer effects appears to be controversial
considering their low therapeutic index and the observation that some
CGs have in vitro anticancer effects at concentrations not achievable in
the clinical setting.

We have shown that digitoxin has a potent antiangiogenic effect
against several growth factors, including pro-angiogenic agents from
inflammatory cells of the tumour microenvironment [12,13]. We have
also found that digitoxin inhibits ovarian cancer cell proliferation and
migration induced by serum or conditioned media from human mac-
rophages [13]. Notably, these effects have been observed at concen-
trations within the drug plasma therapeutic window, which is 10-40 nM
[14], suggesting that digitoxin could be a suitable candidate for repo-
sitioning as an anticancer drug. Digoxin (the most clinically used CG)
and digitoxin act differently on HUVECs. While digoxin at clinically
relevant concentrations (0.5-2 nM) does not affect HUVEC migration
and induces apoptosis at concentrations above 10 nM, digitoxin at
therapeutic concentrations has an antiapoptotic effect. The molecular
basis of this difference is unknown, but it is likely unrelated to the in-
hibition of the pumping function of Na*/K*-ATPase as discussed in our
previous work [12].

The antimigratory and antiangiogenic effects of digitoxin have been
associated with inhibition of protein tyrosine kinase 2 (FAK), a non-
receptor tyrosine kinase which integrates signals from both extracel-
lular matrix and growth factors to promote cell migration and angio-
genesis [12,13,15]. Through diverse molecular connections, including
those with Rho-family GTPases, FAK can influence the actin cytoskel-
eton to regulate cell movement [16,17].

Rho family of GTPases are members of the Ras superfamily of
monomeric small (20-30 kDa) GTP-binding proteins. Rho GTPases are
important regulators of cytoskeletal dynamics and other cellular pro-
cesses related to the adjustment of actin cytoskeleton, including cell
polarity, migration, vesicle trafficking and cytokinesis [18,19]. Within
this family, Cdc42, Racl and RhoA are the most thoroughly character-
ized members. Cdc42 and Racl stimulate the formation of filopodia and
lamellipodia, respectively, actin structures usually found at the
circumference of spreading cells and the leading edge of migrating cells.
On the other hand, RhoA leads to the formation of stress fibers and focal
adhesions, which are involved in contractility and in maintaining a
spread and adhesive phenotype of many cell types. During migration,
RhoA activation promotes the formation of stress fibers at the rear of the
cell and in the cell body, whose contraction enables forward movement.
Moreover, it has been shown that transient RhoA activation is needed for
cell migration, whereas sustained RhoA activity impedes migration
[18-20].

Rho GTPases act as molecular switches of signal transduction by
changing between two conformational states. In the active GTP-bound
form, they interact with effector molecules and elicit a downstream
response until GTP hydrolysis reverses the proteins to the inactive GDP-
bound state terminating signal transduction [21]. This cycle is regulated
by various groups of proteins such as guanine nucleotide exchange
factors (GEFs), which induce the exchange of GDP for GTP promoting
GTPase stimulation, and GTPase-activating proteins (GAPs), which ca-
talyse the hydrolysis of GTP to GDP, thus inactivating the GTPases [19].
Moreover, Rho GTPases undergo a variety of post-translational modifi-
cations, including oxidation, that influence their localization and ac-
tivity [22]. Increasing evidence points to the redox regulation of Rho
GTPases, namely Racl and RhoA [22,23], suggesting that drugs and
conditions affecting the cellular redox status could have an impact on
the activity of these GTPases and, consequently, on cytoskeletal
organization.

Due to the important function of Rho GTPases in controlling cell
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migration and considering the ability of CGs to increase intracellular
ROS, we investigated the role of these proteins in the antimigratory and
antiangiogenic effects of digitoxin. We show herein that digitoxin
induced a persistent, ROS-dependent activation of RhoA in human
umbilical vein endothelial cells (HUVECs) and that activation of RhoA/
ROCK pathway is involved in the inhibition of HUVEC migration and
capillary-like tube formation by digitoxin.

2. Materials and Methods
2.1. Drugs and chemicals

Cell culture reagents, digitoxin, carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP), diphenyleneiodonium chlo-
ride (DPI), VAS 2870, and 2',7-dichlorfluorescein-diacetate (DCFHDA)
were from Sigma-Aldrich (St. Louis, MO, USA). Collagen (rat tail) was
from Roche (Basel, Switzerland). Y-27632 was purchased from Tocris
Bioscience (Bristol, UK). FBS and rhodamine phalloidin were from
Thermo Fisher Scientific (Waltham, MA, USA). Recombinant CNFY
(Y. pseudotuberculosis cytotoxic necrotizing factor) was purified as pre-
viously described [24].

2.2. Human umbilical vein endothelial cells (HUVECs) isolation and
culture

HUVECs were isolated in our laboratory as previously described [11]
from human umbilical cords from female donors, collected after delivery
from full-term normal pregnancies at the Obstetrics and Gynaecological
Unit of Padua University Hospital. The donors gave their informed
consent, and the collected cords were non-identifiable. The procedure
was approved by the Padua University Hospital Ethics Committee
(Comitato Etico per la Sperimentazione Clinica della Provincia di
Padova, N.0038309, 22/06/2017). Cells were grown at 37 °C and 5 %
CO; in complete medium: M199 supplemented with 15 % FBS, 100 pg/
mL endothelial cell growth supplement (ECGS), 100 IU/mL heparin, 2
mM L-glutamine, 40 pg/mL gentamicin. HUVECs were used from pas-
sages 2 to 5.

2.3. Actin staining

HUVEGs (8x10* cells/well) were seeded in 12-well plates containing
glass coverslips in complete culture medium. Next day, the cells were
treated with or without digitoxin for 2 h in complete cell culture medium
at 37 °C. Then, cells were washed with phosphate-buffered saline (PBS),
fixed with 4 % paraformaldehyde for 10 min at room temperature and
permeabilized with 0.1 % Triton X-100 in PBS for 5 min. Coverslips were
then washed with PBS and incubated with rhodamine-conjugated
phalloidin (1 U/coverslip) for 30 min. Thereafter, coverslips were
washed again in PBS and mounted with Mowiol® 4-88 (Sigma-Aldrich).
Images were acquired with an LSM 800 confocal microscope (Zeiss,
Oberkochen, Germany) using 20x/N.A. 0.45 air and 100x/N.A. 1.4 oil
immersion objectives. Figure panels were assembled using ImageJ 1,47v
(NIH, USA).

2.4. Detection of active RhoA and Racl

Intracellular levels of active (GTP bound) RhoA and Racl were
assessed using the Active Rho Pull-Down and Detection Kit (cat. n.
16116) and Active Racl Pull-Down and Detection Kit (cat. n. 16118,
both Thermo Fisher Scientific), respectively, according to the manu-
facturer’s instructions. Briefly, HUVECs (1x106 cells/dish) were seeded
in 100-mm dishes in complete culture medium. After reaching conflu-
ence, cells were stimulated with digitoxin for the time and concentration
indicated in Results and lysed with 400 pl of lysis buffer. The detergent-
soluble supernatant was recovered after centrifugation for 15 min at
16,000 x g and 4 °C. Cell lysates were then incubated for 1 h at 4 °C with
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100 pl of Glutathione Resin with GST-Rhotekin-RBD or GST-human
Pakl-PBD, for detection of RhoA-GTP and Racl-GTP, respectively.
The complexes were then pelleted, washed three times, and resuspended
with reducing sample buffer. After resin removal by centrifugation, the
eluted samples were heated for 5 min at 95-100 °C. 25 pl/sample were
used for SDS-PAGE and western blotting. 20 pg/sample of whole cell
lysate were used for Western blotting analysis of the total amount of
RhoA and Racl.

2.5. RNA interference

HUVEGs (3 x 10° cells/dish) were seeded into 35-mm dishes in
complete medium. After 24 h, the medium was replaced and cells were
transfected with Lipofectamine3000 (Invitrogen) and 20 nM siRNA ON-
TARGETplus Human RhoA SMARTpool siRNAs (L-003860-00-0005,
Dharmacon, Lafayette, CO, USA) per well in complete culture medium
with 15 % FBS. Cells transfection with ON-TARGETplus Non-targeting
Control Pool siRNA (D-001810-10-05, 20 nM Dharmacon) served as
negative control. After 72 h, RhoA protein levels were measured to
assess knockdown efficiency by western blotting. The effect of digitoxin
on cell migration in knockdown cells for RhoA was determined by
chemotaxis assay.

2.6. Chemotaxis assay

Chemotaxis experiments were performed in a 48-well modified
microchemotaxis chamber (Neuro Probe, Gaithersburg, MD, USA) using
8 pm polyvinylpyrrolidine-free polycarbonate filters coated with 10 pg/
ml collagen. Upper chambers were filled with 50 pl HUVEC suspension
(1.6x10° cells/mL in M199 supplemented with 1 % FBS and 100 IU/mL
heparin). Lower chambers were filled with complete culture medium.
For assessment of basal motility, M199 supplemented with 1 % FBS and
100 IU/mL heparin was added in the lower chamber. Tested compounds
(digitoxin, Y-27632) were added, as indicated in Results, both in the
upper and lower compartment. After 6 h incubation at 37 °C non-
migrating cells on the upper filter surface were removed by scraping.
The cells migrated to the lower side of the filter were stained with Diff-
Quick stain (VWR Scientific Products, Bridgeport, NJ, USA) and densi-
tometric analysis was performed using ImageJ 1,47v. Each experimental
condition was performed in sextuplicate. Results are reported as arbi-
trary units of O.D.

2.7. Analysis of phospho-p190RhoGAP levels

HUVECs (3x10°cells/well) were seeded in 35-mm dishes in complete
culture medium. The following day, fresh medium was added. After
reaching confluence, the medium was replaced with M199 supple-
mented with 1 % FBS and 100 IU/mL heparin for 16 h. Then cells were
treated with complete medium (15 % FBS) for 0.5-4 h in the presence or
absence of 25 nM digitoxin (added 1 h before cell medium change). At
the end of the treatment, cells were lysed and centrifugated. The su-
pernatants were collected for SDS-PAGE and Western blotting as
described below.

2.8. Western blotting

At the end of cell treatments (for analysis of phospho-p190RhoGAP
levels) or siRNA transfection, cells were lysed with lysis buffer (PBS
supplemented with 1.2 % Triton X-100, 1X Roche cOmpleteTM inhibitor
cocktail, 2.5 mM NaF, 2 mM sodium pyrophosphate, 4 mM Na ortho-
vanadate, 1 mM PMSF). After centrifugation at 10000 x g for 15 min,
supernatants were collected and proteins quantification was performed
by the BCA assay (Euroclone, Milan, Italy).

Cell lysates (20-40 pg) were separated on 10 % SDS-PAGE and
transferred onto PVDF membranes (Hybond-P, Amersham, Little Chal-
font, UK). Membranes were then blocked and probed for specific
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proteins using the following primary antibodies: rabbit anti-RhoA
(2117, 1:1000 Cell Signaling Technology, Danvers, MA, USA); mouse
anti-Racl (16118, 1:1000, Thermo Fisher Scientific); rabbit anti-
phospho-p190RhoGAP Tyr 1105 (PA5-36713, 1:1000, Thermo Fisher
Scientific); rabbit anti-GAPDH (ab181602 1: 10,000 Abcam, Cambridge,
UK); mouse anti-B-actin (SC-47778, 1:1000, Santa Cruz Biotechnology
Inc., Dallas, TX, USA). After washing, membranes were incubated with
appropriate secondary HRP-conjugated antibodies (Vector Laboratories,
Burlingame, CA, USA) at 1:5000 dilution. Bands were detected by
chemiluminescence using the Clarity Western ECL substrate (Bio-Rad,
Hercules, California, USA). Images were acquired with C400 Azure
Imaging System (Azure Biosystem, Dublin, CA, USA). Densitometric
analysis of the bands was performed with Image J 1,47v. Data are
expressed as arbitrary units of optical density (O.D.).

2.9. Capillary-like tube formation assay

HUVECs (8x10° cells/well) were plated onto a thin layer (50 ul) of
basement membrane matrix (Matrigel™, Corning Corp., Corning, NY,
USA) in 96-well plates and incubated at 37 °C for 4 h in complete culture
medium with digitoxin (10 nM) in the presence or absence of Y-27632
(10 pM), a selective inhibitor of Rho associated coiled-coil containing
protein kinase (ROCK). One image per well was captured at 40X with a
phase contrast inverted microscope (Nikon Eclipse Ti, Shinagawa,
Tokyo, Japan) equipped with a digital camera. Images were analysed
using Angiogenesis Analyzer, a plugin developed for the ImageJ soft-
ware [25]. Data on topological parameters (number of junctions, num-
ber of meshes, and mesh area) of the capillary-like network were
analysed in each well.

2.10. Time course of intracellular ROS levels

The time course of intracellular ROS accumulation in intact cells was
determined using 2',7-dichlorfluorescein-diacetate (DCFHDA). HUVECs
(2x10* cells/well) were plated in white 96-well plates (ViewPlate, Per-
kin Elmer, Whaltman, MA, USA) in complete medium. The following
day, cells were incubated for 30 min at 37 °C with 10 uM DCFHDA in
physiological salt solution (PSS, 140 mM NaCl, 5.9 mM KCl, 1.8 mM
CaCly, 1.4 mM MgCl,-6H20, 1.2 mM NaH,POy4, 5.5 mM glucose, 5 mM
HEPES). Cells were carefully washed with PSS with 10 % FBS and
incubated in the presence or absence of digitoxin (1-25 nM) in PSS
containing 10 % FBS. Fluorescence was measured (485 nm excitation
and 535 nm emission) with a multilabel plate reader (Victor2, Perkin
Elmer/Wallac) at 37 °C for 90 min, at 5-min intervals. Fluorescence was
expressed as the percentage increase of the signal measured at time 0.
Each experimental condition was performed in quadruplicate. Selected
experiments were performed with diphenyleneiodonium chloride (DPI,
10 pM) or VAS2870 (10 pM); intracellular ROS produced over time was
expressed as area under the curve (AUC) of DCFHDA fluorescence for
each experimental condition.

2.11. Measurement of mitochondrial ROS by flow cytometry

Mitochondrial ROS were detected by labelling the cells with Mitosox
(Thermo Fisher Scientific). HUVECs (3x10°cells) were seeded in 35-mm
dishes in complete culture medium. The following day, fresh medium
was added, cells were loaded with Mitosox (5 pM, 10 min) and stimu-
lated with digitoxin (10 nM) or FCCP (5 pM) for 60 min. At the end of
treatments, cells were harvested and analysed with a FacsCanto II flow
cytometer (BD Biosciences, Allschwil, Switzerland), recording at least
10,000 events for each sample. Data were analysed using the FacsDiva
software (BD Biosciences). Results are expressed as geometric mean
fluorescence intensity of cells.
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2.12. Statistical analysis

Results are presented as mean values, with error bars representing
the standard error of the mean value (SEM). Statistical analysis from at
least 3 independent experiments was performed using GraphPad Prism 8
(GraphPad Software Inc., La Jolla, CA, USA). The differences between
control and experimental groups were analysed by Student’s t-test, one-
way ANOVA followed by post hoc tests, or two-way ANOVA as detailed
in the figure legends. A P value of < 0.05 was considered statistically
significant.

3. Results

3.1. Digitoxin induced RhoA activation and stress fibers formation in
HUVECs

To test the effect of digitoxin on HUVEC cytoskeleton, we performed
phalloidin staining of actin filaments. As shown in Fig. 1A, digitoxin (10
nM) treatment for 2 h resulted in the assembly of long parallel arrays of
actin stress fibers that extended throughout the cell. We observed a
similar pattern of cytoskeletal organization in HUVECs treated with
CNFY (Y. pseudotuberculosis cytotoxic necrotizing factor), a toxin known

A control

digitoxin

— o —

s —— 3 Ctive RhOA (22 kDa)

M — —— —
total RhoA (22 kDa)

Ctr 0.1 1 10
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to be a strong and selective activator of RhoA [24].

We next determined the effect of digitoxin on RhoA and Racl, whose
differential spatiotemporal activation is required for cell movement.
Using a Rhotekin pull-down assay, we observed that 10 nM digitoxin
increased the levels of activated RhoA; the effect was detectable after 30
min and persisted after 6 h of treatment (Fig. 1B). Moreover, concen-
tration-response experiments showed that at 2 h RhoA was already
activated by 1 nM digitoxin (Fig. 1C). On the contrary, digitoxin did not
affect Racl activity at any time and concentration assessed, as demon-
strated by Pakl pull-down assay (Fig. 1D-E). The persistent RhoA
stimulation, along with the lack of Racl activation, are in accord with
the inhibition of HUVEC migration by digitoxin previously reported by
our group [12,13].

3.2. Inhibition of RhoA/ROCK pathway antagonized the effect of
digitoxin on HUVEC migration and capillary-like tube formation

To assess the specific involvement of RhoA in the antimigratory ef-
fect of digitoxin, we performed some experiments in HUVECs with
siRNA-mediated knockdown of RhoA. Control cells were transfected
with nontargeting siRNA (scramble). As shown in Fig. 2A, siRNA
transfection resulted in the efficient knockdown of the protein (-80 %).

B
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Fig. 1. Effect of digitoxin on actin organization and RhoA and Racl activation in HUVECs. A) Representative confocal fluorescence images showing actin staining in
HUVECs. HUVECs were grown on glass coverslips in complete culture medium and treated with 10 nM digitoxin or 1 nM CNFY (Y. pseudotuberculosis cytotoxic
necrotizing factor) for 2 h. At the end of the treatment, cells were fixed and stained with rhodamine-phalloidin as described in Methods. Upper images 20x objective
(scale bar 50 pm), lower images 100x objective (scale bar 10 um). B-E) Effect of digitoxin on RhoA and Racl activation in HUVEGs. Cells were treated with 10 nM
digitoxin in complete culture medium for the indicated time (B, D), or with 0.1-10 nM digitoxin for 2 h (C, E). Afterwards, cells were lysed and pull-down of activated
RhoA or Raclwas performed as described in Methods. Upper panels: representative blots showing active and total GTPases. Lower panels: densitometric analysis of
active RhoA normalized to the total amount of RhoA (B, C) or active Racl normalized to the total amount of Racl (D, E); O.D: optical density in arbitrary units, Ctr:
control. Data are the mean + SEM of n = 3 (B, C, D) or n = 4 (E), One-way ANOVA, Dunnett’s post-test: *P < 0.05, **P < 0.01 (vs Ctr).
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Fig. 2. Effect of RhoA silencing and ROCK inhibition on the antimigratory effect of digitoxin in HUVECs. A-B) HUVECs were transfected with 20 nM siRNA targeting
RhoA or with nontargeting siRNA (scramble) for 72 h as described in Methods. Untreated: cells not transfected. A) Western blotting analysis of cell lysates was
performed as described in Methods. Upper panel: representative blots of RhoA and GAPDH (loading control). Lower panel: densitometric analysis of RhoA bands,
normalized to GAPDH expression; O.D: optical density in arbitrary units. Data are expressed as mean + SEM, n = 3, One-way ANOVA, Bonferroni’s post-test ** P <
0.01. B) Cell migration in response to complete medium (15 % FBS) was measured in RhoA knockdown cells using a microchemotaxis chamber as described in
Methods. Basal: cell migration in the absence of a chemotactic gradient (1 % FBS cell medium in both upper and lower chambers). Where indicated digitoxin (25 nM)
was added in both upper and lower chambers. Upper panels: representative images of a stained filters after 6 h migration. Lower panels: densitometric analysis of
stained filters (O.D., optical density in arbitrary units). Data are expressed as mean + SEM, n = 3-4. One-way ANOVA, Bonferroni’s post-test, ***P < 0.001, ** P <
0.01, *P < 0.05, ns non-significant. C) HUVEC migration in response to complete medium (15 % FBS) was measured in a microchemotaxis chamber in the absence or
presence of digitoxin (0-25 nM) as described in B. Where indicated, Y-27632 (10 uM) was added to cell culture medium. Upper panel: representative image of a
stained filter after 6 h migration. Lower panel: densitometric analysis of stained filters. Data are expressed as mean + SEM, n = 5. One-way ANOVA, Bonferroni’s

post- test: ### P < 0.001 (vs basal), ** P < 0.01 (vs 15 % FBS), §§§ P < 0.001 and § P < 0.05 (vs digitoxin alone).

Silencing of RhoA showed a non-significant increase of HUVEC migra-
tion towards a chemotactic stimulus (complete cell culture medium)
(Fig. 2B). More important, digitoxin (25 nM) inhibited cell migration in
control cells while in RhoA-depleted HUVECs the antimigratory effect of
digitoxin was antagonized (Fig. 2B, right panels).

The serine-threonine kinase ROCK is the major effector of RhoA and
participates in RhoA-induced actin organization [26]. In fact, trans-
fecting cells with constitutively active ROCK promotes formation of
stress fibers and focal adhesions, whereas truncated or kinase inactive
ROCK mutants are associated with disassembly of these cytoskeletal
structures [27]. To evaluate the involvement of RhoA/ROCK axis in the
effect of digitoxin on HUVEC migration, we used Y-27632, a selective
ROCK inhibitor [28]. As shown in Fig. 2C, digitoxin (10-25 nM)
inhibited HUVEC migration toward the chemotactic stimulus, and the
presence of Y-27632 (10 pM) counteracted the inhibitory effect of
digitoxin on HUVEC migration.

To further analyse the involvement of ROCK in the antiangiogenic
activity of digitoxin, we evaluated the effect of Y-27632 on capillary-like
tube formation, an in vitro test that recapitulates some steps of the

angiogenic process (migration and extracellular matrix degradation). As
shown in Fig. 3, digitoxin (10 nM) reduced capillary-like tubes of
HUVECs, expressed as number of junctions, number of meshes and total
mesh area. Notably, the effect of digitoxin was antagonized by Y-27632
(10 pM).

Overall, these results suggest that the antimigratory and anti-
angiogenic effects of digitoxin are dependent on the activation of the
RhoA/ROCK pathway.

3.3. Digitoxin treatment was not associated with decreased p190RhoGAP
phosphorylation

We have previously shown that inhibition of cell migration induced
by digitoxin is associated with the reduction of FAK activation [12,13].
Furthermore, it has been reported that FAK phosphorylates p190Rho-
GAP at Tyr 1105, which enhances GAP activity, leading to RhoA inac-
tivation [17,29]. Therefore, we explored whether digitoxin reduces
P190RhoGAP phosphorylation at Tyr1105. Unexpectedly, in conditions
that promoted FAK activation in HUVECs, we observed a small increase
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meshes, number of junctions, and mesh area) as determined using Angiogenesis Analyser (ImageJ). Data are expressed as mean + SEM, n = 5, T-test: *P < 0.05

(Df 8).

(not significant) of p190RhoGAP Tyr1105 phosphorylation that was not
affected by digitoxin treatment (Fig. 4). These results suggest that
mechanisms other than decreased p190RhoGAP activity are involved in
RhoA activation by digitoxin.

3.4. Digitoxin increased intracellular ROS and RhoA activation by a
NOX-dependent mechanism

Rho GTPases both regulate and are regulated by ROS, and evidence
of either indirect or direct regulation of RhoA activation by ROS has
been reported [22,23]. Moreover, we have previously shown that
autophagic cell death induced by the CG ouabain in non-small cell lung
cancer cells was associated with increased intracellular ROS levels [6].
However, the effect of digitoxin on ROS production and RhoA regulation
in endothelial cells remains unexplored.

We first observed that HUVECs treated with digitoxin exhibited a
concentration and time-dependent increase of intracellular ROS,
reaching maximal levels after 1 h (Fig. 5A). To assess whether ROS
produced by digitoxin were of mitochondrial origin, we performed flow
cytometric analysis in HUVECs loaded with Mitosox, a selective mito-
chondrial superoxide indicator. Mitosox fluorescence was enhanced by
the mitochondrial uncoupler FCCP but it was not affected by digitoxin
treatment (10 nM for 1 h), indicating that mitochondria were not
involved in digitoxin-induced ROS elevation (Fig. 5B). Conversely, pre-
treatment of HUVECs with the flavoprotein inhibitor DPI (10 uM) or the
pan-NOX inhibitor VAS-2870 (10 uM) [30] abolished digitoxin-induced
ROS production (Fig. 5C), suggesting the involvement of NOXs in this
process.

Therefore, to evaluate the role of NOXs on RhoA activation by
digitoxin, we carried out pull-down experiments in HUVECs pre-treated
with DPI or VAS-2870. As shown in Fig. 6, both inhibitors prevented the

increase of active RhoA in digitoxin-treated cells. Collectively, these
data indicate that endothelial NOX-derived ROS play a major role in
RhoA activation by digitoxin.

4. Discussion

Rho family GTPases play a crucial role in the control of cell-cell and
cell-extracellular matrix adhesions, as well as in cell migration, by
regulating the dynamic formation and disassembly of actin fila-
ment-based structures (including lamellipodia, filopodia, invadopodia)
that allow the cell to move in response to extracellular stimuli [31].
These functions of Rho GTPases are evident in endothelial cells
throughout all processes involved in angiogenesis, such as vascular
permeability, extracellular matrix degradation, cellular migration, pro-
liferation, and lumen formation [32]. Furthermore, due to their
involvement in migration and invasion of cancer cells, Rho GTPases
could be potential targets for combined antiangiogenic and antimeta-
stasis therapy [32,33].

In the present study, we show that digitoxin promotes RhoA acti-
vation and the formation of stress fibers in HUVECs. The persistent RhoA
stimulation together with the lack of Racl activation are in accord with
the inhibition of HUVEC migration previously observed [12]. In fact,
during cell migration, a coordinated spatiotemporal activation/inacti-
vation of different Rho GTPases is required to regulate the actin cyto-
skeleton organization, resulting in a forward force at the front of the cell,
while adhesion forces are disrupted at the rear of the cell. Specifically,
Racl regulates the formation of lamellipodial membrane protrusions at
the front and, along with Cdc42 (which is implicated in filopodia for-
mation), permits directional migration. On the other hand, RhoA pro-
motes the formation of stress fibers at the rear of the cell, whose
contraction enables forward movement [34,35]. Therefore, transient
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Fig. 4. Effect of digitoxin on p190RhoGAP phosphorylation. After overnight incubation with low-serum medium (1 % FBS), HUVECs were exposed to complete
medium (15 % FBS) for 0.5-4 h; where indicated, the cells were treated with digitoxin (25 nM, added 1 h before cell medium change). At the end of the treatment,
cells were lysed and subjected to Western blotting analysis as described in Methods. Upper panel: representative blots of phospho-p190RhoGAP Tyr1105 and beta-
actin (loading control). Lower panel: densitometric analysis of the phospho-p190RhoGAP bands, normalized to beta-actin expression; O.D: optical density in arbitrary
units. Data are expressed as mean + SEM, n = 4, One-way ANOVA, Tukey’s post-hoc test, non-significant.

RhoA activation is required for cell migration, whereas sustained RhoA
activity impedes migration [18-20]. In line with this evidence, we
observed that knockdown of RhoA antagonizes the effect of digitoxin on
HUVEC migration. Furthermore, inhibition of ROCK, the main RhoA
effector, with Y-27632 restores HUVEC migration and capillary-like
tube formation in digitoxin-treated cells, suggesting that prolonged
RhoA activation is centrally involved in the antimigratory and anti-
angiogenic effects of digitoxin. Pharmacological inhibition of ROCK
appears to have a higher efficacy in antagonizing the functional effects
of digitoxin, especially that on tube formation. Besides RhoA, other
members of the Rho subfamily such as RhoB and RhoC could activate
ROCK to phosphorylate multiple downstream targets and influence
endothelial barrier function and angiogenesis [36-38]. Future studies
will clarify if and to what extent RhoB and Rho C contribute to the effects
of digitoxin.

Previous research showed that ROCK acts as a negative regulator of
VEGF-mediated angiogenesis [39]. More recently, it has been shown
that increased RhoA activity has the potential to trigger antiangiogenic
effects independently of ROCK [40]. In line with these studies, our
findings provide the first evidence of digitoxin’s ability to activate the
RhoA/ROCK pathway and its consequences on endothelial function. It
should be mentioned that other studies on the effects of pharmacological
inhibition of ROCK reported opposite results, namely an antiangiogenic
activity [41,42]. In addition, ROCK activation by CGs (ouabain, digoxin,
bufalin) in HUVECs and cancer cell lines have been reported to cause cell
detachment or morphological alterations associated with senescence
[43-45]. These conflicting data on the functional role of ROCK could be
dependent on the type of inhibitor and the concentration used, and/or

the level of RhoA activation in different experimental models [46].

We have previously shown that the effects of digitoxin on cell
migration were accompanied by FAK inhibition [12,13,47]. It is known
that FAK negatively regulates RhoA activity via phosphorylation and
activation of p190RhoGAP, which catalyses the hydrolysis of GTP to
GDP and inactivates the GTPase [17,29]. Accordingly, Holinstat et al.
showed that FAK phosphorylates and activates endothelial p190Rho-
GAP, leading to RhoA suppression, while the inhibition of FAK by the
dominant negative FAK construct FRNK promotes RhoA activation and
stress fibers formation [48]. For this reason, we hypothesized that
stimulation of RhoA by digitoxin could be dependent on a reduction of
p190RhoGAP activation. We specifically evaluated the effect of the
glycoside on phospho-p190RhoGAP at Tyr1105, a phosphorylation site
targeted by FAK and associated with an increase of GAP activity. Un-
expectedly, we found that digitoxin did not change phospho-
p190RhoGAP Tyr 1105 levels in HUVEGCs, thus indicating that RhoA
activation and FAK inhibition in digitoxin-treated cells are two inde-
pendent events. This prompted us to investigate other possible mecha-
nisms of RhoA activation by digitoxin.

It is widely accepted that Na™/K'-ATPase may act as a plasma
membrane receptor leading to the activation of multiple signalling
pathways that are independent from its well-known pumping function
[49]. Indeed, CG binding to Na'/K"-ATPase induce activation of diverse
signalling cascades and second messengers, including ROS [7,9].
Moreover, apart from the canonical regulation of Rho GTPases activity
by GEFs, GAPs and GDIs, there is increasing evidence of both indirect
and direct regulation of RhoA activity by ROS [22,23]. Therefore, we
explored if ROS participate in RhoA activation by digitoxin in HUVECs.
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Fig. 5. Effect of digitoxin on ROS production in HUVECs. A) Time course determination of intracellular ROS in HUVECs seeded in 96-well plates, loaded with
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0.01 (vs control), one-way ANOVA, Dunnett’s post-test. C) Intracellular ROS accumulation was determined in HUVECs loaded with DCFHDA and treated with
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ANOVA, Bonferroni’s post-test: *P < 0.05 (vs control), §P < 0.05 (vs digitoxin).

First, we observed that digitoxin induced a concentration-dependent
increase of intracellular ROS, reaching maximal levels after 1 h of
treatment. We excluded mitochondria as the source of ROS using the
selective fluorescent probe Mitosox. Pioneering studies from Xie’s group
showed that ouabain-induced hypertrophy and contraction of rat car-
diac myocytes were dependent on mitochondrial ROS [50,51], but other
sites of ROS production have been described [1,52-54]. Considering
that NOXs represent the major source of ROS in endothelial cells [55],
we performed selected experiments in the presence of NOXs inhibitors
[30] and found that the increase of ROS induced by digitoxin was
abolished by pre-treatment with either the flavoprotein inhibitor DPI or
the pan-NOX inhibitor VAS-2870. Notably, these inhibitors prevented
the increase of active RhoA in digitoxin-treated HUVECs, thus high-
lighting the relevance of NOX-derived ROS as regulators of RhoA acti-
vation by digitoxin.

Vascular endothelial cells express four NOX isoforms (NOX1, NOX2,
NOX4 and NOX5), but the lack of selective inhibitors impedes a phar-
macological characterization of the isoform implicated in the digitoxin
mechanism [55,56]. ROS production by NOX1 and NOX2 requires the
association with activated Racl [57]; since we did not observe Racl
stimulation during digitoxin treatment, we hypothesize that these iso-
forms do not contribute to RhoA activation by digitoxin. Interestingly,
NOXS5 is activated by Ca®" increase, a relevant cellular event induced by
CG binding to Na'/K"-ATPase [1]. Furthermore, Collado et al have
demonstrated that RhoA activation triggered by angiotensin II is the
consequence of NOX5-mediated ROS generation in human endothelial
cells [58]. Further studies will determine the NOX isoform involved in
ROS production by digitoxin and the molecular basis of the different
functional effects of other CGs such as ouabain and digoxin.

Redox regulation of RhoA has been previously reported and several
mechanisms pointing to either activation or inhibition of the GTPase

have been described. For example, constitutively active Racl increases
ROS levels in Hela cells, eventually downregulating RhoA activity
through a mechanism that involves the phosphorylation and activation
of p190RhoGAP [59]. On the other hand, ROS could activate RhoA
indirectly (namely through PKC-dependent phosphorylation and acti-
vation of p115RhoGEF) or by direct oxidation of RhoA protein, resulting
in post-translational modifications [22]. In fact, biochemical studies
have demonstrated that RhoA has a redox-sensitive motif, containing
two cysteine residues (Cys'® and Cys?°) located directly adjacent to the
phosphoryl-binding loop, and that oxidation of either residues could
enhance GDP release and nucleotide exchange (GTP binding), thus
increasing RhoA activity [60,61]. In accord with these findings, Agha-
janian and colleagues have demonstrated that both cysteine residues of
the redox-sensitive motif are essential for direct activation of RhoA by
ROS in rat fibroblasts [62]. Finally, Dada et al. have shown that exog-
enous H,05 promotes RhoA activation and stress fibers formation in
lung cancer cells, and that ROS-induced RhoA/ROCK activation leads to
Na'/K"-ATPase endocytosis [63]. Future experiments will clarify
whether RhoA activation by digitoxin is mediated by ROS directly
through post-translational modifications or indirectly through other
redox-sensitive protein regulators of RhoA activity.

In conclusion, our results provide evidence that inhibition of HUVEC
migration and capillary-like tube formation by digitoxin is dependent on
ROS production by endothelial NOX, which leads to the activation of
RhoA/ROCK pathway. The relevance of these findings might go beyond
the inhibition of angiogenesis. By targeting proteins involved in cyto-
skeletal organization and cell motility, digitoxin likely prevents cancer
cell invasion, overall providing a wider anticancer effect.
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Fig. 6. Effect of NOX inhibitors on digitoxin-induced RhoA activation in
HUVECs. HUVECs were treated with digitoxin (10 nM) in complete culture
medium for 2 h in the presence or absence of 10 uM DPI or 10 uM VAS-2870
(added 30 min before digitoxin). At the end of the treatment, cells were lysed
and pull-down of active RhoA was performed as described in Methods. Upper
panel: representative blots showing active and total RhoA. Lower panel:
densitometric analysis of active RhoA bands, normalized to the total amount of
RhoA; O.D: optical density in arbitrary units. Data are expressed as mean =+
SEM, n = 4; One-way ANOVA, Tukey’s post-test: *P < 0.05 (vs control); §§ P <
0.01 (vs digitoxin).
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