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Active RhoA Exerts an Inhibitory Effect on
the Homeostasis and Angiogenic Capacity
of Human Endothelial Cells

Michael Hauke, MSc; Robert Eckenstaler “/, PhD; Anne Ripperger, MSc; Anna Ender; Heike Braun, PhD;
Ralf A. Benndorf“=, MD

BACKGROUND: The small GTPase RhoA (Ras homolog gene family, member A) regulates a variety of cellular processes, in-
cluding cell motility, proliferation, survival, and permeability. In addition, there are reports indicating that RhoA-ROCK (rho
associated coiled-coil containing protein kinase) activation is essential for VEGF (vascular endothelial growth factor)-mediated
angiogenesis, whereas other work suggests VEGF-antagonistic effects of the RhoA-ROCK axis.

METHODS AND RESULTS: To elucidate this issue, we examined human umbilical vein endothelial cells and human coronary artery
endothelial cells after stable overexpression (lentiviral transduction) of constitutively active (G14V/Q63L), dominant-negative
(T19N), or wild-type RhoA using a series of in vitro angiogenesis assays (proliferation, migration, tube formation, angiogenic
sprouting, endothelial cell viability) and a human umbilical vein endothelial cells xenograft assay in immune-incompetent NOD
scid gamma mice in vivo. Here, we report that expression of active and wild-type RhoA but not dominant-negative RhoA sig-
nificantly inhibited endothelial cell proliferation, migration, tube formation, and angiogenic sprouting in vitro. Moreover, active
RhoA increased endothelial cell death in vitro and decreased human umbilical vein endothelial cell-related angiogenesis in
vivo. Inhibition of RhoA by C8 transferase antagonized the inhibitory effects of RhoA and strongly enhanced VEGF-induced
angiogenic sprouting in control-treated cells. In contrast, inhibition of RhoA effectors ROCK1/2 and LIMK1/2 (LIM domain ki-
nase 1/2) did not significantly affect RhoA-related effects, but increased angiogenic sprouting and migration of control-treated
cells. In agreement with these data, VEGF did not activate RhoA in human umbilical vein endothelial cells as measured by a
Forster resonance energy transfer—based biosensor. Furthermore, global transcriptome and subsequent bioinformatic gene
ontology enrichment analyses revealed that constitutively active RhoA induced a differentially expressed gene pattern that
was enriched for gene ontology biological process terms associated with mitotic nuclear division, cell proliferation, cell motil-
ity, and cell adhesion, which included a significant decrease in VEGFR-2 (vascular endothelial growth factor receptor 2) and
NOSS3 (nitric oxide synthase 3) expression.

CONCLUSIONS: Our data demonstrate that increased RhoA activity has the potential to trigger endothelial dysfunction and an-
tiangiogenic effects independently of its well-characterized downstream effectors ROCK and LIMK.
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members in mammals and was first described RhoA (Ras homolog gene family, member A), regu-
>3 decades ago.! Rho family members, such late diverse signaling effectors as well as cellular and
as Cdc42 (cell division control protein 42 homolog), (patho)physiological functions (eg, cell division, cell

The family of small Rho GTPases comprises =20 Rac1 (Ras-related C3 botulinum toxin substrate 1), and
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RhoA and Angiogenic Capacity of Endothelial Cells

CLINICAL PERSPECTIVE

What Is New?

This study demonstrates that increased RhoA
(Ras homolog gene family, member A) activity
has the potential to trigger endothelial dysfunc-
tion and antiangiogenic effects independently
of its well-characterized downstream effectors
ROCK (rho associated coiled-coil containing
protein kinase) and LIMK (LIM domain kinase).
This way, increased RhoA activity could con-
tribute to the pathogenesis of cardiovascular
disease.

What Are the Clinical Implications?

The targeted use of specific RhoA inhibitors
may represent a novel strategy for the preven-
tion and treatment of atherosclerotic vascular
disease and its complications.

PECAM1 platelet endothelial cell adhesion
molecule 1

Pl propidium iodide

PKN1/2 protein kinase N1/N2

Rac1 Ras-related C3 botulinum toxin
Substrate 1

RhoA,B,C Ras homolog gene family, member
AB,C

RNA-seq RNA sequencing

ROCK rho associated coiled-coil containing
protein kinase

VEGF vascular endothelial growth factor

VEGFR-2 vascular endothelial growth factor
receptor 2

VPF vascular permeability factor

VSV-G vesicular stomatitis virus glycoprotein

Nonstandard Abbreviations and Acronyms

AQP1 aquaporin 1

BrdU 5-bromo-2’-deoxyuridine

CD31/34 cluster of differentiation 31/34

Cdc42 cell division control protein 42
homolog

CXCL8 C-X-C motif chemokine 8=interleukin
8

DIAPH1/2  diaphanous-related formin

eNOS endothelial NO synthase

FELASA Federation of European Laboratory
Animal Science Associations

FRET Forster resonance energy transfer

GAPs GTPase-activating proteins

GDI guanosine diphosphate—dissociation
inhibitors

GEFs guanine nucleotide exchange factors

GO gene ontology

HCAEC human coronary artery endothelial
cells

HDAC9 histone deacetylase 9

HMG CoA 3-hydroxy-3-methylglutaryl coenzyme
A

HUVEC human umbilical vein endothelial
cells

ITGB4 integrin subunit 3 4

Ki-67 Kiel-67

LIMK LIM domain kinase

LX7101 LIMK2 inhibitor

NOS3 nitric oxide synthase 3
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migration, wound healing, or immune surveillance). By
switching between 2 conformational states, a guano-
sine triphosphate (GTP)-bound active state and a gua-
nosine diphosphate—bound inactive state, they act as
molecular switches of signal transduction.?® In their
active state, Rho GTPases recognize effector proteins
and elicit a response until GTP hydrolysis returns them
to their inactive state. This cycle is mainly controlled
by GEFs (guanine nucleotide exchange factors) and
GAPs (GTPase-activating proteins). Interaction of Rho
GTPases and GEFs induces exchange of guanosine
diphosphate for GTP, whereas GAPs promote rapid
GTP hydrolysis. To maintain Rho GTPases in their inac-
tive cytosolic conformation, Rho GDIs (Rho guanosine
diphosphate—dissociation inhibitors) interact with the
GTPase and prevent nucleotide exchange and mem-
brane association.*®

RhoA, RhoB, and RhoC form the Rho subfamily
within the Rho GTPase family. These 3 highly homolo-
gous proteins have an amino acid identity of about 88%
and are therefore structurally similar.” Nevertheless,
they differ on the functional level. RhoA and RhoC are
mainly localized to the plasma membrane or in the cy-
toplasm, whereas RhoB is thought to be found mainly
on the cytosolic side of early endosomes and in prely-
sosomal compartments.®® All 3 isoforms are well char-
acterized with respect to their role in cancer biology.
RhoA acts as a stimulator of cell cycle progression, mi-
gration, and invasion,'® whereas RhoC induces lamel-
lipodia expansion through cytoskeletal reorganization,
which promotes cancer cell metastasis." In contrast,
RhoB appears to function as a tumor suppressor, as
evidenced by reduced RhoB expression in various
cancer cell types.'?

Rho isoforms not only control cancer growth
and metastasis, but may also regulate blood vessel
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formation in cancer and also play a role in the patho-
genesis of endothelial dysfunction in the context of
cardiovascular disease.'®"® Therefore, their influence
on physiological and pathophysiological blood vessel
formation and endothelial homeostasis is the subject of
current research efforts.'®'® The best-studied member
of the Rho family in this regard is RhoA, which may play
a role as a VEGF (vascular endothelial growth factor)-
induced effector of endothelial cell migration, prolifer-
ation, and cell adhesion. In this context, however, it is
important to note that it remains controversial whether
VEGF actually activates RhoA in human endothelial
cells.'*18-19 |n addition, several studies have shown
that RhoA is an important regulator of vascular leak-
age and transendothelial migration of leukocytes.?%?!
After activation of RhoA, the GTPase causes disruption
of endothelial barrier function by stimulating its down-
stream effectors Rho-dependent kinases ROCK1 and
ROCK?2 (rho associated coiled-coil containing protein
kinase 1 and 2), phosphorylation of myosin light chain,
and formation of stress fibers.?>?® Moreover, Rho-
dependent kinases subsequently activate LIMK1 and
LIMK2 (LIM-domain kinases 1 and 2) by phosphoryla-
tion, which thus leads to phosphorylation of the actin-
regulatory protein cofilin. By stimulating the ROCK/
LIMK/cofilin axis, RhoA contributes to the reorganiza-
tion of the actin cytoskeleton.?* Nevertheless, contro-
versial data have been published on the role of RhoA
in VEGF-mediated endothelial cell migration,!®:17:25.26
tubulogenesis,?”?® and cell survival,?®3° as well as on
the importance of RhoA for neovascularization pro-
cesses in vivo.®"¥ To elucidate the role of RhoA in
human endothelial cell morphogenesis, survival, and
function, we used a systematic approach in which we
induced stable overexpression of constitutively active
or dominant-negative RhoA variants or RhoA wild-type
in human endothelial cells and then analyzed the an-
giogenic capacity of these cells in vitro and in vivo. In
our work, we clearly demonstrate that an increase in
RhoA activity induces antiangiogenic effects in human
endothelial cells of arterial and venous origin, whereas
expression of the dominant-negative variant has no or
rather a stimulatory effect on VEGF-dependent endo-
thelial cell functions. Consistent with these findings,
the Rho inhibitor C3 transferase strongly stimulated
endothelial angiogenic sprouting. Moreover, phar-
macological inhibition of ROCK (Y-27632) as well as
LIMK2 (LX7101) increased angiogenic sprouting and
the migration speed of human endothelial cells.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. RNA sequencing (RNA-seq) data that
support the findings of this study have been deposited
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in the US National Library of Medicine, National Center
for Biotechnology Information Sequence Read Archive
under the accession code GSE182806.

All chemicals and reagents were purchased from
Sigma-Aldrich (St. Louis, MO), unless stated other-
wise. Recombinant human VEGF-A was obtained
from PeproTech (Rocky Hill, NJ). We bought the C3
transferase from Cytoskeleton (number CT04-A;
Denver, CO), the LIMK2 inhibitor LX7101 from Lexicon
Pharmaceuticals (The Woodlands, TX), the LIMK1
inhibitor BMS4 from Axon Medchem (Reston, VA),
and the ROCK inhibitor Y-27632 from Santa Cruz
Biotechnology (Dallas, TX). The validated RhoA bio-
sensor was kindly provided by Jaap van Buul (Sanquin
Research, Amsterdam, the Netherlands) and Yi Wu
(Uconn Health, Farmington, CT)."

Cell Culture and Lentiviral Transduction of
Human Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) and
human coronary artery endothelial cells (HCAEC) were
purchased from PromoCell and passaged in endothe-
lial cell growth medium (PromoCell) on gelatin-coated
multiwell plates or in cell culture flasks according to
the manufacturer’s specifications at 37 °C in humidi-
fied air with 5% CO,. Transduction of HUVEC and
HCAEC was performed with VSV-G (vesicular stoma-
titis virus glycoprotein)—pseudotyped lentiviral particles
derived from the transfer plasmid pHIV-SFiG-1335 (a
kind gift from Dr Boris Fehse, Department of Stem Cell
Transplantation, University Medical Center Hamburg-
Eppendorf, Hamburg, Germany). To enable over-
expression of dominant-negative (T19N-mutated),
wild-type, or constitutively active (G14V/Q63L) RhoA
(NP_001655.1), 3x-hemagglutinin-tagged and codon-
optimized transcripts of the respective RhoA variants
were cloned into the pHIV-SFiG-R135 backbone. For
overexpression of the different RhoA mutants or the
reporter eGFP (enhanced green fluorescent protein)
alone as an adequate transduction control (pHIV-
SFiG-1335), HUVEC or HCAEC (passages 2-5) were
infected with a multiplicity of infection of 500, unless
stated otherwise. Infected cells were cultured for at
least 48 hours before functional or gene expression
analyses. In all experiments, RhoA overexpression was
determined by Western blot analyses. Transduction
efficiency was additionally determined flow cytometri-
cally by detection of the coexpressed reporter protein
eGFP in endothelial cells. Transduction efficiency was
generally around 80%.

Production, Purification, and Titer
Determination of Lentiviral Vectors

Production, purification, and titration of lentiviral vec-
tors were performed as described previously.®® Shortly,
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human embryonic kidney cells, 293T cell line T cells
were seeded in 150 cmz2 dishes at a density of 8*10°
cells per dish in DMEM high-glucose medium supple-
mented with 10% FCS, 1% penicillin-streptomycin mix,
and 1% GlutaMAX. After 24 hours, the cells were used
for transfection at =40% confluence. Six milliliters of
transfection mix per dish contained the transfer vec-
tor (60 pg), the VSV-G envelope-expressing plasmid
pMD2.G (21 pg), the second-generation lentiviral pack-
aging plasmid psPAX2 (39 pg), 2 M CaCl,, water, and
2x HEPES-buffered saline at a pH 7.07. Chloroquine
at a final concentration of 25 pmol/mL was added to
the medium right before transfection. The medium was
changed once 20 hours after transfection. Two days
after transfection, the cell supernatant was collected,
centrifuged (500g, 10 minutes), and filtered (pore size
0.45 um). The filtered supernatant was mixed in centri-
fuge beakers with 50% polyethylene glycol 6,000, 4 M
NaCl, and 1x PBS. The mixture was stored at 4 °C
for 90 minutes, and the beakers were shaken every
30 minutes. For concentration of lentiviral particles, the
suspension was centrifuged (7000g, 10 minutes, 4 °C),
and the pellet was resuspended in 50 mM Tris-HCI, pH
7.4. Lentiviral preparations were stored at —80 °C.

Lentiviral vector titers were determined by flow cy-
tometry (Attune Acoustic Focusing flow cytometer;
ThermoFisher Scientific, Waltham, MA). For this pur-
pose, 3x10* HUVEC per well were plated in gelatin-
coated 12-well plates (Greiner) and transduced with
certain amounts of virus suspension. Forty-eight hours
after transduction, cells were harvested and washed
with 1x PBS/10% FCS. The number of eGFP-positive
cells was measured by flow cytometry. The virus titer
was calculated according to the equation: transduc-
ing units mL'=(F*D*N)/V, where F is the percentage
of eGFP-positive cells, D is the dilution of virus used
for transduction, N is the number of cells at the time
of transduction, and V is the volume of diluted virus
added per well during transduction.

Live Cell Detection of Endothelial RhoA
Activity Using a Forster Resonance
Energy Transfer-Based Biosensor

HUVEC were plated in a 96-well glass bottom plate
(Greiner) coated with 50 pg/mL fibronectin (Santa Cruz
Biotechnology) at a density of 10, 000 cells per well
and transfected with the fluorescent RhoA Férster res-
onance energy transfer (FRET) biosensor'* using the
TurboFect reagent (ThermoFisher Scientific) according
to the manufacturer's recommendations. As described
previously, time-lapse or normal live-cell FRET imaging
was performed at 37 °C using a Nikon A1R confocal
microscope equipped with a 60x oil immersion objec-
tive (plan apo lambda, Nikon, numerical aperture=1.4),
an argon laser (Melles Griot, Germany), a PMT/GaAsP
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detector unit (Nikon), and an O,/CO, cage incuba-
tor (Okolab, Ottaviano, Italy).** Images were acquired
and processed using the NIS-Elements (Nikon) FRET
module . The FRET donor mCerulean3 was exited
using the 457 nm laser line (argon laser), and fluores-
cence emission was detected in the spectral range of
the donor (465-500 nm, DD image) and the accep-
tor (625-555 nm, DA image). In addition, the FRET
acceptor mVenus was exited using the 514 nm laser
line (argon laser) and detected in the spectral range of
the acceptor (525-555 nm, AA image). Laser power
and detector gain were set in such a way as to obtain
the best signal intensities while avoiding oversatura-
tion of the images. Image settings were kept constant
for each series of measurements and for each image
measured during subsequent time-lapse recordings.
Calculation of FRET index was calibrated using donor-
and acceptor-only samples (mCerulean3, mVenus) to
determine the correction factors for donor crosstalk
(@ and the acceptor’s direct excitation (B) in the DA
image. Images showing the color-coded FRET index
were calculated as the intensity of the corrected FRET
image normalized to the intensity of the donor image
according to the following formula (FRET index=100%
* (DA-aDD-BAA)/DD).

Image Processing

NIS-Elements and Photoshop CS2 (Adobe, San José,
CA) were used for image processing according to the
Nature Research Image Integrity and Standards guide-
lines. To improve the visibility of fluorescent structures,
brightness and contrast were uniformly increased over
the entire image, and the settings made were then ap-
plied identically to the image material of all experimental
groups in one experiment. For time-lapse recordings,
image settings were maintained for each subsequent
picture. For multicolor merged images, the contrast
and brightness of the individual color channels were
adjusted to optimize their visibility.

Immunofluorescence Staining of
Endothelial Cells

HUVEC were grown in endothelial cell growth medium
and transduced on gelatin-coated glass coverslips in
24-well plates. Seventy-two hours after transduction,
cells were washed with 1x PBS and fixed in 4% formal-
dehyde/1x PBS for 15 minutes at room temperature.
Cover slips were washed again in 1x PBS, and HUVEC
were permeabilized using 0.1% Triton X-100/PBS for
15 minutes at room temperature. Visualization of F-actin
in stress fibers was performed by subsequent incuba-
tion with 1.65 pmol/L 0.1% Phalloidin Alexa Fluor 633 for
1 hour at room temperature. Again, washing was per-
formed with 1x PBS, and subsequently, cover slips were
mounted in mounting medium. For immunostaining of
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paxillin, an antibody (clone E228) obtained from Abcam
(@ab32115; lot number: GR3239000-4, 1:100) was used.
For immunostaining of hemagglutinin-tagged RhoA
variants, an antibody directed against hemagglutinin
(number 3724T, lot number 5; 1:1000; Cell Signaling
Technology) as well as an Alexa Fluor 594-conjugated
secondary antibody (Dianova, 1:1000) were used.

Angiogenic Sprouting (Endothelial Cell
Spheroid) Assay

The potential of angiogenic sprouting from endothe-
lial spheroids was analyzed as described by Korff and
Augustin.®® In brief, HUVEC or HCAEC were harvested
and suspended in endothelial growth medium with 20%
methocel (methyl cellulose in endothelial growth me-
dium). Endothelial aggregates (spheroids) containing
400 cells each, were formed in hanging drops overnight
in nonadhesive culture dishes at 37 °C in humidified air
with 5% CO,. Afterward, 50 spheroids per well were
embedded in 0.5 mL of embedding matrix consisting of
equal amounts of rat collagen and methocel with 20%
FCS in nonadhesive 48-well plates (Greiner). Spheroids
were kept in basal endothelial medium (PromoCell)
with VEGF (20 ng/mL) in the presence or absence
of pharmacological blockers (Y-27632=10 pmol/L,
LX7101=3 pmol/L, BMS4=0.5 pmol/L, C3 trans-
ferase=1 pg/mL) for 24 hours at 37 °C in humidified air
with 5% CO,. Angiogenic sprouting was quantified by
measuring the cumulative sprout length of each sphe-
roid with the NIS-Elements digital software.

Endothelial Tube Formation Assay

The organization of HUVEC into capillary-like networks
(tube formation) was assessed as described previ-
ously?®%® by using growth factor—reduced Matrigel
(Corning). In brief, Matrigel was polymerized at 37 °C for
30 minutes in 96-well angiogenesis microplates (10 pL/
well; Ibidi). Then, 1*10* HUVEC were seeded per well
and incubated in basal endothelial medium (PromoCell)
supplemented with 2% FCS for 24 hours at 37 °C hu-
midified air and 5% CO,. Tube length and morphological
changes were visualized using an epifluorescence mi-
croscope (Nikon). Total tube length was measured with
10x magnification and NIS-Elements software.

Migration Assay

Directional migration of either control-transduced en-
dothelial cells orendothelial cells expressing the different
RhoA variants was analyzed using the scratch-wound
assay.®” Briefly, 5000 cells per well were seeded in a
gelatin-coated 96-well plate, transduced with lentiviral
vectors, and grown to confluence for 72 hours. Then, a
wound was set to create a gap into which the cells could
migrate. During the experiment, cells were incubated in
basal endothelial growth medium supplemented with
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2.5% FCS in the presence or absence of pharmacolog-
ical inhibitors (Y-27632=10 pmol/L, LX7101=3 pmol/L,
BMS4=0.5 pmol/L, C3 transferase=1 pg/mL). Cell
movement was imaged at 20-minute intervals for up to
24 hours using the CFI Plan Apochromat (Nikon) 10x
objective. All analyses of time-lapse image series, in-
cluding migration distance and speed, were performed
using the NIS-Elements software package.

Endothelial Cell Proliferation Assay

The proliferation rate of control-transduced endothelial
cells and endothelial cells expressing the different RhoA
variants was analyzed using the 5-bromo-2’-deoxyuridine
(BrdU) incorporation assay and immunofluorescence
staining of the nuclear proliferation marker Ki-67 (Kiel-
67). Incorporation of BrdU in de novo—synthesized DNA
was investigated using a commercially available cell pro-
liferation ELISA (Roche) according to the manufacturer’s
instructions. In brief, 2500 endothelial cells per well were
plated in a gelatin-coated 96-well plate (Greiner) and
transduced with the appropriate lentiviral vector. Seventy-
two hours after infection, cell growth medium was sup-
plemented with BrdU (final concentration 100 umol/L) for
3 hours at 37 °C in humidified air with 5% CO,. Afterward,
cells were fixed, denatured, and incubated for 90 min-
utes with a BrdU antibody, following the manufacturer’s
instructions. Finally, stained cells were washed once with
1x PBS, and peroxidase substrate solution was added.
After stopping the peroxidase reaction with 1 M H,SO,,,
readout was performed at 450 nm using a Tecan infinite
F200pro plate reader.

For Ki-67 staining, endothelial cells were grown on
glass coverslips in 24-well plates (Greiner), transduced,
and fixed in 4% formaldehyde/PBS 72 hours after
transduction. After fixation, coverslips were washed
once with PBS, blocked, and permeabilized (3% BSA,
0.2% Tween 20, 2% Triton X-100 in 1x TBS), and incu-
bated with mouse monoclonal Ki-67 antibody (number
9449T, lot number 4, 1:400 in Signal stain (R) Ab dilu-
ent; Cell Signaling Technology) in a humidified cham-
ber overnight at 4 °C. Finally, cells were incubated with
an Alexa Fluor 594-conjugated goat anti-mouse anti-
body (1:1000; Dianova) for 1 hour at room temperature.
Visualization of nuclei was performed with Hoechst
33342 (1 mg/mL). After final washing with 1x PBS, cov-
erslips were mounted in Dako Fluorescence Mounting
Medium (Agilent). Pictures were taken with a Nikon A1R
confocal microscope.

Western Blotting

Western blot analyses were performed as previ-
ously described®® with endothelial cells lysed using
commercial lysis buffer (Cell Signaling Technology)
supplemented with a premade protease and phos-
phatase cocktail (ThermoFisher Scientific). Cell
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debris were removed by centrifugation for 5 minutes
at 15 000g, 4 °C. SDS-PAGE was performed with
equal amounts of protein per lane, followed by trans-
fer to a nitrocellulose membrane. Then, membranes
were incubated with primary antibody solutions di-
rected against the hemagglutinin tag (number 3724T,
lot number 5; Cell Signaling Technology; 1:1000),
RhoA (number 2117, lot number 3; Cell Signaling
Technology; 1:1000), or B-Actin (clone AC-15, lot
number 046M4873V; Sigma- Aldrich) according to
the manufacturer’s instructions. Protein detection
was achieved with peroxidase-conjugated second-
ary antibodies and the enhanced chemilumines-
cence system (Amersham Bioscience).

Flow Cytometry

Endothelial cell viability was analyzed with propidium
iodide (PI) using flow cytometry. DNA intercalated Pl
was detected at an emission maximum of 617 nm.
Viability was assessed by Pl exclusion. For this pur-
pose, HUVEC were plated in gelatin-coated 24-well
plates (Greiner) at a density of 1.5*10° cells per well
and transduced with the appropriate RhoA variant
or control vector. Seventy-two hours after transduc-
tion, cells were detached, washed once in 1x PBS,
and pelleted (400xg, 4 °C, 3 minutes). Pl staining was
performed by resuspending endothelial cell pellets in
basal endothelial medium supplemented with 20 ug/
mL final PI (ThermoFisher Scientific) concentration and
incubation of the cells at room temperature for 5 min-
utes in the dark. Following the staining procedure,
cells were kept on ice until measurement. Cells were
measured using an Attune Acoustic Focusing flow
cytometer (ThermoFisher Scientific). The number of
RhoA-overexpressing green fluorescent protein- and
Pl-double positive cells was then compared with the
number of green fluorescent protein- and Pl-double
positive control endothelial cells. Flow cytometry data
were analyzed using the FlowJo software package
(Tree Star) as previously described.®®

GTP Pull-Down Assay

Levels of activated, GTP-bound RhoA were deter-
mined using the RhoA Activation Assay Biochem Kit
(Cytoskeleton) according to the manufacturer’s in-
structions. Briefly, endothelial cells expressing different
RhoA mutants and control cells were lysed 72 hours
after transduction using commercial lysis buffer (Cell
Signaling Technology) supplemented with a premade
protease and phosphatase cocktail (ThermoFisher
Scientific). Cell lysates were cleared by centrifuga-
tion (56 minutes, 15 000g, 4 °C) and stored at —80 °C
until pull down. For Rho activation pull down, 300 ug
total protein was mixed with 25 pg rhotekin-sepharose
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beads and incubated for 1 hour at 4 °C in an over-
head shaker. Afterward, beads were pelleted at 5000g
for 1 minute at 4 °C and washed with washing buffer
and pelleted again. Protein elution was performed by
heating the protein-loaded beads with 2x Laemmli
buffer (125 mmol/L Tris pH 6.8, 20% glycerol, 4% SDS,
0.005% Bromophenol blue, 5% [-mercaptoethanol),
followed by Western blot analysis.

Real-Time Reverse Transcriptase—
Polymerase Chain Reaction

Total RNA from HUVEC overexpressing the differ-
ent RhoA mutants and control cells was isolated as
outlined previously,*® reverse transcribed, and ana-
lyzed as described previously.*' We analyzed mRNA
expression with an ABI 7500 Real-Time Polymerase
Chain Reaction System (ThermoFisher Scientific).
Quantification was done according to the manufac-
turer’s instructions using premade probes for ITGB4
(integrin subunit B 4) (Hs00236216_m1), CXCL8 (C-X-C
motif chemokine 8=interleukin 8) (Hs00174103_m1),
and HDAC9 (histone deacetylase 9) (Hs01081558_m1).
HPRT1 (hypoxanthine-guanine phosphoribosyltrans-
ferase 1; Hs02800695_m1) was used as a housekeep-
ing gene. We performed relative quantification of gene
expression using the delta-delta (treshold cycle) Ct
method.*?

RNA-Seq and Differential Gene
Expression Analyses

HUVEC overexpressing the different RnoA mutants and
control cells were lysed with TRIZOL reagent accord-
ing to the manufacturer’'s recommendations to extract
total RNA. RNA integrity and size distribution were an-
alyzed with a Bioanalyzer 2100 (Agilent Technologies)
and by agarose gel electrophoresis. Libraries were
prepared with 1-ug input RNA per sample. All sam-
ples were analyzed as triplicates. NEBNex Ultra RNA
Library Prep Kit for lllumina (New England Biol.abs) was
used to generate RNA-seq libraries. Sequencing was
done by the Novogene Bioinformatics Institute (Bejing)
as 150-bp paired-end reads on an lllumina Novaseq
6000 platform. Reads were aligned to the human ge-
nome (GRCh38) with HiSat2 (version 2.0.5), and en-
sembl (GRCh38.p13) was used for annotations. Read
numbers mapped to each gene were determined with
HTSeq (version 0.6.1), and subsequently, fragments
per kilobase of transcript per million mapped reads of
each gene were calculated based on length and read
counts mapped to the gene. DESeq?2 software pack-
age (version 1.20.0) was used to perform differential
gene expression analyses. Genes with a P<0.05 were
considered as differentially expressed. P values were
calculated using the Benjamini-Hochberg approach.



€202 ‘0€ Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Hauke et al

GOseq R software (version 1.34.1) was used to analyze
gene ontology pathway enrichments. Gene ontology
(GO) terms with a P<0.05 were considered significantly
enriched.

In Vivo Endothelial Spheroid Grafting
Assay
For HUVEC xenograft analyses, male and female
NOD scid gamma mice (The Jackson Laboratory;
stock number 005557) were used in accordance
with the directive 2010/63/EU and German law
(Tierschutzgesetz). All procedures followed were in
accordance with institutional guidelines. Moreover, all
studies were performed in accordance with the local
animal welfare commission (approval number 42502-
2-1419 MLU). Mice were housed in groups of up to 5
animals in a specific pathogen-free environment on
a 12-hour dark/12-hour light cycle at 22+2 °C in ac-
cordance with the Federation of European Laboratory
Animal Science Associations (FELASA) guidelines.
The in vivo endothelial spheroid grafting assay was
performed as described previously.**44 HUVEC were
transduced with RhoA Q63L, RhoA T19N, and con-
trol vectors and spheroids were generated using the
hanging drop method. Afterward, endothelial spher-
oids were embedded into a matrix containing endo-
thelial growth medium, methocel, fibrinogen, growth
factors, and high concentration Matrigel (Corning).
These suspensions, which contained either control-
treated HUVEC or HUVEC overexpressing constitu-
tively active RhoA or dominant-negative RhoA, were
injected subcutaneously into the left and right ventral
regions of 10- to 12-week-old female and male NOD
scid gamma mice according to a prespecified regi-
men that included similar numbers of female and male
NOD scid gamma mice. Randomization of mice was
therefore not performed. For explantation of plugs,
mice were euthanized 21 days after injection. Plugs
were immediately fixed in 4% formaldehyde and em-
bedded in paraffin following standard protocols. Then,
8-um-thick sections were sliced, and humanoid ne-
ovessels were stained using fluorescently labelled
Ulex europaeus agglutinin | (Vector Laboratories). In
addition, as a surrogate for the connection of blood
vessels within the plug to the functional blood circula-
tion of the murine host, murine hemoglobin associated
with humanoid neovessel structures was determined
by histomorphometric immunofluorescence analysis
after antibody labeling of mouse hemoglobin subunit
a (Abcam; ab92492, lot number GR3276791-1, 1:250)
followed by Alexa Fluor 594-labeled secondary anti-
body (Dianova; 1:200). All areas of the plug sections
were subsequently systematically photographed and
then evaluated by computer-aided histomorphometric
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analyses using the NIS elements software package
(Nikon). Due to the systematic approach of the eval-
uation, blinding was not performed. As a primary end
point, blood vessel density was analyzed by quanti-
fying UEA I-positive blood vessel area per total plug
area. Secondary end points analyzed included the
number of UEA I-positive blood vessels per plug area
and the average size of UEA |-positive blood vessels,
as well as the hemoglobin-positive blood vessel area
per total plug area, the number and the average size
of hemoglobin-positive blood vessels per high-power
field. For the calculation of the sample size, the pro-
gram G*Power 3.1.9 was used. We estimated a relative
within group SD for the primary end point of 0.25 and
assumed relative differences of the means of at least
0.3 to be biologically significant. For a power of 80%
and an alpha of 5% this corresponded to a minimal
sample size of 9 plugs per group. In addition, pheno-
typic characterization of the vascular network derived
from HUVEC was performed by immunohistochem-
istry using antibody labeling of human endothelial
cell markers CD31 (cluster of differentiation 31) (Cell
Signaling Technology; clone 89C2; 1:250) and CD34
(cluster of differentiation 34 (ThermoFisher Scientific;
clone QBENd/10; 1:250). HRP-conjugated secondary
antibodies were used as described by the manufac-
turer (Cell Signaling Technology; HRP-mouse, number
8125). For staining, we used the DAB substrate kit ac-
cording the manufacturer instructions (Cell Signaling
Technology; number 8059) as described previously.*®

Statistical Analysis

Statistical analyses were performed using 1-way
ANOVA followed by the Bonferroni multiple compari-
son test (multiple group analyses) or by the unpaired
2-tailed Student t test (2-group analyses) as appro-
priate. For analysis of potential sex-dependent differ-
ences in HUVEC-associated vessel growth in vivo,
the 2-way ANOVA followed by the Bonferroni multi-
ple comparisons test was used. For statistical analy-
ses, the GraphPad Prism 6 software package was
used (GraphPad Software, La Jolla, CA). Data were
expressed as mean+SD or as indicated otherwise.
Probability values were considered significant at a
P<0.05.

RESULTS

Activity Determination of RhoA Variants
and Impact of VEGF on RhoA Activity in
Human Endothelial Cells

Our initial studies focused on characterizing the dif-
ferent RhoA mutants in HUVEC as an endothelial cell
model system. Two constitutively active RhoA variants
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Figure 1. Activity determination of RhoA (Ras homolog gene family, member A) variants and impact of VEGF (vascular
endothelial growth factor) on RhoA activity in human endothelial cells.

A, Pull down of GTP-bound RhoA (GTP-RhoA) derived from constitutively active RhoA (G14V, Q63L), wild-type (WT) RhoA
and dominant-negative RhoA (T19N) using rhotekin-coated beads. B and C, Validation of a RhoA Férster resonance energy
transfer (FRET) biosensor after transfection of constitutively active (Pos.), WT, and dominant-negative (Neg.) variants of the
sensor in human umbilical vein endothelial cells (HUVEC). B, Representative images of the color-coded FRET index in HUVEC
transfected with the different RhoA variants. C, Statistical analysis shows that the activity of WT-RhoA is intermediate between
the RhoA activity of constitutively active and dominant-negative controls. ***P<0.001. D, Time-lapse recordings of HUVEC
transfected with the WT RhoA biosensor. The color-coded FRET index indicates a dynamic change in the RhoA activation
state after application of thrombin (1 U/mL), but not after application of human vascular endothelial growth factor (VEGF; 20 ng/
mL) or solvent. E, Changes in FRET index over time of single cells shown in (D). F, Average baseline-normalized FRET index
after stimulation of HUVEC with thrombin (n=9), VEGF (n=12), or solvent (n=6). Thrombin induces a transient RhoA activation,
whereas no RhoA activation was observed after application of VEGF. G, FRET index of HUVEC measured after long-term
stimulation (18 hours) with VEGF (n=43) or solvent (n=52) indicates no VEGF-related change in RhoA activity. H, Long-term
application (18 hours) of the RhoA inhibitor C3 transferase (n=30) reduces RhoA activity compared with solvent control (n=29).
**P<0.01. Ctr. indicates control-transduced; HA indicates hemagglutinin; and n.s., not significant.
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(G14V or QB3L), a dominant-negative (T19N) mutant, or
the wild-type protein were overexpressed in HUVEC,
resulting in an increase in total RhoA levels of 1.5-fold
(G14V) to 3.1-fold (wild-type) compared with endog-
enous RhoA levels of control cells (Figure S1A and
S1B). To analyze the activity state of the RhoA variants
studied, protein lysates were incubated with rhotekin-
sepharose beads (Figure 1A). This method allows the
pull down of GTP-bound (active) RhoA.*® All overex-
pressed RhoA variants were hemagglutinin tagged
and could be detected by using anti-hemagglutinin
antibody in subsequent Western blot analyses. This
allowed us to confirm activity of the G14V and Q63L
RhoA mutants (Figure 1A). Because the concentration
of GTP in the cytosolic environment of living endothelial
cells is higher than that of guanosine diphosphate,*
a substantial amount of the overexpressed wild-type
RhoA protein was also present in the active, GTP-
bound state (Figure 1A). In addition, we examined the
local distribution of hemagglutinin-tagged RhoA vari-
ants in HUVEC by immunofluorescence analysis using
an antibody directed against the hemagglutinin tag
(Figure S2). In HUVEC, which exhibit a flat adherent
phenotype in vitro, both constitutively active (G14V,
Q63L) and wild-type RhoA were localized mainly at
the plasma membrane, whereas inactive dominant-
negative RhoA (T19N) largely accumulated in perinu-
clear regions. Because it has been postulated that the
proangiogenic effects of VEGF (VEGF-A/VPF [vascu-
lar permeability factor]) depend on RhoA activity in
human endothelial cells, we also analyzed the impact
of VEGF (20 ng/mL) on RhoA activity in live HUVEC
using a FRET-based biosensor (for validation analyses
of the sensor, please see Figure 1B and 1C). We in-
cluded thrombin in these studies as a positive control.
Surprisingly, we did not observe a VEGF-induced in-
crease in RhoA activity in our experiments, whereas
thrombin (1 U/mL) significantly increased RhoA activ-
ity in HUVEC, as expected (Figure 1D through 1G). In
this context, we also verified the inhibitory effect of the
Rho inhibitor C3 transferase on RhoA wild-type activ-
ity. As anticipated, the inhibitor (1 pg/mL) significantly
reduced RhoA activity in HUVEC (Figure 1H).

Impact of RhoA on Stress Fiber Formation
and Focal Adhesions in HUVEC

The effect of RhoA activity on stress fiber formation
was analyzed by phalloidin staining of F-actin bundles
in fixed HUVEC (Figure 2A). Successful transduction
of HUVEC and expression of RhoA in these cells was
assumed based on coexpression of the reporter eGFP.
Control-transduced cells expressed only eGFP, but
no hemagglutinin-tagged RhoA variants. In these ex-
periments, overexpression of inactive RhoA and RhoA
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wild-type protein resulted in a cortical accumulation
of F-actin, whereas constitutively active RhoA (G14V,
QB3L), as expected, caused marked stress fiber for-
mation in transduced endothelial cells. Additionally, the
size of focal adhesions in HUVEC was determined after
immunostaining of the focal adhesion protein paxillin
(Figure 2B through 2D). In this regard, active RhoA
(QB3L) as well as wild-type RhoA both induced a sig-
nificant increase in the focal adhesion area compared
with control-transduced HUVEC (Figure 2C), as well as
an increased average focal adhesion size (Figure 2D).
The constitutively active RhoA G14V variant tended to
exert similar effects, but without significantly increasing
the focal adhesion area (Figure 2C). Nevertheless, the
average size of focal adhesions was greatly increased
(Figure 2D). In contrast, inactivation of RhoA (RhoA
T19N) did not significantly change the focal adhesion
area compared with control-transduced cells, but also
increased the average focal adhesion size.

Expression of Constitutively Active RhoA
Reduces Endothelial Cell Viability

To clarify the influence of the small GTPase RhoA on
proliferation and viability of endothelial cells in vitro, we
performed 2 different proliferation assays and Pl stain-
ing of RhoA-overexpressing and control-transduced
HUVEC (Figure 2E through 2H). A reduction of BrdU in-
corporation during DNA synthesis in proliferating cells,
as well as a reduction of nuclear Ki-67 expression, a
nuclear nonhistone protein that is universally expressed
among proliferating cells and absent in quiescent cells,*®
indicated a significant decrease in HUVEC proliferation
after overexpression of active RhoA (G14V and Q63L)
(Figure 2E and 2F). Interestingly, overexpression of wild-
type RhoA did not negatively affect HUVEC prolifera-
tion, although a substantial fraction of wild-type RhoA
was present in its GTP-bound active state, as demon-
strated by the use of rhotekin pull down (Figure 1A). In
addition, inactivation of RhoA using overexpression of
the inactive T1I9N mutant had no effect on the prolifera-
tion of HUVEC in vitro (Figure 2E and 2F).

To investigate whether active RhoA additionally af-
fects endothelial cell viability, HUVEC after overexpres-
sion of different RhoA variants were stained with PI.
Because Pl cannot penetrate intact cells, it is a suit-
able marker for dead or damaged cells.*® Using flow
cytometry, we detected a significant increase in the
Pl-positive cell fraction of HUVEC expressing active
RhoA mutants (Figure 2H). In contrast to the results of
the proliferation experiments, an analysis of endothelial
cell survival showed that overexpression of the RhoA
wild-type had the same detrimental effect on HUVEC
survival as did overexpression of the constitutively ac-
tive RhoA mutants. In contrast, inactivation of RhoA by
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overexpression of the TI9N mutant had no effect on
HUVEC viability. In summary, our data clearly demon-
strate that RhoA activity has a negative effect on the
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proliferation and viability of human endothelial cells and
thus may affect vascular endothelial homeostasis via
this mechanism.
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Figure 2. Active RhoA (Ras homolog gene family, member A) induces stress fiber formation, regulates focal adhesion
dynamics, and decreases endothelial cell viability.

A, Stress fiber formation induced by active RhoA. Scale bar=20 pm. B, Representative microscopic images of human umbilical vein
endothelial cells (HUVEC) expressing different RhoA variants and stained for selective visualization of focal adhesions (paxillin) and
nuclei (Hoechst 33342). Successful transduction is indicated by coexpression of the reporter eGFP. Scale bar=20 pm. C, Quantification
of paxillin-positive area per total cell area. *P<0.05, ****P<0.0001 vs control-transduced (Ctr) HUVEC (n=15-20). D, Determination
of the average size of paxillin-positive focal adhesions in HUVEC. **P<0.01, ***P<0.001, ****P<0.0001 vs control-transduced HUVEC
(n=15-20). E, Expression of the cell proliferation marker Ki-67 (Kiel-67) in HUVEC expressing different RhoA variants. F, Quantification of
Ki-67-positive (proliferating) cells. **P<0.01, ****P<0.0001 vs control-transduced HUVEC (n=8-18). G, 5-bromo-2’-deoxyuridine (BrdU)
incorporation of HUVEC expressing different RhoA variants. ****P<0.0001 vs control-transduced HUVEC (n=8-18). H, Flow cytometric
evaluation of propidium iodide (Pl) uptake of HUVEC expressing different RhoA variants. ****P<0.0001 vs control-transduced HUVEC
(n=6). eGFP indicates enhanced green fluorescent protein; GFP, green fluorescent protein; n.s., not significant; and WT, wild-type.

Expression of Constitutively Active RhoA
Reduces Tube Formation, Angiogenic
Sprouting, and Migration of Human
Endothelial Cells

In addition to cell survival, tube formation, angiogenic
sprouting, and endothelial cell migration represent im-
portant steps of the angiogenic process. Therefore,
we next examined the influence of RhoA on these an-
giogenic endothelial cell functions. We first performed
a 2-dimensional Matrigel-based tube formation assay
(Figure 3A and 3B). In this assay, transduced RhoA-
overexpressing cells or control cells were plated onto a
polymerized Matrigel matrix and stimulated with VEGF
to form tubular structures. After expression of active
RhoA mutants in HUVEC, we observed a statistically
significant reduction in the total length of endothelial
tubes formed in these experiments (Figure 3A and 3B).
In contrast, overexpression of inactive RhoA or wild-
type RhoA apparently did not alter endothelial tube
formation (Figure 3A and 3B).

To analyze the formation of vessel-like structures in a
3-dimensional format, HUVEC cell aggregates (spher-
oids) were embedded in a collagen matrix, and angio-
genic sprouting from these spheroids was induced by
addition of VEGF (Figure 3C through 3F). Consistent
with the findings from the 2-dimensional tube forma-
tion assays, active RhoA also inhibited sprout forma-
tion and significantly reduced the total sprout length
formed by HUVEC and HCAEC (Figure 3C through
3F). Interestingly, similar to overexpression of the con-
stitutively active RhoA mutants G14V and QB3L, over-
expression of wild-type RhoA in these experiments
resulted in strong inhibition of angiogenic sprouting of
HUVEC and HCAEC (Figure 3C and 3D). In contrast,
dominant-negative RhoA (T19N) again had no effect
on angiogenic sprouting of HUVEC and HCAEC spher-
oids. The effects of active RhoA variants on sprouting
were partially (RhoA QB3L) or completely (RhoA G14V,
wild-type RhoA) abolished by the addition of the ex-
oenzyme C3 transferase from Clostridium botulinum
(Figure 3E through 3F). This enzyme specifically inhib-
its RhoA by ADP-ribosylation at asparagine 41 in the
effector binding domain of the GTPase.*® Moreover, C3
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transferase massively induced VEGF-induced sprout-
ing of control-transduced HUVEC and HCAEC, thereby
indicating that Rho GTPases are negative regulators of
angiogenic sprouting of human endothelial cells in vitro
(Figure 3E through 3F).

Endothelial cell motility, another important aspect
of the angiogenic process, was analyzed using the
scratch-wound assay (Figure 3G through 3J). HUVEC
and HCAEC were transduced to express the different
RhoA variants and grown to confluence. The confluent
cell layer was injured (scratched) and then time-lapse
photographed at several time points to determine the
movement of the cell front in the period from immedi-
ately after injury to 9 hours after wounding. The mean
migration velocity was calculated after measuring the
migration distance after 9 hours. With this experimen-
tal setup, an inhibitory effect of active RhoA on endo-
thelial cell migration was detected, with RhoA Q63L
tending to have the strongest effects. Again, wild-type
RhoA inhibited endothelial cell migration in a manner
comparable to that observed for the constitutively ac-
tive RhoA mutants (Figure 3G through 3J). Expression
of the inactive RhoA T19N mutant did not have a
profound effect on HUVEC migration but slightly de-
creased the migration speed of HCAEC (Figure 3J).
Treatment of HUVEC or HCAEC with the Rho inhibi-
tor C3 transferase, partially antagonized the inhibitory
effect of the active RhoA mutants on the migration
speed of these cells (Figure 3l through 3J). Moreover,
inhibition of HUVEC and HCAEC migration induced by
wild-type RhoA was almost completely abolished by
this intervention (Figure 3l through 3J). Interestingly,
inhibition of C3 transferase decreased the migration
speed of HUVEC overexpressing dominant-negative
RhoA.

Pharmacological Inhibition of ROCK or
LIMK Does Not Antagonize RhoA-Related
Antiangiogenic Effects

To analyze potential downstream effectors of RhoA, we
focused on the well-characterized RhoA/ROCK/LIMK
pathway and examined the effects of pharmacological
inhibition of ROCK and LIMK with Y-27632 (ROCK1/2),

11
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LX7101 (LIMK2), and BMS4 (LIMK1; Figure 4). For this
purpose, we investigated the 3-dimensional spheroid-
based angiogenic sprouting (Figure 4A) and migration

(Figure 4B) of HUVEC. Inhibition of ROCK by Y-27632
significantly promoted VEGF-induced angiogenic
sprouting in control-transduced HUVEC. However,

J Am Heart Assoc. 2022;11:€025119. DOI: 10.1161/JAHA.121.025119 12



€202 ‘0€ Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Hauke et al RhoA and Angiogenic Capacity of Endothelial Cells

Figure 3. Active RhoA (Ras homolog gene family, member A) disturbs tube formation, angiogenic sprouting, and migration
of endothelial cells in vitro.

A, Representative pictures of control-transduced (Ctr.) human umbilical vein endothelial cells (HUVEC, Ctr.) or HUVEC expressing
the indicated constitutively active (G14V, Q63L), dominant-negative (T19N), or wild-type (WT) RhoA variants. Scale bar=250 pm. B,
Statistical analysis of total tube length. ****P<0.0001 vs control-transduced HUVEC (n=6-15 wells). C, Impact of RhoA on vascular
endothelial growth factor (VEGF, 20 ng/mL)-induced HUVEC spheroid sprouting in vitro. Scale bar=200 ym. D, Statistical analysis
of total sprout length. ***P<0.001, ****P<0.0001 vs control-transduced HUVEC (n=17-50). E, Statistical analysis of total sprout length
quantified from VEGF-induced (20 ng/mL) control-transduced HUVEC or HUVEC expressing the different RhoA variants in presence
(+) or absence (-) of the RhoA inhibitor C3 transferase (1 pg/mL). *P<0.05/***P<0.001/****P<0.0001 vs control-transduced HUVEC
(n=10-30). F, Statistical analysis of total sprout length quantified from VEGF-induced (20 ng/mL) control-transduced human coronary
artery endothelial cells (HCAEC, Ctr.) or HCAEC expressing the different RhoA variants in presence (+) or absence (-) of the RhoA
inhibitor C3 transferase (1 pg/mL). **P<0.01, ***P<0.001, ****P<0.0001 vs control-transduced HCAEC (n=13-20). G, Scratch-wound
assay of control-transduced HUVEC or HUVEC expressing different RhoA variants. Images depict wound size at time of wounding
(0 hours) and 9 hours later. Scale bar=200 um. H, Statistical analysis of migration speed of HUVEC. **P<0.01/****P<0.0001 vs control-
transduced HUVEC (n=6-19). |, Statistical analysis of migration speed of HUVEC kept in presence (+) or absence (-) of the RhoA
inhibitor C3 transferase (1 pg/mL). *P<0.05, **P<0.01, ****P<0.0001 vs control-transduced HUVEC. (n=10-30). J, Statistical analysis
of migration speed of HCAEC kept in presence (+) or absence (-) of the RhoA inhibitor C3 transferase (1 pg/mL). *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001 vs control-transduced HCAEC (n=6-12). n.s. indicates not significant.

ROCK inhibition was not able to block the inhibitory
effect of active RhoA on angiogenic sprout formation.
The same observations were made using the LIMK2
inhibitor LX7101, which stimulated angiogenic sprout-
ing of control-transduced HUVEC but did not antag-
onize the inhibitory effects of active RhoA mutants.

Moreover, selective inhibition of LIMK1 with BMS4 had
no effect on basal or RhoA-suppressed angiogenic
sprouting (Figure 4A). Taken together, inhibition of
RhoA downstream targets ROCK1/2 and LIMK2 under
control conditions resulted in an increase in HUVEC
migration and angiogenic sprouting (Figure 4A, 4B).
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Figure 4. Impact of the RhoA (Ras homolog gene family, member A)/ROCK (rho associated coiled-coil containing protein
kinase) pathway on VEGF (vascular endothelial growth factor)-induced angiogenic endothelial cell sprouting and basal
migration.

A, VEGF-stimulated (20 ng/mL) human umbilical vein endothelial cells (HUVEC) spheroid-based sprouting assay using control-transduced
(Ctr.) HUVEC or HUVEC expressing constitutively active RhoA (G14V, Q63L) or RhoA wild-type (WT) in the presence (+) or absence (-) of
the ROCK inhibitor Y-27632 (10 pmol/L), the LIMK2 (LIM domain kinase 2) inhibitor LX7101 (3 pmol/L), or the LIMK1 (LIM domain kinase
1) inhibitor BMS4 (0.5 pmol/L), respectively. Statistical analysis of total sprout length. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs
control-transduced HUVEC (n=16-34). B, Statistical analysis of migration speed of HUVEC expressing different RhoA variants and kept in
presence (+) or absence (-) of the ROCK inhibitor Y-27632 (10 umol/L), the LIMK2 inhibitor LX7101 (3 umol/L), or the LIMK1 inhibitor BMS4
(0.5 pymol/L). ***P<0.001, ****P<0.0001 vs control-transduced HUVEC (n=5-24). n.s. indicates not significant.
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In contrast, neither Rho kinases nor LIM kinases ap-
pear to mediate the inhibitory effects of active RhoA on
HUVEC migration or angiogenic sprouting.

RhoA Inhibits the Angiogenic Capacity of
Vascular Endothelial cells In Vivo

To elucidate the impact of RhoA activity on the an-
giogenic capacity of human endothelial cells in vivo,
we used the HUVEC spheroid-based grafting assay
in immunocompromised NOD scid gamma mice and
Ulex europaeus agglutinin |-positive blood vessels
as a readout (Figure 5A). As expected, we observed
frequent colocalization of Ulex europaeus agglutinin -
and hemoglobin-positive blood vessels, showing that
implanted HUVEC actively took part in the formation of
functional neovessels in the murine host (Figure 5B).
First, further phenotypic analyses confirmed that the
humanoid intraplug blood vessel network also ex-
pressed typical human endothelial markers, such as
CD31 (PECAM1 [platelet endothelial cell adhesion
molecule 1]) or CD34 (Figure 5C and 5D). Stable over-
expression of active RhoA (Q63L mutant) greatly re-
duced the angiogenic capacity of implanted HUVEC,
as evidenced by a reduction in the total area of blood
vessels (Figure 5E and 5G) and the number of blood
vessels (Figure 5H) per high-power field, whereas the
average size of Ulex europaeus agglutinin I-positive
structures was not affected (Figure 5l). In contrast, in-
active RhoA (T19N mutant) did not significantly affect
the angiogenic capacity of HUVEC in vivo. The func-
tional connection of humanoid blood vessels within the
plug to the vasculature and circulation of the murine
host was evaluated in histomorphometric immunofluo-
rescence analyses by quantifying hemoglobin-positive
blood vessels. Again, under the influence of active
RhoA (Q63L), we observed a reduction in hemoglobin-
positive blood vessel area (Figure 5F and 5J) and a
reduced number of hemoglobin-positive blood vessels
(Figure 5K), whereas the average size of hemoglobin-
positive blood vessels was not affected (Figure 5L).
Moreover, inactive RhoA (T19N) did not significantly

RhoA and Angiogenic Capacity of Endothelial Cells

affect (but tended to reduce) the hemoglobin-positive
blood vessel area and the number of hemoglobin-
positive blood vessels in our experiments (Figure 5F,
5J and 5K). Sex-specific evaluation of Ulex europaeus
agglutinin - or hemoglobin-positive blood vessels
yielded comparable results for plugs harvested from
female and male animals (Figure S3), such that we per-
formed a pooled evaluation of results from female and
male mice.

Both Activation and Inactivation of RhoA
Lead to Profound Changes in the HUVEC
Transcriptome

To further elucidate the role of RhoA in HUVEGC, we
performed global transcriptome analyses of HUVEC
overexpressing either constitutively active (QB3L) or
dominant-negative (T19N) RhoA or were subjected to
control transduction (Figure 6). RNA-seq analysis of 3
biological replicates revealed that constitutive activa-
tion of RhoA induced differential expression of 7768
genes, whereas dominant-negative RhoA significantly
affected the expression of 2172 genes (Figure 6A and
6B). Examples of significantly regulated mRNAs in
RhoA Q63L- as well as RhoA T19N-overexpressing
HUVEC are shown in Figure 6C. Interestingly, expres-
sion of RhoA Q63L significantly downregulated the key
angiogenic mediator VEGFR-2 (vascular endothelial
growth factor receptor 2) and the vascular tone regula-
tor NOSS8 (nitric oxide synthase 3)/eNOS (endothelial
NO synthase; Figure 6C). In addition, it strongly induced
the expression of HDAC9, a member of the class lla
histone deacetylases that catalyzes the deacetylation
of histones and transcription factors and thereby gen-
erally suppresses gene transcription.’! We observed
that =94% of all genes differentially regulated by
RhoA QB63L showed reduced expression, suggesting
that HDAC9 may function as an important effector of
RhoA-mediated antiangiogenic signal transduction in
human endothelial cells. Additionally, RhoA expression
modifies the transcription of inflammatory molecules

Figure 5. In vivo blood vessel formation is affected by RhoA (Ras homolog gene family, member A) activity.

A, Schematic illustration of the experimental setup of the human umbilical vein endothelial cells (HUVEC) spheroid-based grafting
assay in immunodeficient NSG mice. B, Colocalization of fluorescein-5-isothiocyanat-labeled (FITC) europaeus agglutinin | (UEA I) and
murine hemoglobin-positive blood vessels. Scale bar=100 ym. C and D, Representative microscopic pictures of xenograft plug sections
stained for visualization of endothelial cell markers CD31 and CD34 (cluster of differentiation 31/34). E, Representative microscopic
pictures of xenograft plug sections stained with FITC-labeled Ulex europaeus agglutinin (UEA I-FITC) for selective visualization of the
vascular network derived from embedded HUVEC. Nuclei were stained with Hoechst 33342. F, Representative microscopic images
of sections of xenograft plugs stained with an antibody directed against murine hemoglobin to selectively visualize humanoid blood
vessels within the plug that are connected to the murine host circulation. Nuclei were stained with Hoechst 33342. G, Blood vessel
growth was analyzed by quantification of the UEA |-positive blood vessel area per total plug area. The number of UEA |-positive blood
vessels per plug area (H) and average size of UEA |-positive blood vessels (I) were also determined. ***P<0.001 vs control-transduced
(Ctr) HUVEC (n=8-12). J, Quantification of the hemoglobin-positive blood vessel area per total plug area. **P<0.01 vs control plugs
(n=8). Determination of the number (K) and average size (L) of hemoglobin-positive blood vessels per high-power field. *P<0.05 vs
control plugs. (n=8). n.s. indicates not significant; and NSG, NOD scid gamma.
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(CXCL8) as well as adhesion molecules (ITGB4) and
AQP1 (aquaporin 1). To validate the results obtained
by RNA-seq, we used quantitative real-time polymer-
ase chain reaction and obtained similar results for the

expression of IGTB4, CXCL8, and HDAC9 (Figure S4).
Consistent with our observations, GO enrichment
analyses revealed that constitutively active RhoA as
compared with dominant-negative RhoA induced a
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differentially expressed gene pattern that was enriched
for GO terms associated with mitotic nuclear division,
mitotic cell cycle, cell proliferation, cell adhesion, cell

maotility, locomotion, cytoskeleton organization, and cell
morphogenesis (Figure 6D through 6E). Significantly
regulated genes are summarized in Table S1. Taken
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Figure 6. RhoA (Ras homolog gene family, member A) activity affects gene expression of human umbilical vein endothelial
cells (HUVEC).

A, Volcano plots depicting differential gene expression in HUVEC expressing constitutively active (Q63L) or dominant-negative RhoA
compared with appropriate control-transduced (Ctr.) cells as determined by RNA-sequencing (RNA-seq). B, Significantly upregulated
(red; Up) or downregulated (green; Down) mRNA in RhoA Q63L- and RhoA T19N-expressing HUVEC are depicted by Venn diagrams.
Numbers indicate the number of transcripts with significantly deregulated expression in RhoA Q63L- and/or RhoA T19N-expressing
HUVEC. C, The abundance of ITGB4 (integrin subunit 3 4), CXCL8 (C-X-C motif chemokine 8/interleukin 8), HDAC9 (histone deacetylase
9), NOSS3 (nitric oxide synthase 3), VEGFR-2 (vascular endothelial growth factor receptor 2), and AQP1 (aquaporin 1) mRNA were
determined by RNA-seq in control-transduced as well as in HUVEC expressing active (Q63L) or inactive (T19N) RhoA. Results are
shown as fragments per kilobase of transcript per million mapped reads (FPKM) (n=3). D and E, Top gene ontology biological process
terms significantly enriched in upregulated (D) or downregulated (E) genes of RhoA T19N-overexpressing vs RhoA Q63L-overexpressing

HUVEC. FC indicates fold change; FDR, false discovery rate; n.s., not significant.

together, the data obtained in the transcriptome and
subsequent bioinformatic analyses provide first mech-
anistic explanations for the inhibitory effect of active
RhoA on the angiogenic capacity and cell viability of
human endothelial cells.

DISCUSSION

Numerous publications have shown that small
GTPases in general and the 3 members of the Rho
GTPase family, RhoA, RhoB, and RhoC, in particular
regulate the biological functions of endothelial cells
and act as regulators of the angiogenic process.'8:52-56
However, the complexity of the signaling pathways
and the diversity of the 20 small Rho GTPases make
it difficult to characterize the function of a particular
GTPase in the context of living cells. This is particularly
the case because cellular processes such as migra-
tion, cell polarity, actin cytoskeleton organization, and
vesicle transport are organized by well-orchestrated
spatiotemporal activation and inactivation of various
Rho GTPases that are difficult to manipulate and study
separately.5-%° However, it is not only the interplay of
Rho GTPases in the organization of cellular processes
that is of fundamental importance. It has also been sug-
gested that knockdown of 1 of the 3 members of the
Rho family, RhoA, RhoB, or RhoC, affects the expres-
sion of the remaining Rho GTPases, so that targeted
interventions on the expression of Rho GTPases can
trigger counter-regulations in the affected cells, which
in turn compensate for and thus mask the function of
the defective Rho GTPase.5%% For this reason, expres-
sion of RhoA variants fixed in well-defined activation
states, together with overexpression of the wild-type
protein as an additional reference group, seems to be
an advantageous experimental strategy to specifically
investigate the influence of the respective activation
state of the Rho GTPase on cell function and gene
expression while maintaining potential protein—protein
interactions.

The results of the present study clearly demonstrate
the inhibitory effects of constitutively active RhoA
on the angiogenic capacity of HUVEC and HCAEC.
We found a significantly reduced proliferation rate of

J Am Heart Assoc. 2022;11:€025119. DOI: 10.1161/JAHA.121.025119

HUVEC expressing the constitutively active RhoA mu-
tants G14V or QB3L and a significantly reduced cell
viability after expression of active RhoA variants, but
also after increasing the cellular levels of wild-type
RhoA. In addition, HUVEC and HCAEC overexpress-
ing constitutively active RhoA showed severely inhib-
ited 2-dimensional tube formation and significantly
impaired angiogenic sprouting in vitro. The inhibitory
effect of active RhoA was also demonstrated in the
analysis of cell migration of endothelial cells expressing
RhoA G14V, RhoA Q63L, or increased levels of wild-
type RhoA protein. Treatment of RhoA-transduced
cells with C3 transferase as a potent RhoA inhibitor
was able to partially or completely reverse these in-
hibitory effects. Consistent with these findings, C3
transferase treatment also strongly stimulated angio-
genic sprouting of control-transduced HUVEC and
HCAEC, demonstrating that endogenously expressed
Rho proteins have an important role in limiting VEGF-
induced sprout formation of human endothelial cells.
It has to be mentioned that these findings are in con-
trast to other publications that suggest an important
role of RhoA activity both in VEGF-induced angio-
genesis in vitro %718 and in vivo.?® For instance, van
Nieuw Amerongen and colleagues showed that RhoA
and ROCK are important mediators of VEGF-induced
angiogenesis in vitro."” Nonetheless, our analyses
using a validated FRET-based biosensor in HUVEC
instead indicate that VEGF does not induce RhoA
activity, at least under 2-dimensional culture condi-
tions in vitro, whereas typical RhoA stimuli, such as
thrombin, in our hands clearly do. This lack of RhoA
activation after VEGF stimulation of human endothe-
lial cells has also been observed by Reinhard and
colleagues.® Overexpression of dominant-negative
RhoA in endothelial cells does not suppress VEGF-
and basic fibroblast growth factor-related angiogen-
esis in vitro and in vivo, which is in line with in vivo
data from Zahra and colleagues who show that vas-
cular endothelial-specific knockout of RhoA in mice
does not affect embryonic development and retinal
angiogenesis.® In contrast to the findings of other
groups but in good agreement with our observa-
tions made in the experiments using C3 transferase,
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pharmacological inhibition of the RhoA effector ROCK
strongly enhanced VEGF-induced angiogenic sprout-
ing and basal migration speed of human endothe-
lial cells. These observations are consistent with the
findings of Kroll and colleagues,®' as well as those of
other groups®-%2 who have demonstrated that RNA
interference-mediated knockdown or pharmacologi-
cal inhibition of ROCK activates VEGF-driven retinal
neovascularization in vivo and sprouting angiogenesis
in vitro and stabilizes newly formed blood vessels in
vivo. In addition, the results of Breyer and colleagues
show an acceleration of the migration velocity of en-
dothelial cells after inhibition of ROCK.%3 Interestingly,
preliminary results from another group also suggest
that inhibition of RhoA/ROCK plays an important role
in mediating Protein kinase A-induced angiogene-
sis, suggesting suppression of RhoA/ROCK as an
important mechanistic principle for angiogenesis in-
duction.®* Together with the findings of other research
groups, our results therefore suggest that the RhoA/
ROCK axis exerts an inhibitory influence on VEGF-
induced angiogenesis and endothelial homeostasis,
and that further studies are needed to investigate the
context-specificity of these effects, for example, in the
pathogenesis of cardiovascular diseases. Therefore,
especially with regard to ROCK independence of
RhoA-mediated effects on vascular endothelial ho-
meostasis in our study, we believe it would be rele-
vant to investigate specific RhoA inhibitors in disease
models of atherosclerosis and myocardial infarction.
In this context, for example, pleiotropic beneficial ef-
fects of HMG CoA (3-hydroxy-3-methylglutaryl coen-
zyme A) reductase inhibitors (statins) in the treatment
of cardiovascular disease have also been attributed
to inhibition of posttranslational modification and thus
inactivation of RhoA,®® effects that could potentially be
enhanced by targeted use of specific RhoA inhibitors.
In contrast and a little surprisingly, ROCK inhibition
did not antagonize the inhibitory effect of active RhoA on
migration and 3-dimensional sprouting of human endo-
thelial cells. In addition, pharmacological inhibition of F-
actin stabilizing LIMK1/2 downstream of ROCK could not
restore angiogenetic sprouting or migration of HUVEC
expressing active RhoA variants. Thus, the mechanisms
by which active RhoA suppresses the angiogenic ca-
pacity of endothelial cells and reduces endothelial cell
viability in our study remain largely unclear. Therefore, it
is likely that other RhoA effectors, such as DIAPH1 or
DIAPH2 (diaphanous-related formin 1 or 2), citron kinase,
or PKN1 or PKN2 (protein kinase N1 or N2), play a role
in mediating these inhibitory RhoA effects.®® In addition,
microtubule depolymerization may represent a mecha-
nistic link between RhoA activation and the collapse of
endothelial capillary tubes in vitro.8” Nonetheless, further
studies are necessary to unravel antiangiogenic signal
transduction pathways initiated by active RhoA.
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Moreover, our functional observations are sup-
ported by global transcriptome analyses, revealing that
active RhoA affects the expression of numerous im-
portant mediators of endothelial homeostasis, such as
HDAC9, VEGFR-2, AQP1, CXCLS8, ITGB4, and NOS3.

GO enrichment analyses performed separately for
down- and upregulated genes revealed that constitu-
tively active RhoA (compared with RhoA T19N-induced
gene regulation) induced a differentially expressed gene
pattern that was enriched for GO terms associated with
mitotic nuclear division, mitotic cell cycle, cell proliferation,
cell cycle, cell adhesion, cell motility, locomotion, cell ad-
hesion, cytoskeleton organization, and cell morphogen-
esis. In these analyses, a strongly increased expression
of HDAC9, a member of the class lla histone deacety-
lases that catalyzes the deacetylation of histones and
transcription factors and thereby generally suppresses
gene transcription,® was observed on the single-gene
level. This is an interesting finding that agrees well with
the rather surprising observation that ~94% of all genes
differentially regulated by RhoA Q63L showed reduced
expression. This may indicate that HDAC9 could function
as an important effector of RhoA-mediated antiangio-
genic signal transduction in human endothelial cells and
warrants further research to elucidate the role of pharma-
cological HDAC9 inhibition in the treatment of endothelial
dysfunction and cardiovascular disease.

By using constitutively active and dominant-negative
variants of RhoA, we clearly demonstrated that active
RhoA has the potential to induce endothelial dysfunc-
tion and inhibit the angiogenic capacity of human
endothelial cells in vitro and in vivo. Furthermore, we
found that inhibition of RhoA activity had no clear ef-
fects on VEGF-induced angiogenesis, suggesting that
other Rho GTPases may compensate for the loss of
RhoA activity. Our results and the fact that active RhoA
induces the loss of endothelial barrier function%36869
reinforce the view that active RhoA is a potential dis-
turbing factor for endothelial cell homeostasis and
function.
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Table S1. Differentially expressed genes in RhoA DN (T19N)-overexpressing vs. RhoA CA (Q63L)-overexpressing HUVEC. See Excel file.
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Figure S1. A) Western blots show RhoA protein levels of control-transduced HUVEC (Ctr) compared with HUVEC
overexpressing constitutively active (RhoA Q63L or G14V; upper panel), wild-type, or dominant-negative (RhoA WT or T19N;
lower panel) variants of RhoA. The bands for the endogenously expressed and exogenously introduced RhoA can be
distinguished based on the size differences caused by the 3xHA tag of the lentivirally expressed RhoA constructs. B) Total RhoA
expression was normalized to actin levels and set 100% for control-transduced HUVEC. For all constructs, significant
overexpression of total RhoA (endogenous + 3xHA-labeled RhoA) was observed between 1.5-fold (G14V) and 3.1-fold (WT)
compared with control-transduced HUVEC (endogenously expressed RhoA only). *** = p<0.001, * = p<0.01, * = p<0.05
compared to control-transduced HUVEC; (n=4). C) Overexpression of dominant-negative RhoA significantly increased the
expression of endogenous RhoA, while overexpression of constitutively active RhoA (G14V, but not Q63L) significantly reduced
the expression of endogenous RhoA compared to control-transduced cells. ** = p<0.01, * = p<0.05 compared to control-
transduced HUVEC; (n=4).
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RhoA

Figure S2. Expression and localization of RhoA variants. HUVEC transduced with lentiviral particles leading to
overexpression of G14V, Q63L, WT, and T19N variants of RhoA, or Citr.- transduced HUVEC expressing the reporter GFP (upper panel). RhoA
was detected with an antibody directed against the N-terminal HA tag of RhoA variants (lower panel). In constitutively active (G14V, Q63L) and
wild-type RhoA-transduced HUVEC, RhoA is localized over the entire cell surface except for the nucleus, likely due to the association of active
RhoA with the plasma membrane of flat-growing HUVEC. In contrast, inactive dominant-negative RhoA (T19N) is predominantly localized in
perinuclear regions of the cell. As expected, no HA expression is detectable in control cells.
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Figure S3. Impact of RhoA on Ulex europaeus agglutinin | (UEA I)- and murine hemoglobin-positive humanoid neovessel
formation in male and female NSG™ mice in vivo. A-C) Overexpression of constitutively active (Q63L) RhoA in HUVEC reduces
VEGF- and bFGF-induced blood vessel formation in vivo as compared to control-transduced HUVEC, whereas overexpression of
dominant-negative RhoA (T19N) has no significant effect (n=3-8 plugs). Sex-specific analyses indicate inhibitory effects of RhoA
Q63L overexpression in HUVEC implanted in both male and female mice. Blood vessel growth was analysed by quantification of the
UEA I-positive blood vessel area (A). Moreover, the number of UEA I-positive blood vessels per high-power field (B) as well as the
average size of these vessels (C) were determined. D-F) In addition, as a surrogate for the connection of intra-plug blood vessels to the
functional blood circulation of the murine host, murine hemoglobin in association with neovessel structures was determined by
histomorphometric immunofluorescence analysis after antibody labelling of mouse hemoglobin subunit alpha. Overexpression of
constitutively active (Q63L) RhoA in HUVEC reduces VEGF- and bFGF-induced murine hemoglobin-positive blood vessel formation in
vivo as compared to control-transduced HUVEC, whereas overexpression of dominant-negative RhoA (T19N) has no significant effect
(n=3-5 plugs). Sex-specific analyses indicate inhibitory effects of RhoA Q63L overexpression on HUVEC-induced neovessel formation
both in male and female mice. Blood vessel growth was analysed by quantification of the hemoglobin-positive blood vessel area (D).
Moreover, the number of hemoglobin-positive blood vessels per high-power field (E) as well as the average size of these vessels (F)
were determined. Data are shown as meanxSD. n.s. = non significant.
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Figure S4. A-H) Validation of RNA-Seq results of selected differentially expressed genes using gRT-PCR. ** p<0.01 / *** p<0.001 vs.
control-transduced HUVEC (n=2-5). n.s. = non significant.
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