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Abstract: The impairment in microvascular network formation could delay the restoration of blood
flow after acute limb ischemia. A high-content screen of a GSK-published kinase inhibitor library
identified a set of ROCK inhibitor hits enhancing endothelial network formation. Subsequent kinase
activity profiling against a panel of 224 protein kinases showed that two indazole-based ROCK
inhibitor hits exhibited high selectivity for ROCK1 and ROCK2 isoforms compared to other ROCK
inhibitors. One of the chemical entities, GSK429286, was selected for follow-up studies. We found
that GSK429286 was ten times more potent in enhancing endothelial tube formation than Fasudil,
a classic ROCK inhibitor. ROCK1 inhibition by RNAi phenocopied the angiogenic phenotype of
the GSK429286 compound. Using an organotypic angiogenesis co-culture assay, we showed that
GSK429286 formed a dense vascular network with thicker endothelial tubes. Next, mice received
either vehicle or GSK429286 (10 mg/kg i.p.) for seven days after hindlimb ischemia induction. As
assessed by laser speckle contrast imaging, GSK429286 potentiated blood flow recovery after ischemia
induction. At the histological level, we found that GSK429286 significantly increased the size of new
microvessels in the regenerating areas of ischemic muscles compared with vehicle-treated ones. Our
findings reveal that selective ROCK inhibitors have in vitro pro-angiogenic properties and therapeutic
potential to restore blood flow in limb ischemia.

Keywords: high content screening; kinase inhibitors; ROCK inhibitor; blood flow; limb ischemia

1. Introduction

The formation of new blood vessels is critical in tissue repair and regeneration in
response to injury such as ischemic insult. In response to reduced blood supply, the tissue
attempts to compensate for it by triggering new blood vessel formation and remodel-
ing (neovascularization) [1-3]. However, adaptive neovascularization mechanisms are
often insufficient to restore blood flow fully, and the resulting tissue damage can lead to
various ischemic diseases, including myocardial infarction, stroke, and peripheral artery
disease [4-7]. Therefore, the stimulation of functional neovascularization has been pro-
posed as a therapeutic strategy to treat vascular ischemic disease [8,9].

Many receptor kinases have been demonstrated to be essential in regulating new blood
vessel formation. For instance, the vascular endothelial growth factor receptors (VEGFRs),
platelet-derived growth factor receptors (PDGFRs), and fibroblast growth factor receptors
(FGFRs) are key signaling pathways involved in many endothelial biological activities such
as endothelial sprouting, proliferation, migration, and survival, all of which are essential for
blood vessel formation [10-12]. Likewise, the angiopoietin/Tie2 pathway contributes to the
endothelial remodeling and maturation of new blood vessels during angiogenesis [13,14].
The Eph receptor family, the largest family of tyrosine kinase receptors, play essential
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roles with their Ephrin ligands in vascular development and postnatal angiogenesis [15].
Moreover, the role of tyrosine kinase receptors in angiogenesis associated with disease has
provided a solid rationale to target them for treating diseases such as cancer [16]. Multiple
anti-angiogenic tyrosine kinase inhibitors such as sunitinib, sorafenib, and pazopanib
have been approved by the US Food and Drug Administration (FDA) for targeted anti-
cancer therapy [17,18]. In contrast, the clinical translation of pro-angiogenic growth factor
therapies to treat vascular ischemic disease lags far behind anti-angiogenic therapies [19].
Many clinical trials using pro-angiogenic therapies, promoting neovascularization to restore
blood flow in ischemic tissues, have focused on administrating vascular growth factors
such as VEGFA [20], FGF2 [21], and HGF [22]. These growth factors were delivered either
as recombinant proteins or as the cDNA encoding these proteins [23,24]. However, more
success has yet to be achieved in clinical outcomes [25]. Possible reasons for this failure
include the administered recombinant proteins or the overexpressed genes not reaching
the optimum level of the growth factor required to be beneficial in the patients [26,27]. For
instance, in VEGEF clinical trials, an efficient pro-angiogenic response would be expected
to be associated with tissue edema. However, this side effect of VEGF therapy was only
observed in a few clinical studies [28,29].

An alternative approach is to use a small molecule that might be given systemically
for a short period and could be repeated in cycles as necessary. Therefore, identifying
new small molecules with pro-angiogenic properties might overcome the cost and con-
ventional limitations of protein- or gene-based pro-angiogenic therapies [30]. To identify
novel small molecules regulating angiogenesis, we screened the published protein kinase
inhibitor set (PKIS) by GlaxoSmithKline (GSK) using an endothelial tube formation as-
say [31]. This screen identified 65 compounds that inhibit endothelial network formation
and 10 compounds that enhance endothelial network formation. Six of the ten enhancer hits
were ROCK inhibitor compounds. In this study, we have characterized these compounds
and focused on investigating a selective ROCK inhibitor (GSK429286) as a candidate for
enhancing endothelial network formation. We also evaluated the in vivo therapeutic poten-
tial of administering the selected ROCK inhibitor to improve tissue reperfusion in a mouse
model of hindlimb ischemia.

2. Results
2.1. Phenotypic Drug Screen of Endothelial Tube Formation and Enhancer Hits Identification

A phenotypic drug screen of the GSK PKI set was performed at a concentration of
10 uM to profile the kinase inhibitor effect on endothelial tube formation, as described
in our previous study [31]. The screening was performed in duplicate with the overall
Z' value for all plates being more than 0.3. A compound was tagged as an enhancer
hit if its B-Score was >2.9 [median(yehicle) + 5 X median absolute deviation(yehicle)]- A
total of ten compounds were identified as enhancer hits, of which six have Rho kinase
(ROCK) as their primary target (Figure 1a). The ROCK inhibitor compound hits belonged
to two chemotypes: aminofurazan and indazole (Figure 1b). Their kinase activity has been
characterized through large panels of kinase inhibition using Nanosyn Caliper enzyme
assay panels [31-33]. The panel represented 224 kinases (approximately 40% of the human
protein kinome). The kinase inhibition activity of the six compounds (ROCK inhibitors)
was evaluated at a concentration of 100 nM to evaluate their potency values and selectivity
profiles (Figure 1c). indazoles were more selective to ROCK1 and ROCK2 than aminofu-
razans. While both chemotypes significantly enhanced the total tube length parameter of
endothelial tube formation, the endothelial tubes treated with aminofurazan compounds
showed a dense network with broadly flattened endothelial cells connected with only
cellular protrusions, indicative of tube immaturity. In contrast, the endothelial tubes treated
with indazoles showed more mature tubes composed of several elongated cells (Figure 1d).
GSK466314A (indazole-based ROCK inhibitor) was prioritized based on its specificity
and vascular-like network phenotype. Because the GSK466314A library compound was
commercially unavailable, we have selected the G5K429286 compound synthesized by
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GSK with an identical chemical structure [34], which is commercially available for further
validation and biological studies. Taken together, our phenotypic screen identified ROCK
inhibitors as enhancers of endothelial tube formation.
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Figure 1. Phenotypic screen of GSK PKI compound library using endothelial tube formation and
hit identification. (a) Bar chart showing the results of high-content screening. Total tube length
was normalized to controls treated with vehicle (DMSO) using B-Score method. Enhancer hits of
the total tube length are indicated above the dotted line (hit threshold was calculated as follows:
medianyehicle) + 5 X median absolute deviation(yehicle))- (b) Chemical structure of ROCK inhibitor
compound hits. (¢) Heatmap depicting the kinase inhibition activity of ROCK inhibitor hits against
224 protein kinases, assayed at 100 nM using Nanosyn assay. (d) Selectivity kinase inhibitor profiles of
GSK269962B and GSK466314A at 100 nM identified in the phenotypic screening. Fluorescence images
of endothelial tube formation produced by both compounds versus DMSO (vehicle). The white boxes
showing the area where the high magnification images have been taken. Scale bar = 500 pum.
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2.2. GSK429286 Promotes Endothelial Tube Formation

The primary screening was performed at a single compound concentration (10 pM).
Therefore, next, we validated the efficacy of the GSK429286 compound at nine concen-
trations, decreasing from 15 uM to generate a dose-response curve. In this experiment,
the dose-response effect of the compound was also compared to a classic ROCK inhibitor
(Fasudil) with a different chemotype to assess the drug’s potency and efficacy. We found
that GSK429286 was more potent and efficient compared to Fasudil, with an average ECsg
of 0.3 uM (Figure 2). A time course experiment of tube formation revealed that the en-
hancing effect of the ROCK inhibitor on endothelial branching was detected when it was
incubated for the first three hours or longer after cell seeding. However, when the incuba-
tion of the ROCK inhibitor was started after 3 h of seeding, no significant effect of ROCK
inhibition could be detected anymore (Figure S1). Cell-matrix adhesion and cell migration
are two key cellular processes in the early stage of endothelial tube formation [35,36]. The
interaction between extracellular matrix (ECM) and endothelial cells is important in modu-
lating endothelial branching and patterning during endothelial tube formation [37,38]. To
test whether ROCK inhibition affects cell adhesion, HUVECs were treated with GSK429286
or vehicle and then seeded in wells with pre-coated laminin (the main extracellular matrix
component of the Matrigel) or fibronectin. Fibronectin served as a control since Matrigel
does not contain fibronectin. The compound significantly enhanced HUVEC cell adhesion
to laminin, but we did not detect any difference in cell adhesion to fibronectin between
GSK429286-treated cells and controls (Figure 3a). To examine the effects of the GSK429286
inhibitor on cell migration, time-lapse live cell tracking was performed on GS5K429286-
treated cells and vehicle-treated cells seeded on laminin or BSA. We found that GSK429286
significantly increased the endothelial cell velocity and the accumulated distance com-
pared to controls. In contrast, the endothelial cell displacement analysis revealed that
ROCK inhibitor-treated cells showed a reduction in the mean straightness index compared
to controls, indicating that they were less directional than controls (Figure 3b). ROCK
regulates the cell motility and directional migration by inducing contractility through
the phosphorylation of myosin II [39]. To determine whether the inhibition of myosin II
impacts the endothelial tube network like GSK429286, we examined the pharmacological
inhibition of myosin II by Blebbistatin on tube formation. Blebbistatin enhances the tube
formation producing the phenotype of branched networks like those of the ROCK inhibitor
(Figure 3c). The compound GSK429286 inhibits both ROCK isoforms: ROCK 1 and 2.
Despite ROCK 1 and ROCK2 sharing more than 90% structural similarity, several previous
reports have suggested that they have distinct roles and different regulation [40,41]. To
determine whether the inhibition of ROCK1 or ROCK2 enhances endothelial tube forma-
tion, the effect of ROCK1 or ROCK?2 inhibition on tube formation was evaluated separately,
using small interfering RNA (siRNA). ROCK1 knockdown, but not ROCK2 knockdown,
significantly enhanced both parameters of endothelial tube formation: total tube length and
branching (Figure 4a). The efficiency and specificity of the siRNA silencing were assessed
by the protein abundance of two kinase isoforms (Figure 4b). Western blotting showed
that the expression levels of ROCK1 and ROCK?2 are inhibited in siRNA ROCK1- and
ROCK2-treated cells, respectively. Importantly, ROCK2 expression levels were not affected
by siRNA ROCK1 and the ROCK2 expression levels were not affected by siRNA ROCK1,
indicating the specificity of siRNA knockdown.

While the endothelial tube formation assay captures many aspects of in vivo angiogen-
esis, such as cellular adhesion, cell migration, tubulogenesis, and branching morphogenesis,
it does not capture other important aspects of angiogenesis, such as cell proliferation, vessel
stability, or interaction with other cell types [42]. Therefore, we used a secondary angiogen-
esis assay to validate the angiogenic phenotype of GSK429286 in a more complex cellular
setting, where endothelial cells were co-cultured with vascular smooth muscle cells for
seven days [43]. GSK429286 promotes the formation of endothelial tubes with a significant
appearance of meshes compared to controls. In contrast to the Matrigel tube formation
assay, the tubes were significantly thicker than the controls (Figure 5).
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Figure 2. Dose-response curve for total tube length demonstrating the effect of GSK429286 and
Fasudil on endothelial tube formation assay. Upper, representative fluorescent images of endothelial
tubes stained with phalloidin (actin, orange). Total tube length was normalized to controls. The solid
lines are best fits to the experimental data using a logistic function in Prism GraphPad software. Data
are expressed as mean £ SD. n = 4 per concentration. Scale bar = 500 pm.

2.3. GSK429286 Compound Enhanced Blood Flow Recovery after Ischemia

To address the physiological relevance of the ROCK inhibitor on adult vascular mor-
phogenesis and blood flow, we tested the effect of GSK249286 administration in the mouse
model of hindlimb ischemia. Mice were injected intraperitoneally with GSK429286 of
a 10 mg/kg dose daily for one week after ischemia induction. Next, we measured the
impact of the GSK429286 compound on the blood flow, and found that the recovery of paw
perfusion was improved in mice treated with GSK429286 compared to controls. This effect
reached statistical significance on day seven after surgery (Figure 6a). Next, we assessed the
3D structure of new microvessels in regenerating areas of ischemic muscles on day seven
and found that elevated blood flow in mice treated with the compound was associated with
an increased capillary diameter in the ischemic muscles (Figure 6b). Several studies showed
that Rho GTPase, via its downstream effector ROCK, downregulated eNOS gene expres-
sion and activity [44,45]. Since nitric oxide (NO) is a potent vasodilator and contributes
to the blood flow recovery following limb ischemia [46,47], we evaluated the effect of the
compound GSK429286 on NO production by endothelial cells. As expected, G5SK429286
significantly increased intracellular NO production in cultured HUVECs compared with
the Vehicle (Figure 6¢). Thus, the GSK429286 compound improved blood flow recovery
after ischemia during treatment. At the same time, it showed increased capillary size in the
regenerating muscle areas.
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Figure 3. Effects of the ROCK inhibitor (GSK429286) on endothelial cell adhesion and motility.
(a) Effect of GSK429286 (10 uM) on Laminin- and fibronectin-mediated HUVEC adhesion. Left, repre-
sentative images confirming the cell spreading after 3 h of seeding. Data are expressed as mean + SD;
#*** p < 0.0001 compared to Vehicle (DMSO) (n = 6 replicates, one-way ANOVA followed by Bonfer-
roni post hoc test). Scale bar = 100 um. (b) Effect of GSK429286 on endothelial cell motility. Graphs
show the accumulated distance, cell velocity, and the straightness index for HUVEC cultured in the
presence of G5K429286 (10 uM) or vehicle (DMSO) on laminin or cultured on BSA. Cells were imaged
with objective 20x and their positions tracked for 3 h with 5 min intervals using live high-content
imaging (Operetta). Data are expressed as mean + SD; Mann-Whitney test, * p < 0.05, ** p < 0.01, and
##* p < 0.0001 compared to Vehicle. n = 150-180 cells per condition. (c) Effect of blebbistatin, a myosin
II inhibitor, on endothelial tube formation in HUVEC. Left, representative images of endothelial tubes
treated with blebbistatin (5 uM) and vehicle (DMSO) and stained with phalloidin (orange). Scale
bar = 1 mm. Right, Quantification of total tube length and branching points parameters for each
condition. Data are expressed as mean £ SD; *** p < 0.001 and **** p < 0.0001 compared to Vehicle
(DMSO) (n = 6 replicates, unpaired ¢ test).
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Figure 4. Effect of ROCK1 and ROCK?2 isoform knockdown on endothelial tube formation. (a) HU-
VEC were transfected with Non-Targeting Control (NTC) siRNA, ROCK1 siRNA, or ROCK2 siRNA
and subjected to Matrigel tube formation assay. Left, representative fluorescent images of endothelial
tubes stained with phalloidin (actin, orange). Scale bar = 1 mm. Right, Quantification of total tube
length and branching points parameters for each condition. Data are represented as arbitrary units
corresponding to pixels detected and are expressed as mean + SD; n = 6 per condition; one-way
ANOVA followed by Bonferroni post hoc test, ** p < 0.01 and **** p < 0.0001 compared to NTC.
(b) Representative Western blots of lysates from transfected HUVECsS to validate the knockdown
efficiency with NTC, siRNA ROCK1, and siRNA ROCK?2 at 72 h after transfection. Right, Western
blots were quantified by densitometry using Image J version 1.54e NIH Software. The protein ex-
pression of ROCK1 and ROCK2 was normalized with respect to the corresponding f3-tubulin signals.
Data are expressed as mean + SD; ns is abbreviation for non-significant; * p < 0.05; *** p < 0.001
compared to NTC (n = 3 independent biological replicates, one-way ANOVA followed by Bonferroni
post hoc test).
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Figure 5. Effect of GSK429286 on angiogenesis using an organotypic co-culture assay. HUVECs
are co-cultured with human aortic smooth muscle cells at final concentration of 5 pM. On day 7,
cocultures were fixed and stained with an antibody against CD31 (endothelial cells), phalloidin (actin),
and DAPI (nuclei). White arrows: mesh network. The dotted white boxes showing the area where
the high magnification images below have been taken. Nine fields were quantified for each well
(n = 6 wells per group). Error bars, mean + SD, unpaired ¢ test, * p < 0.05; **** p < 0.0001 compared
with vehicle. Scale bar = 200 um.
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Figure 6. Effect of GSK429286 administration on blood flow recovery after limb ischemia. Experimen-
tal design: mice were subjected to limb ischemia (day 0) at which time mice were randomized and
injected i.p. daily with either vehicle or GSK429286 for one week. (a) Representative images of blood
flow measured by a Laser Speckle Contrast Imager (dark blue = low blood flow, red = high blood
flow, min = minutes). Right, quantitative analysis of blood flow in the paws (n = 6 per group). Data
were normalized to day 0 value for each animal. Data are presented as box plots, with maximum,
minimum, and quartile range. Two-way ANOVA (** p < 0.01) followed by Sidak’s multiple compar-
isons test, ** p < 0.01 compared with Vehicle group. (b) Representative confocal microscopy images of
thick longitudinal sections for the ischemic adductor muscles from mice treated with GSK429286 or
vehicle at day 7 after ischemia. Microvessels (CD31, green), smooth muscle cells (ASMA, red), and
nuclei (DAPI, blue) are shown. Effect of GSK429286 administration on the new capillary (arrows)
size quantified in the regenerating zone of ischemic adductor muscles. n = 6 muscles per group;
three fields per muscle were studied. Unpaired t test, * p < 0.05 compared with vehicle group. Scale
bar = 56 um. (c¢) HUVEC were incubated with GSK429286 (10 uM) or vehicle (DMSO) overnight.
Next, HUEVC were loaded with DAF-2 DA for 30 min to visualize nitric oxide production. Next,
intracellular fluorescence signal was measured in nine fields for each well (n = 6 wells per group).
Error bars, mean £ SD, unpaired t test, **** p < 0.0001 compared with vehicle. Scale bar = 50 pm.
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3. Discussion

The morphology of the new blood vessel network determines its efficiency for trans-
porting sufficient nutrients and oxygen to the damaged tissue after ischemia [48]. The
endothelial tube formation assay is widely used as a phenotypic assay to study the effects of
various compounds or growth factors on vascular network morphogenesis [49-51]. In the
current study, we identified hit compounds that enhance the formation of a highly branched
endothelial network, some with structural similarity and some which are primary targets
to known ROCK inhibitors. Two distinct chemical structures of ROCK inhibitor hit com-
pounds were identified: aminofurazan-based inhibitors [52] and indazole-based inhibitors.
Based on the kinase selectivity profiling, two compounds showed high selectivity against
ROCK1 and ROCK?2 isoforms belonging to indazole-based inhibitors compared to other hit
compounds. The indazole derivatives have been used as specific kinase inhibitors, includ-
ing tyrosine kinase and serine/threonine kinases [53]. A novel class of indazole-based small
molecules identified to target ROCK were highly potent and selective ROCK inhibitors.
These developed compound series have also shown improved oral bioavailability, and
significantly reduced mean arterial pressure in spontaneously hypertensive rats [34]. In our
study, the indazole-based ROCK inhibitor (GSK429286) showed significantly enhanced po-
tency, increasing endothelial network formation in vitro compared with the widely studied
ROCK inhibitor Fasudil.

Our findings are consistent with a previous study using ROCK inhibitors, such as
Y-27632 or Fasudil, indicating that ROCK inhibitors promote in vitro endothelial branching
morphogenesis [54]. The possible mechanism responsible for ROCK inhibitor-mediated
branching increase is partially due to its effects of actomyosin contraction, actin cytoskele-
ton reorganization [55], and cell-matrix adhesion [56]. Our data suggest that the inhibition
of the activity of myosin II, a primary substrate of ROCK, triggers the formation of a
dense endothelial network mimicking a similar phenotype of ROCK inhibition. Myosin II
is dynamically localized to the endothelial cortex, and its increasing contracting activity
inhibits the extension of filopodia protrusions. A previous study reports that the local
downregulation of myosin II-mediated cortical contraction initiates pseudopodium in
endothelial cells that mediate branching morphogenesis [57,58]. We have additionally
shown that GSK429286 enhances endothelial cell adhesion on laminin, the main extra-
cellular macromolecule of the Matrigel. The enhancing effect of the ROCK inhibitor on
cell-matrix adhesion could contribute to stabilizing the endothelial protrusions induced
by myosin II inhibition during endothelial tube formation [59]. This process would be
important to link the actin cytoskeleton to the surrounding extracellular matrix, influenc-
ing the directional migration and thus modulating branching. Indeed, in our study, we
found that the inhibition of ROCK activity led to increased endothelial cell motility, but
the cells showed less directional migration than control cells. Several reports showed that
endothelial cells treated with ROCK inhibitors failed to close the wound gap compared to
controls [60]. In a wound healing migration assay, directional cell migration is essential
to close the wound gap effectively. ROCK inhibitors impair cell polarization, leading to
random cellular protrusions and motility [55]. Therefore, the randomness of cell migra-
tion with a high motility level might increase the incidence of ROCK-treated endothelial
cells connecting with other neighboring cells, leading to an increase in the anastomosis
formation rate. Using an RNAi-mediated suppression approach, we found that the loss of
ROCK1, but not ROCK?2, is sufficient to promote a similar angiogenic phenotype to that
of the ROCK inhibitor compound. This detected effect is not due to the difference in the
cellular expression level since we and others confirmed that cultured human endothelial
cells express both isoforms [61]. Although the two isoforms share more than 90% sequence
homology in their kinase domain, their regulatory domains at the C terminus demonstrate
important divergence [62,63], and ROCK1 and ROCK2 knockout mice showed different
phenotypes [64,65]. Shi ] et al. demonstrated that ROCK isoforms have distinct roles
in regulating the actin cytoskeleton [40]. Indeed, their findings support that ROCK1 is
involved in destabilizing the actin cytoskeleton through regulating myosin II phosphoryla-
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tion and peripheral actomyosin contraction, whereas ROCK2 is required for stabilizing the
actin cytoskeleton through regulating cofilin phosphorylation. Therefore, the enhancing
effect of the GSK429286 ROCK inhibitor on endothelial branching morphogenesis could be
mediated by ROCK1 isoform inhibition contributing to the downregulation of myosin II
phosphorylation. However, further experiments are required to confirm the specificity of
this mechanism.

Accumulating investigations have indicated that the inhibition of ROCK signaling
has potential beneficial effects on cardiovascular disorders such as coronary and cerebral
vasospasm [66,67], hypertension [68] and pulmonary hypertension [69], and stroke [70].
Fasudil has been approved for specific clinical use in Japan to treat cerebral vasospasm
after a subarachnoid hemorrhage [71]. Nevertheless, Fasudil and its metabolite “hydroxy-
fasudil” exhibit non-specific targeting of other serine/threonine kinases such as protein
kinase A (PKA) and PKC [72]. In this study, we demonstrated that the systemic administra-
tion of ROCK inhibitor “GSK429286” improved blood flow recovery after limb ischemia,
which could be partially attributed to the increase in the size of new microvessels in the
regenerated muscles. We also detected a similar increase in endothelial tube thickness
when endothelial cells were co-cultured with vascular smooth muscle cells. It has been
shown that the loss of ROCK signaling in the endothelium results in the overexpansion
of the blood vessel lumen in mouse embryos via modulating the activity of myosin II [73].
Previous studies have reported that capillary pericytes can regulate capillary diameter [74],
and the exposure to ischemia leads to pericyte contraction [75]. It has been shown that
ROCK inhibition reduces the contraction of capillary pericytes and increases capillary
diameter [76]. The increase in microvessel size in the regenerating muscle areas could
also be the consequence of the ROCK inhibitor effect on the pre-capillary smooth muscle
cells. ROCK can directly regulate vascular smooth muscle cell contraction through myosin
I phosphorylation, independently of the Ca?*/calmodulin-activated myosin light chain
kinase pathway [77]. Indeed, previous animal studies reported that the pharmacological
inhibition of myosin II causes a significant relaxation of the pre-capillary smooth mus-
cle cells, contributing to the improvement in cerebral blood reperfusion after ischemic
stroke [78]. Also, ROCK inhibition contributes to smooth muscle cell phenotype switching
from a contractile into a synthetic phenotype [79]. Phenotypic switching of the contractile
smooth muscle cells to a synthetic state is a critical cellular event that sustains the growth
and outward remodeling of collaterals after ischemia [80].

Blood flow increase could be linked to the functional vasodilator property of ROCK
inhibitors. In vivo pharmacological ROCK inhibition showed anti-inflammatory and va-
sodilatory activity [81]. In this study, we confirmed that the ROCK inhibitor “GSK429286”
induced the production of nitric oxide (NO), a potent vasodilator, by cultured endothelial
cells. These results are consistent with a previous study’s findings showing that ex vivo
aortic rings from ROCK1*/~ and ROCK2*/~ mice produced higher levels of NO under
basal conditions [82]. In contrast, ROCK and its upstream effector protein, small GT-
Pase RhoA, decrease eNOS expression and NO production [45]. Of note, NO is a critical
endothelium-derived relaxing factor for vascular networks after ischemia injury [83].

Protein kinases have been important targets for drug discovery, with more than
25 small molecules approved by the FDA and hundreds more in clinical testing phases to
treat many diseases, including cancer, autoimmune disorders, and inflammatory con-
ditions [84]. In this study, we identified a selective indazole-based ROCK inhibitor,
GSK429286, as a candidate to enhance blood flow recovery after acute limb ischemia.
While mouse hindlimb ischemia is valuable as a pre-clinical model of peripheral arterial
disease (PAD), mimicking many specific features of PAD [85], we acknowledge the limita-
tion of the acute induction nature of the model since PAD in patients is a chronic process
which develops because of a gradual build-up of atherosclerosis. Thus, further in vivo
studies should be set up to investigate the potential therapeutic effects of indazole-based
ROCK inhibitors, and their mechanism of action, on the outcome of chronically induced
ischemia in older animal cohorts with comorbidities to facilitate clinical translation [86] and
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to further define the underlying mechanisms and relevant pharmacological parameters to
accelerate therapeutic translation.

4. Materials and Methods
4.1. High Content Screening of PKI GSK Library

The phenotypic drug screen analyzed in the current study was conducted using an
image-based screen of a 367-compound PKI library (GSK) described previously [31,51]. The
GSK Published Kinase Inhibitor Set (PKIS) is a collection of 367 kinase inhibitors previously
published by GSK scientists [87]. Briefly, primary human umbilical vein endothelial cells
(HUVECsS, pooled donors) were purchased from Lonza and maintained in endothelial
cell growth medium-2 (EGM-2, Lonza, Morristown, NJ, USA). First, Matrigel (354248, BD
Bioscience, Haryana, India) was added into the 96-well plates and then incubated at 37 °C,
5% CO; for 45 min. After Matrigel polymerization, PKIS library compounds were added
on Matrigel with a final concentration of 10 uM. Next, a resuspension of HUVEC, passage 4,
was prepared using Accutase (Sigma, Kanagawa, Japan). HUVECs were then seeded on the
Matrigel with added compounds at a density of 15,000 cells per well. Compounds, media,
and cells were dispensed using an automated liquid handling robot (JANUS, Denver, CO,
USA) and cell dispenser (FlexDrop PLUS). The screen plates were incubated for ten hours at
37 °C, 5% CO,. The screen was performed in duplicate under a complete vascular growth
culture medium (EGM-2). The screen plates were fixed with 4% PFA /PBS solution and
stained with Alexa Fluor 568 phalloidin (Invitrogen, Carlsbad, CA, USA) to visualize the
endothelial tubes. The plates were imaged with a 2x objective using a high-content imaging
system (Operetta, PerkinElmer, Waltham, MA, USA). The 16-bit images were processed,
segmented, and quantified using fully automated Metamorph image analysis software
version 7.7.7.0 (Molecular Devices, Silicon Valley, CA, USA) [51]. Vehicle (DMSO) and
Suramin (inhibitor of endothelial tube formation) were used in the original primary screen
as controls, and added simultaneously with the PKI library compounds in each screen plate.
The controls were used to calculate Z' factor to assess the screen performance [88]. B-score
was used as a method to normalize the total tube length parameter. The normalization
was performed in the CellHTS2 web-based platform [89]. The B-score normalization
method reduces the data variability plate-to-plate by calculating the residual values from
the median polish and the median absolute deviation of the screen data.

4.2. siRNA Transfection

ROCK1 and ROCK2 knockdown in HUVECs was performed using pre-designed
ON-TARGETplus™ smart-pool siRNAs from Dharmacon. ON-TARGETplus non-targeting
siRNNAs (NTC) were used as a negative control. Briefly, 120,000 cells/well were reverse
transfected in 6-well plate format at final siRNA concentrations of 24 nmol/L pre-incubated
with 6 pL Lipofectamine RNAIMAX (ThermoFisher Scientific, Waltham, MA, USA) in Opti-
MEM media. Cell culture media were changed 24 h after transfection to avoid transfection
reagent toxicity. Cells were used for further cell assays or protein analysis three days after
transfection.

4.3. Endothelial Tube Formation Assay

An endothelial tube formation assay was performed as previously described [42].
Briefly, Matrigel (50 pL) was added to each well of a 96-well plate. Compounds and vehicle
(DMSO) were first added to the polymerized Matrigel, and HUVECs with a density of
15,000 cells per well were then added to the top of the Matrigel. In siRNA experiments,
transfected HUVECs were resuspended and added with a density of 15,000 cells per well
on top of polymerized Matrigel. After incubation for eight to ten hours, endothelial tubes
were fixed and stained with Alexa 568-conjugated Phalloidin (ThermoFisher Scientific).
Next, endothelial tubes were imaged at 2x magnification using a high-content imaging
(Operetta, Paris, France) system. The total tube length and branching points were assessed
using Metamorph image analysis software.
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4.4. Western Blotting

Cell lysis was obtained from siRNA-transfected cells after 72 h using a mixture of
RIPA buffer (Sigma, St. Louis, MO, USA) and protease/phosphatase cocktail inhibitor
(Roche, Indianapolis, IN, USA). Protein concentration was measured with a BCA assay
(Pierce, Bradenton, FL, USA). Equal amounts of protein (5 pg) per sample were separated
via SDS-PAGE and transferred to an Immobilon-P PVDF membrane (Millipore, Burlington,
MA, USA). Membranes were blocked with 5% skimmed milk. The membranes were
incubated with primary antibodies, monoclonal mouse anti-human B-tubulin (Sigma;
1:1000), monoclonal rabbit anti-human ROCKT1 (Cell Signaling, Danvers, MA, USA; 1:1000),
and monoclonal rabbit anti-human ROCK2 (Cell Signaling; 1:1000), followed by incubation
with secondary antibodies, goat anti-mouse IRDye 800CW and goat anti-rabbit IRDye
680CW (1:5000, LiCOR, Lincoln, NE, USA), at room temperature for 3 h using iBind
Western Device (ThermoFisher Scientific). Next, the membranes were imaged using an
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). A densitometry
analysis of protein expression was performed using the Image J gel analysis tool.

4.5. Endothelial Cell Adhesion Assay

A cell suspension of HUVEC was prepared at a density of 10,000 cells per well in basal
endothelial cell culture media (EBM, Lonza) with no serum and growth factors. Compound
GSK429286 (10 uM) or DMSO (Vehicle) were added to the cell suspension. HUVECs were
seeded onto 10 ng/mL of laminin- or fibronectin-coated 96-well plates, where the adherent
cells were captured. Cells were incubated for 15 min at 37 °C and 5% CO,. Next, the wells
were gently washed five times with PBS to remove unbound cells using a multi-channel
pipettor [90,91]. Fresh basal media with no serum/growth factors were added to the
adherent cells, and were incubated for an additional three hours at 37 °C and 5% CO,. The
plates were fixed with 4% PFA and stained with Alexa 568 conjugated phalloidin, deep red
cell mask, and DAPI. Next, the plates were imaged and quantified using a high-content
fluorescence imaging system (Operetta, Paris, France). The adherent cell number was
quantified in nine identically positioned fields of each well using Harmony image analysis
software version 3.5 (Perkin Elmer, Waltham, MA, USA).

4.6. Endothelial Cell Motility Assay

HUVECs were seeded with a density of 5000 cells per well in 10 pg/mL laminin-
or BSA-coated 96-well plates. Cells were grown in EGM-2 media overnight. Next, Cell-
Tracker™ Orange CMTMR Dye (1 uM) was incubated with HUVEC for 30 min. After
washing with PBS, HUVECs were pre-treated with GSK429286 (10 tM) or DMSO for one
hour. To assess endothelial cell motility, time-lapse live imaging was conducted using
20x objective in a humidified, heated, and CO;-controlled and integrated chamber within
the high-content imaging system (Operetta). The time-lapse imaging was run at 5 min inter-
vals for a total period of 3 h. Two fields per well were imaged. At least 50 individual cells
per well were analyzed, and the cell position was tracked automatically over time within
the field image using the built-in Harmony image analysis software. Three parameters
were calculated to evaluate the migratory cell behavior [92,93] using the same software:
(1) the mean accumulated distance of the migrating cells over the experiment period; (2) the
mean velocity of migrating cells; and (3) the straightness index was calculated by the ratio
of the net displacement of a cell to the total migration length (accumulated distance). This
measurement examined the straightness of cell trajectories (directionality).

4.7. Co-Culture Organotypic Angiogenesis Assay

Adult human aortic smooth muscle cells (Thermo Fisher Scientific Inc.) were seeded
at a density of 20,000 cells per well. The next day, HUVECs were plated at density of
5000 cells per well on the confluent smooth muscle monolayer in a 96-well plate as pre-
viously described [51]. GSK429486 (5 uM) or DMSO as a control was added one day
after the plating of HUVECs. The co-cultures were sustained under full growth media
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(EGM-2) for seven days. Endothelial tubes were visualized via immunofluorescence using
a mouse anti-human CD31 monoclonal antibody (R&D systems) at 1:400 dilution and
goat Alexa 488-conjugated anti-mouse IgG secondary antibody (Thermo Fisher Scientific
Inc.) at 1:500 dilution. Actin fibers were stained with Alexa 568-conjugated Phalloidin
(Thermo Fisher Scientific Inc.). Nuclei were visualized via DAPI staining. The endothelial
tubes were imaged automatically at 10x magnification using the high-content imaging
system (Operetta). Nine identically positioned fields were acquired from each well in
each experiment. The following quantification of endothelial network features, total tube
length, branching points and mesh number, was performed automatically using an NIH
Image J-based tool (angiogenesis analyzer) [94]. Meanwhile, the tube thickness feature was
quantified automatically using Harmony image analysis software (Perkin Elmer).

4.8. Hindlimb Ischemia Model and Blood Flow Measurement

All animal procedures were carried out according to the UK Home Office regulations
and under appropriate project and personnel licenses. Briefly, 12-week-old female CD-1
strain mice were anesthetized with isoflurane. An incision was made in the skin overlying
the middle portion of the left hind limb. The common femoral artery was exposed and
dissected from the vein and nerve in the distal direction. The femoral artery was ligated
proximally and distally of the intervening segment, as previously described [48,95]. The
ligated segment was then excised by electro-coagulation. Animals were randomly divided
into two groups. Immediately after femoral ligation, the animals were injected intraperi-
toneally with 10 mg/kg GSK429286 in 300 pL Saline/2.5% DMSO solution or vehicle
(2.5% DMSO) (n = 6 per group). The compound dose was selected based on previous
studies [34,96]. Paw perfusion was monitored using a Laser Speckle Contrast Imager (LSCI,
Moor Instruments, Axminster, UK) as previously reported [97]. The FLPI measurements
were made in a warm (24 °C) and quiet environment. The CCD camera was positioned
30 cm above the limb. The contrast images were processed to produce a color-coded live
flux image (red denoted high perfusion, blue signified low perfusion) using the moorFLPI-2
measurement module (Moor Instruments). Measurements were made in the paw area
of non-ligated and ligated sides before and immediately after limb ischemia. Follow-up
measurements were acquired at 4 and 7 days after ischemia.

4.9. Whole-Mount Immunohistochemistry of Ischemic Muscles

Mice were euthanized seven days after ischemia induction. Adductor muscles were
fixed under pressure, carefully dissected under a stereomicroscope, and snap frozen. Frozen
muscle sections of 150 um were prepared and stained as previously described [98]. The
samples were stained with primary antibody rat anti-mouse CD31 (Pharmagen, Lahore,
Pakistan; 1:100) overnight at 4 °C followed by incubation with the appropriate secondary
antibody, Cy3-conjugated x-smooth muscle (SM) actin (Sigma; 1:100), and DAPI (Ther-
moFisher Scientific Inc.). Whole-mount muscle imaging was acquired on an LSM 710
Zeiss confocal microscope. Maximum-projection confocal images of the adductor muscle
microvasculature were generated from z stacks acquired starting at the medial surface of
the adductor muscle specimens. The new capillaries were defined as the microvessels that
were not surrounded by smooth muscle cells (x-SM actin negative vessels) found in the
regenerative regions of ischemic muscle fibers. The quantification of microvessel width
was measured from three fields per muscle sample using Image ] software (NIH).

4.10. Nitric Oxide Detection Assay

HUVECs were pre-incubated with GSK429286 (10 uM) in a 96-well plate overnight.
Next, cell permeable fluorescent Nitric Oxide (NO) indicator, 4-amino-5-methylamino-2’,
7'-difluorescein diacetate “DAF-FM-DA” (Thermo Fisher Scientific Inc.) was added at
a final concentration of 2 uM for 30 minutes, as previously reported [99,100]. Next, cells
were washed, and NO production was visualized at excitation 460/490 and emission
500/550 using a high content fluorescence imaging system (Operetta). Intracellular fluores-
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cence intensity was quantified in nine fields of each well using Harmony image analysis
software (Perkin Elmer). Mean intracellular fluorescence was calculated by subtracting the
integrated fluorescence density value obtained for the cell and the mean fluorescence of
background readings.

4.11. Statistical Analysis

All statistical tests, graphic plots, and heatmaps were performed using GraphPad
Prism software (version 9.0.2). One-way analysis of variance (ANOVA, New Providence,
NJ, USA) was conducted for comparisons between more than two experimental groups.
Two-way ANOVA was performed for comparisons with two experimental variables. Both
analyses were followed by Bonferroni’s or Sidak’s multiple comparisons test analyses
based on the method recommended by Prism 9. A non-parametric Mann-Whitney analysis
was carried out for the cell motility comparison tests since the data were not normally
distributed. In the other experiments, after passing the Kolmogorov-Smirnov normality
test, an unpaired t-test was used to compare two group means with the two-tailed option.
Data are expressed as mean =+ standard deviation (SD) unless otherwise specified. The
number of biological replicates used in each experiment is stated in the figure legends.
p value < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at https:
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