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Abstract

Coronary artery disease (CAD) accounts for over half of all cardiovascular disease-related deaths.
Uncontrolled arterial smooth muscle (ASM) cell migration is a major component of CAD
pathogenesis and efforts aimed at attenuating its progression are clinically essential. Cyclic
nucleotide signaling has long been studied for its growth-mitigating properties in the setting of
CAD and other vascular disorders. Heme-containing soluble guanylyl cyclase (sGC) synthesizes
cyclic guanosine monophosphate (cGMP) and maintains vascular homeostasis predominantly
through cGMP-dependent protein kinase (PKG) signaling. Considering that reactive oxygen
species (ROS) can interfere with appropriate sGC signaling by oxidizing the cyclase heme moiety
and so are associated with several CVD pathologies, the current study was designed to test the
hypothesis that heme-independent sGC activation by BAY60-2770 (BAY60) maintains cGMP
levels despite heme oxidation and inhibits ASM cell migration through phosphorylation of the
PKG target and actin-binding vasodilator-stimulated phosphoprotein (VASP). First, using the
heme oxidant ODQ, cGMP content was potentiated in the presence of BAY60. Using a rat model
of arterial growth, BAY60 significantly reduced neointima formation and luminal narrowing
compared to vehicle (VEH)-treated controls. In rat ASM cells BAY60 significantly attenuated cell
migration, reduced G:F actin, and increased PKG activity and VASP Ser239 phosphorylation
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(pVVASP.S239) compared to VEH controls. Site-directed mutagenesis was then used to generate
overexpressing full-length wild type VASP (FL-VASP/WT), VASP Ser239 phosphorylation-
mimetic (FL-VVASP/ 239D) and VASP Ser239 phosphorylation-resistant (FL-VASP/239A) ASM
cell mutants. Surprisingly, FL-VASP/239D negated the inhibitory effects of FL-VASP/ WT and
FL-VASP/239A cells on migration. Furthermore, when FL-VASP mutants were treated with
BAY60, only the FL-VVASP/239D group showed reduced migration compared to its VEH controls.
Intriguingly, FL-VASP/239D abrogated the stimulatory effects of FL-VASP/WT and FL-VASP/
239A cells on PKG activity. In turn, pharmacologic blockade of PKG in the presence of BAY 60
reversed the inhibitory effect of BAY60 on naive ASM cell migration. Taken together, we
demonstrate for the first time that BAY60 inhibits ASM cell migration through cGMP/PKG/VASP
signaling yet through mechanisms independent of pVASP.S239 and that FL-VVASP overexpression
regulates PKG activity in rat ASM cells. These findings implicate BAY60 as a potential
pharmacotherapeutic agent against aberrant ASM growth disorders such as CAD and also
establish a unique mechanism through which VASP controls PKG activity.

Graphical Abstract
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1. Introduction

Coronary artery disease (CAD) accounts for over half of all cardiovascular disease-related
deaths [1]. Like many vascular pathologies, CAD is characterized by matrix imbalance,
pathologic arterial smooth muscle (ASM) proliferation and migration and a heightened
immune response [1]. Intriguingly, soluble guanylyl cyclase (sGC) expression and cyclic
GMP-dependent protein kinase (PKG) activity are depressed while reactive oxygen species
(ROS) are elevated following vascular injury or disease. In turn, these events have been
speculated to contribute to dysfunctional homeostatic cell signaling linked to atherogenesis,
ASM cell hyperplasia and vessel wall hypertrophy, luminal narrowing, and phenotypic
switching from a contractile to synthetic, pro-growth phenotype [2—4]. Importantly,
canonical sGC function requires a reduced heme moiety within its two heterodimeric
subunits [5]. Because reactive oxygen species (ROS) are a risk factor for CVD pathologies,
ROS-mediated oxidation of the SGC heme iron prevents NO binding and negatively impacts
homeostatic cell signaling which has been found to promote aberrant ASM growth [5,6]
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Additionally, current surgical strategies include balloon angioplasty and/or stent deployment
which often fail due to vessel remodeling and neointimal development [7]. The current study
was designed to investigate ability of pharmacologic heme-independent activation of
endogenous sGC to prevent ASM cell migration as a key component of pathologic vascular
growth.

The principal cardiovascular effects of carbon monoxide (CO) and NO are facilitated
through activation of sGC with subsequent synthesis of second messenger cGMP. Together,
CO/NO and cGMP serve key protective roles in cardiovascular disorders associated with its
regulation of vasomotor tone, cell adhesion to endothelium, inhibition of platelet
aggregation, and ASM cell proliferation and migration [8-12]. A well-characterized
downstream effector target of cGMP within the vasculature is PKG1 [13-15].

PKGL1 is a serine (Ser)/threonine (Thr) kinase that exists as two isoforms, PKG1a and 1,
which are formed through alternative splicing of the N-terminus of the PKG1 gene and
which dose-dependently respond to cGMP in the vasculature [16]. Through post-
translational phosphorylational control, PKG is centrally involved in regulating intracellular
on/off switches that help control manifold cellular processes including inhibition of calcium
mobilization and phosphorylation of the small heat shock-related protein (Hsp) 20 to
promote vascular dilation [17]. Previous studies have shown capacity of traditional modes of
PKG activation to modulate arterial growth [18-21], yet many of these elicit off-target
hypotensive effects in the clinical setting [22] and thereby warrant identification and
characterization of alternate approaches for cGMP/PKG stimulation as well as more discrete
ASM targets.

Notably, PKG preferentially phosphorylates the actin-binding, focal adhesion adaptor
vasodilator-stimulated phosphoprotein (VASP) which has been proposed instrumental in
modulating cellular migration [23-25]. The critical role for VASP in actin-mediated
migration makes it an attractive target for whole vessel- and ASM-directed therapies.
Regarding cyclic nucleotide-mediated downstream effectors, VASP is a well-characterized
Ser/Thr kinase substrate that was identified after researchers recognized discrete
phosphorylation sites at Ser239 and Ser157 after treating cells with cGMP and cAMP
agonists, respectively [26]. Over time, VASP has gained notoriety in terms of its unique
phosphorylation status and its proposed involvement as a regulator of cell migration and
motility [23,27,28]. VASP has been cited in over forty clinical trials where it is
predominantly used as a readout in platelet aggregation studies, and cell signaling
experiments routinely use phosphorylated VASP at Ser239 (pVVASP.S239) and/or Ser157
(pVASP.S157) to indirectly measure PKG/PKA activities [29-31]. Nonetheless,
pVASP.S239 has not yet been examined as a therapeutic target in vascular growth disorders
nor has it been explored as an independent mechanism for sGC-mediated therapies. The
present study was performed to test our hypothesis that the heme-independent sGC activator
BAY 60-2770 (BAY60) inhibits ASM cell migration through phosphorylation of the PKG
target and actin-binding VVASP. We evaluated the capacity of BAY60 to stimulate
cGMP/PKG/pVASP.S239 signaling and assessed its impact on vascular remodeling and
ASM cell migration using full-length (FL) VVASP overexpressing (wild type, WT) mutants
with/without VASP.S239 phospho-mutagenesis. In brief, results show that BAY60 mitigates
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vascular remodeling, ASM cell migration and actin dynamics via enhanced cGMP/PKG/
VASP yet through mechanisms independent of pVASP.S239.

2. Materials and Methods

Studies outlined in this project abided by the guidelines of the East Carolina University
Animal Care and Use Committee and conformed to the Guide for the Care and Use of
Laboratory Animals (US National Institutes of Health, Publication No. 85-23, revised
1996).

2.1. Materials

BAY60 was provided as a kind gift from BAYER Pharmaceuticals (Bayer Health Care,
Germany). ODQ was purchased from Acros (New Jersey). IBMX was purchased from
Calbiochem (Germany). DT2 was purchased from Sigma-Aldrich (Saint Louis, MO). A7r5
(ATCC® CRL1444™) Smooth Muscle Cells were purchased from ATCC (Manassas, VA).
Primary antibodies were purchased from Abcam (Cambridge, MA), Cell Signaling
(Danvers, MA), or Santa Cruz (Dallas, TX) and secondary antibodies from Rockland
(Gilbertsville, Pennsylvania). Phalloidin and DNase 1 were purchased from Invitrogen
(Carlsbad, CA). Site-directed mutagenesis system was purchased from Dharmacon
(Lafayette, CO).

2.2. Methods

2.3. Cyclic nucleotide content assays—Rat primary ASM cells were seeded in 24-
well plates (100,000 cells/well), grown to confluence and analyzed using two different
cGMP ELISA kits (Enzo Life Sciences; Farmingdale, NY and Sigma-Aldrich; St. Louis,
MO) per manufacturer’s instructions and as previously described [32]. Briefly, cells were
pretreated with the phosphodiesterase inhibitor IBMX (1 mM) for 15 minutes prior to co-
incubation with IBMX with or without the soluble guanylyl cyclase (sGC) inhibitor ODQ
(10 uM) containing vehicle (VEH), BAY41-2272 (BAY41; 1 uM) or BAY60 (1 uM) and
cGMP content was analyzed after specified times. cGMP estimations were performed after
extraction using 0.1 N HCI. The cells were then washed with normal saline and the lysed
with 1 N NaOH for protein estimations using the Pierce BCA Protein Assay Kit (Thermo;
Waltham, MA) and cyclic nucleotide content was normalized to total protein within each
sample.

2.4. Rat carotid artery injury model

Carotid artery (CA) balloon injury was performed as previously described [33-36]. Briefly,
male adult (age 6-10 months) Sprague-Dawley rats (Harlan, Indianapolis, IN) were
anesthetized using an intraperitoneal injection of ketamine (90mg/ml)/xylazine (10 mg/mL)
cocktail (1mL/kg) supplied by the Department of Comparative Medicine, Brody School of
Medicine, East Carolina University, Greenville, NC. An arteriotomy of the left external CA
was created to allow introduction of a Fogarty 2F embolectomy catheter (Baxter Healthcare
Crop., Irvine, CA), which was passed uninflated through the left common CA ending just
distal of the aortic arch. The balloon was inflated to 2 atm (0.02 mL) and withdrawn three
times to effectively denude the endothelium and cause mural distension of the vessel wall.
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The catheter was removed and the external CA ligated to restore blood through the internal
and common CA. At this time DMSO (VEH) or BAY60 were mixed in 200 uL Pluronic gel
(BASF) and topically administered to the adventitia of the exposed common CA as
described [32,35,36]. Animals were closed and allowed to recover before being returned to
the animal care facility. Standard rat chow and water was provided through the duration of
the study.

2.5. Vascular ultrasound

Vascular ultrasound was performed immediately prior to euthanasia 14 days after balloon
injury using the Vevo 2100 High Resolution Imaging System (Visual Sonics Inc., Toronto,
Canada) and methods previously described [37]. Hair was depilated (Nair) and a contact gel
(Aquasonic, Parker Laboratories, Fairfield, NJ) was applied to the neck to minimize
transducer (30 MHz) interference. Identification of the common CA was achieved in B
Mode and measurements were recorded in M Mode.

2.6. Tissue processing and staining

Fourteen days after balloon injury and immediately following vascular ultrasound, animals
were deeply anesthetized and euthanized by pnuemothorax and exsanguination. In situ
perfusion and fixation protocols were performed as described [32,35,36]. Briefly, isotonic
saline was perfused transcardially immediately followed by perfusion of 10% formalin
buffer in saline. Common CAs were harvested (maintaining appropriate orientation relative
to injury and treatment), post-fixed in 10% formalin and stored in 70% ethanol until
processing. Vessels were processed in graded alcohols and paraffin-embedded. Five pm
sections were cut and mounted on charged slides before deparaffinization and rehydration
steps were performed. Verhoeff-Van Gieson staining of elastic tissue was accomplished as
described [32,35]. Images were captured microscopically (Leica DM5000B; Leica, Wetzlar,
Germany) and analyzed using NIH Image J software.

2.7. Cell culture

Two different ASM cell types were used in this study: rat primary aortic (rat
primary) and rat A7r5 aortic (A7r5) ASM cells—For primary cells, male juvenile (age
3-5 months) Sprague-Dawley rats (Harlan, Indianapolis, IN) were deeply anesthetized and
euthanized by pnuemothorax and exsanguination. ASM cells were harvested from the
thoracic aorta and isolated using mechanical and elastase/collagenase digestion as described
[32,35]. Cells were serially passaged in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum (FBS), and Primocin (100 mg/L; InvivoGen) up to passage 6.
Cultures were maintained in sterile conditions with 95% air and 5% CO5 throughout. Rat
ATr5 ASM cells were sub-cultured in identical fashion.

2.8. Migration assays

Two different cell migration assays were used: transwell chemotaxis and
scrape wound healing—In both approaches and in consideration of potential
confounding effects of cell proliferation, cells were quiesced in low serum (0.2% FBS)-
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containing media for 24 hours prior to the initiation of migration assays as previously
reported [35].

Transwell chemotaxis assay: As described [35] with minor modifications, ASM cells
were stained using CellTracker Green (10 uM; Invitrogen) and seeded on top of Fluoroblok
transwell inserts (Corning) and allowed to adhere to the porous membranes (8 pm pores) for
1 hour. Conditioned media and unattached cells were removed from the top insert and
replaced with 300 pL of low serum (0.2% FBS) media containing VEH or BAY60 (1, 10, 30
uUM). Serum-free media containing platelet derived growth factor (PDGFf; 10 ng/mL) was
added to the bottom reservoirs of each well in order to stimulate unidirectional cell
migration. Migration was quantified as a function of fluorescence detected on the bottom of
the Fluroblok insert using a bottom read plate reader (Tecan Infinite M200) at 525 nm at
different time points over a 20 hour time period.

Scrape wound healing assay: As detailed [32,35] ASM cells were seeded in tissue
culture-treated 6 or 12 well plates and grown to confluence. Following quiescence, sterile
P200 pipette tips were used to manually create scrape injuries in the center of each well.
Excess cellular debris was immediately removed with 1x Dulbecco’s phosphate buffered
saline (DPBS; Gibco) followed by the addition of complete media containing treatment.
Multiple images were captured of each scrape immediately following at times 0 (T0) and 16
hours (T16) post-washout for all non-time lapse experiments using a Leica DMI4000B
inverted microscope and CoolSnap HQ?2 camera (Photometrics; Tucson, AZ). Migration was
expressed as percent recovery by normalizing the average wound width (5 measurements per
field) at T16 by the average wound width (5 measurements per field) at TO per treatment
well.

Time lapse imaging: For select wound healing experiments, an automated stage with
(X,Y) coordinate control and on-stage incubator were employed (EVOS FL Auto; Life
Technologies). Following protocols described above, plates were placed in a humidified
chamber maintained at 37°C and 5% CO, through the duration of the time-lapse experiment.
Beacons were placed in 3 separate locations throughout each scrape injury and images were
captured at 15 minute intervals through 16 hours. Using SV Cell software (Bellevue, WA),
green-colored masks were applied to the wound region and applied to all frames in order to
quantify cell recovery normalized to TO wound area.

2.9. Actin cytoskeletal staining

Globular (G) to filamentous (F) actin ratios were quantified in suspended
VEH-and BAY60-treated cells—Following adherent treatment, cells were washed in
warm DPBS then trypsinized, clarified through centrifugation and fixed in warm 4%
formalin for 10 minutes at 37°C. Fixed cells were clarified again through centrifugation, the
fixative was aspirated, and cells were co-stained for 20 minutes at 37°C in phalloidin/
DNasel suspension as previously described with minor modificaitons [35]. G:F actin
quantitation was accomplished using the BD FACSVantage flow cytometer (BD
Biosciences, San Jose, CA) using 488 nm laser excitation and 515-545 nm emission optics
for phalloidin-Alexa Fluor 488 quantiation (F-actin) and 568 nm laser excitation and 619—
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641 nm emission optics for DNAsel quantitation (G-actin). At least 5000 cells were
analyzed per group using similar morphometric gates. FL-4 signal (G-actin) was divided by
FL-1 signal (F-actin) in order to express G:F for each run (normalized to total gated events).

2.10. Kinase activity assays

Treatment was performed in tissue culture-treated plates (6 or 12 well) as described with
minor modifications [38]. Cells were lysed in RIPA buffer supplemented with protein
phosphatase and protease inhibitor cocktail (1:100; Thermo). Protein was isolated according
to manufacturer’s instructions and content determined using the Pierce BCA Protein Assay
Kit (Thermo). 10 uL of crude lysate was added to each well of a cGMP dependent protein
kinase activity kit (CycLex; MBL International Corp.; Woburn, MA). Absorbance was read
at 450 nm using a bottom read plate reader (Tecan Infinite M200) and normalized to total
protein loaded per well. Full-length and catalytic domain-only recombinant cGMP-
dependent protein kinase(s) were used as positive controls.

2.11. Protein detection

Expression of specific proteins was evaluated in ASM cell homogenates
and in adherent ASM cells

Protein isolation: Following treatment, cells were washed twice in ice-cold DPBS then
lysed using cold RIPA buffer (Thermo) supplemented with Halt protease and phosphatase
inhibitor cocktail (Thermo) per manufacturer’s instructions. Lysates were gathered and
transferred to a centrifuge tube and centrifuged at 14,000xg for 15 minutes at 4°C. Protein
content was determined using the Pierce BCA Protein Assay Kit (Thermo).

Enhanced chemiluminescent Western blot: Whole ASM cell lysates were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Separated protein
was transferred to polyvinylidene fluoride (PVDF) membranes with TransBlot Turbo
transfer packs (Bio-Rad) using the TransBlot Turbo Transfer System (Bio-Rad) using the
high molecular weight setting (10 minutes at 2.5A up to 25V). Membranes were blocked for
1 hour at room temperature in 5% dry milk solution containing 0.1% Tris-buffered saline
+Tween-20 (TBST). Following block, membranes were incubated at 4°C in 5% BSA in
0.1% TBST using 1:1000 primary antibodies (unless otherwise noted) with gentle agitation
overnight. Membranes were washed in TBST and incubated for 1 hour at room temperature
in 5% dry milk+TBST using 1:5000 horseradish peroxidase (HRP) conjugated anti-rabbit
secondary antibody (Rockland; Limerick, PA) unless otherwise noted with gentle agitation.
Membranes were washed and developed using Super Signal West Pico substrates (Thermo)
per manufacturer’s instructions. Chemiluminescent signal was detected and analyzed using
BioRad’s ChemiDoclt imaging system and software.

In-Cell Western assays: Following previously detailed protocols [32,39], ASM cells
were seeded in 96-well plates (5,000 cells/well) overnight and treated with VEH or BAY 60
(0.1-10 uM) for desired time points. Cells were immunolabeled using rabbit anti-
VASP.S239 (1:500; Cell Signaling) or mouse anti a-tubulin (1:500; Sigma) primary
antibodies, then labeled using near infrared secondary antibodies (IR680 and IR800; LiCor).
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Proteins were quantified by scanning well fluorescence on the IR Odyssey® Imager (CLX,
LI-COR Biosciences, Lincoln, NE) and normalized with respect to a-tubulin content.

2.12. Site-directed mutagenesis

The GFP expression vector was purchased from Dharmacon. The pExpressl expression
plasmid containing full-length wild type rat Vasp was used for all VASP transfections
(Dharmacon). Site-directed mutagenesis was carried out using the GeneArt Site-Directed
Mutagenesis System (Thermo). 5’-CAAACTCAGGAAAG-
TGGCCAAGGAGGAGGCCTCT-3’ and 5’-AGAGGCCTCCTCCTTGGCCACTTT-
CCTGAGTTTG-3" were used as primers to generate a Vasp.S236A mutation (rat
homologue of human VASP.S239) and 5’-CAAACTCAGGAAAGTGGACAAGGA-
GGAGGCCTCT-3’ and 5’-AGAGGCCTCCTCCTTGTCCACTTTCCTGAGTTTG- 3’ were
used as primers to generate a Vasp.S236D mutation. DNA transformation was carried out
using DH5a-T1 competent £. Coli. DNA extraction and purification were carried out using
the ChargeSwitch-Pro Plasmid Miniprep Kit (Invitrogen) and Qiagen Plasmid Midi Kits
(Qiagen). DNA sequencing was confirmed through Eton Bioscience (Research Triangle
Park, NC). Transient transfections were performed in complete media on adherent, near
confluent cells according to manufacturer’s instructions (MBL International Corp.; Woburn,
MA). Briefly, 2 ug of DNA was gently mixed with 4 pL Transficient Transfection Reagent
(MBL International Corp.; Woburn, MA) in 200 pL of OptiMem (Gibco; Life
Technologies). After incubation at room temperature for 10 minutes the DNA-Transficient
complex was added to each media charged well (2 mL of complete media per well of a 6
well plate unless otherwise stated) and allowed to transfect for 48 hours.

2.13. gQRT-PCR

For transfection verification cells were lysed using TRIzol Reagent and RNA was extracted
using Purelink RNA (Invitrogen) according to manufacturer’s instructions. RNA levels were
quantified using the NanoDrop (Thermo) then 2 ug RNA was reverse transcribed using a
high capacity RNA-to-cDNA kit and thermal cycler (BioRad) according to manufacturer’s
instructions (Life Technologies). Gene expression was quantified using Tagman primers
(Life Technologies) and the QuantStudio6 (Life Technologies) using methods previously
described [40].

2.14. Transfection efficiency and GFP selection

For select experiments GFP co-transfection was performed by adding 2 ug of GFP
containing vector to each FL-VVASP group and co-transfected for 48 hours. Following co-
transfection cells were trypsinized and subjected to fluorescence activated cell sorting
(FACS) using the BD FACSVantage flow cytometer and 488 nm laser excitation and 515—
545 nm emission optics for GFP detection. Using naive (non-transfected/unstained) ASM
cells as a baseline, morphologic and autofluorescent gates were established and then two
fluorescent regions were designated in order to separate GFP positive from non-GFP
containing/negative cells. Cells were sorted directly into lysis buffer and treated as
previously described for cell lysates (see section 2.11.). Transfection efficiency was
determined as the number of GFP positive cells divided by the total number of viable cells
sorted.
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2.15. Statistical analysis

Results are presented as mean + standard error of the mean (SE). Statistical analyses were
performed with one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
multiple comparison tests for comparisons of three or more groups. Two-way ANOVA was
used when two different independent variables impacted one continuous dependent variable.
Student’s t-test were performed for unpaired groups using Sigma Plot (v11.1). A p-value <
0.05 was considered statistically significant.

3. Results and Discussion

Using rat ASM preparations, key findings from this study show that the heme-independent
sGC activator BAY60 reduces arterial remodeling in vivo and ASM cell migration and G:F
actin in vitro and stimulates cGMP/PKG/pVASP.S239 signaling. Through use of FL-VASP
over-expressing and Ser239-specific, phosphorylation-mimetic and phosphorylation-
resistant mutants along with selective pharmacologic blockade, the anti-migratory actions of
BAY60 appear to operate primarily via PKG and not through pVVASP.S239 as originally
anticipated. These results provide evidence that BAY60 through cGMP/PKG has capacity to
modulate components of vascular disease pathology and implicate BAY60 as a potential
pharmacotherapy against ASM growth disorders such as CAD. Further, we show VASP
phosphorylation differentially regulates PKG activity, a novel finding that supports the anti-
migratory actions of BAY60 and provides further support for identifying discrete PKG-
mediated mechanisms capable of inhibiting ASM cell migration in the context of CAD.

3.1. BAY60 potentiates cGMP content following sGC oxidation

Pankey and colleagues [41] recently showed that BAY60 possesses vasodilator activity in rat
pulmonary and systemic vasculature by increasing catalytic activity of heme-oxidized sGC
in vivo. However, the impact of BAY60 on ASM cell culture has not yet been described. In
turn, we examined mechanisms elicited by BAY60 as well as the heme-dependent sGC
stimulator BAY 41-2272 (BAY41) in rat primary ASM cells. Using a cGMP-specific
competitive ELISA, both BAY 41 and BAY60 significantly increased cGMP levels compared
to VEH controls; however, in the presence of the heme oxidant ODQ [42], the BAY41-
mediated cGMP increase was fully reversed while the stimulatory effect of BAY60 on
cGMP was significantly potentiated compared to BAY60 without ODQ (Figure 1A). Our
results are complementary to a recent study [5] whereby BAY60 significantly and dose-
dependently increased cGMP content which was potentiated with concomitant ODQ in
human platelets. To investigate its kinetics, BAY60 (0.001-10 pM) significantly increased
cGMP content in concentration- and time-dependent fashion (Figures 1B, C), with peak
content achieved using 1 uM BAY60 after 15 minutes with sustained elevation through 2
hours. In parallel experiments BAY 60 (0.001-10 uM) did not significantly alter CAMP levels
(data not shown). These results demonstrate ability of BAY60 to selectively increase cGMP
production via heme-independent sGC activation yet without marked effects on cCAMP
signaling.
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3.2. BAY60 reduces arterial remodeling in vivo

BAY60 has been previously used to produce pulmonary and systemic vasodilation
independent of endogenous nitric oxide or reduced heme (43), but to our knowledge BAY 60
has not yet been characterized as a mediator of vascular remodeling following balloon
angioplasty, a primary endovascular intervention performed in human coronary arteries [1].
The rat carotid artery balloon injury model is well-established for evaluating ASM growth
under in vivo conditions [43,44]; therefore, we used this model to investigate the ability of
BAY60 to mitigate or prevent arterial growth and remodeling. Perivascular application of
BAY60 immediately after injury significantly reduced neointimal formation and
significantly increased lumen diameter compared to VEH controls after 14 days (Figure 2A—
D). Representative photomicrographs of Verhoff-van Gieson-stained arterial cross-sections
14 days post-injury are shown for an injured, VEH-treated vessel (Figure 2A) and for an
injured, BAY60-treated vessel (Figure 2B). In parallel, and to consider potential limitations
associated with histomorphometry such as tissue shrinkage and/or distortion of cellular
components, non-invasive vascular ultrasound was performed prior to euthanasia 14 days
after injury. In agreement with histological findings, quantitation of vascular sonograms
revealed BAY60 significantly increased lumen diameter compared to VEH controls (Figure
2E-G). Representative tracings from in vivo vascular ultrasound for VEH (Figure 2E) and
BAY60-treated (Figure 2F) carotid arteries are shown. The importance of in vivo sGC
signaling following carotid injury was highlighted by Sinnaeve and colleagues [45,46] where
they found sGC subunit gene transfer and overexpression of constitutively active PKG
reduced neointima formation following rat balloon injury. Conflicting findings were
observed by Wolfsgruber et al. [47] who showed a proatherogenic role of PKG in mouse
ASM cells. Due to the difference in species and experimental models between these two
studies it is difficult to ascertain the specific mechanism(s) through which smooth muscle
growth is modulated. There are a number of studies which show opposing actions of NO and
cGMP in modulating arterial remodeling; please see [16] for a good review on this topic. We
have previously shown using distinct pharmacologic heme-dependent sGC stimulators such
as BAY41 [32] or YC-1 [48] that reduced arterial remodeling following mechanical injury
was possible through enhanced cGMP signaling. Importantly, the use of the heme-
independent sGC activator BAY 60 to moderate injury-induced in vivo ASM growth has not
been reported until now.

3.3. BAY60 inhibits ASM cell migration in vitro

Considering that cellular migration is a key component of arterial remodeling, we next
evaluated the impact of BAY60 on migration using rat ASM cells and two distinct in vitro
migration assays. With a serum-stimulated wound healing assay and rat primary ASM cells,
BAY60 (30 uM) significantly reduced random cell migration (chemokinesis) and wound
recovery after 16 hours compared to VEH controls (Figure 3A). Because ASM cell motility
in vascular pathology involves not only chemokinesis but also directed translocation down a
concentration gradient (chemotaxis) [49], we utilized a transwell apparatus and PDGFj3-
stimulation to measure this chemotactic response. BAY 60 significantly and dose-
dependently (1-30 uM) reduced rat primary cell migration compared to VEH controls over
20 hours (Figure 3B). These findings demonstrate ability of BAY60 to inhibit random as
well as directed migration in rat primary ASM cells. In order to replicate these findings in
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other ASM cell types we examined the anti-migratory effects of BAY60 on rat A7r5 ASM
cells. Using a traditional wound healing assay paired with an on-stage incubator equipped
with automated stage and (X,Y) coordinate controls along with a newly developed, highly
sensitive wound healing analysis program (SVCell; Bellevue, WA), BAY (10 uM)
significantly reduced A7r5 ASM cell migration versus VEH controls over 16 hours (Figures
3C-G). Photomicrographs of green-masked confluent cells treated with VEH or BAY60
immediately after wounding (time 0; Figures 3C, E, resp.) or 16 hours after wounding (time
16hr; Figures 3D, F, resp.), along with automated quantitation through 16 hours are shown
(Figure 3G). These cumulative cell migration findings using BAY60 are consistent with
results obtained using different sSGC stimulators which were previously shown to prevent
ASM chemokinesis and chemotaxis [32,50].

3.4. BAY60 decreases G:F actin

ASM cells, like many other adherent cell types, rely on reorganization of their actin
cytoskeleton as a primary mechanism for movement [51]. Therefore, to assess the capacity
of BAY60 to control actin cytoskeletal dynamics central to cell migration, two separate
approaches were used in rat primary and A7r5 ASM cells. Following VEH or BAY 60
treatment cells were trypsinized, fixed, stained and subjected to flow cytometry in order to
quantify G:F actin. Representative scatter plots and histograms for unstained, VEH- or
BAY60-treated cells for both F- and G-actin are shown (Figures 4A-C). Using this
approach, an 80% reduction in G:F was evident in BAY60-treated rat primary cells
compared to VEH controls while a statistically significant reduction in BAY60-treated A7r5
cells was also observed after 1 hour (Figure 4D). Together, these data suggest BAY60
promotes F actin formation after 1 hour which remains elevated through 16 hours. Although
analysis of G:F actin is an accepted approach for predicting the migratory status of adherent
cells at a given point in time [52], measuring G:F actin cannot stand alone in the absence of
a functional measurement of cellular migration (as described above) in light of numerous
reports providing sound evidence for bi-directional movement of G:F actin in the context of
migration [23,35,52,53].

3.5. BAY60 increases PKG activity and VASP S239 phosphorylation

Because cGMP traditionally binds to the regulatory subunit of PKG effectively releasing its
active catalytic subunit we sought to determine if BAY60 could stimulate PKG activity
subsequent to cGMP induction. BAY60 (10 pM) significantly increased PKG activity
compared to VEH controls in rat primary and A7r5 ASM cells after 60 mins (Figure 5A).
These data show that BAY60 operates in canonical cGMP/PKG fashion in rat ASM cells.
We then evaluated pVVASP.S239 expression, a primary phosphorylation target of PKG [26],
in both ASM cell types. Following 1 hour of BAY60 (10 uM) treatment, whole cell
homogenates using ECL Western blotting techniques for pVASP.S239 expression, showed
pVASP.S239 expression significantly increased compared to VEH controls (Figure 5B) with
a representative blot shown in Figure 5C. InCell Western blotting on intact, adherent rat
primary ASM cells demonstrated similar results (Figure 5D). Considering promiscuity for
cyclic nucleotide-directed kinase signals, the preferred PKA target VASP-Serinel157
(VASP.S157) was also probed, and results showed that BAY60 also significantly increased
pVASP.S157 expression but not to the same degree as pVVASP.S239 (data not shown). In line
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with our recently published findings in rat primary ASM cells using the heme-dependent
sGC stimulator BAY 41 [32], we speculate that the increase in pVVASP.S157 occurred
secondary to BAY60-induced cGMP/PKG/ pVASP.S239 signaling via kinase crosstalk. An
elegant study by Butt and colleagues [30] further supports this finding where they showed
PKG preferentially phosphorylates VASP on Ser239, but also phosphorylates VASP on
Ser157 with similar kinetics.

3.6. VASP-specific site-directed mutagenesis

The actin-binding protein VASP can modulate F-actin polymerization at the leading edge of
migrating cells [25,51,54] and VASP phosphorylation has been postulated not only as a
readout for PKG activity but also as a means for modulating its function [23,24]. Consistent
with the observations that BAY 60 increased cGMP/PKG and particularly pVVASP.S239 and
also reduced ASM cell migration, we theorized that the anti-migratory capacity of BAY60 is
pVASP.S239-dependent. In order to test this hypothesis we performed site-directed
mutagenesis (SDM) to transiently overexpress full length wild type VASP (FL-VASP/WT)
with/without Ser239 phosphorylation-mimetic (FL-VASP/ 239D) and phosphorylation-
resistant (FL-VASP/239A) mutations. SDM is a well characterized method for replacing
targeted amino acid residues with uncharged (Alanine-A) or negatively charged (Aspartate-
D) amino acids in order to mimic a constitutively phosphorylated (D) or a dominant
negative/non-phosphorylated (A) resistant mutant [23].

All of the transient transfections and SDM analyses were performed using wild type A7r5
ASM cells that possess endogenous VASP to more fully replicate the normal condition.
Commercial rat A7r5 ASM cells (ATCC) are characterized as primary thoracic aorta-derived
cells, yet we and others appreciate the phenotypic differences that can sometimes exist
between primary and commercial cells [55-57]. Nonetheless, for the cell signaling and
functional endpoints examined in this study and others recently published by our lab [57,58],
strikingly similar responses were observed following pharmacologic treatment for rat
primary and A7r5 ASM cells; in turn, for the VASP mutant studies A7r5 ASM cells were
used. Of note, to our knowledge we are the first group to conduct transient overexpression
studies using an A7r5 WT background. Most VVASP overexpression or mutagenesis studies
have used aortic ASM cells harvested from VASP~/~ mice and retroviral constructs encoding
mutant human VASP [31,59]. However, in addition to performing experiments in VASP~/~
ASM cells Chen et al. [31] additionally showed effects of VASP transfection into Fisher 344
rats already containing VASP using a Tetracycline-Inducible System, but these studies
evaluated cell proliferation and not migration.

In designing our experiments we were reluctant to incorporate a selection marker for
assessment of plasmid expression due to the potential negative impact that a large
differentiation marker could have on normal VVASP function [60]. Therefore, in order to
verify transfection efficiency, initial experiments were performed using a co-transfection
model [61] consisting of a GFP-containing vector in the presence or absence of FL-VASP
vectors which were co-transfected for 48 hours so that GFP expression serves as a function
of SDM transfection efficiency at this time point. Photomicrographs of naive and transfected
groups under phase at time 0 (T0) and after 48 hours as well as fluorescent images for GFP
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expression at 48 hours are shown in Figure 6A. We also quantitatively validated transfection
efficiency using percent GFP-positive cells (Figure 6B) which showed consistently around
50% transfection efficiency across treatment groups without impacting cell viability (data
not shown). Furthermore, transcript analysis via qRT-PCR and protein analysis by Western
blotting were performed in naive/non-transfected cells, FL-VASP/WT, FL-VASP/239D and
FL-VASP/239A over-expressing cells. Results show that each of the FL-VVASP transfected
cells transiently overexpress over 4000-fold the transcript levels for total VASP compared to
naive control cells (normalized to GAPDH) (data not shown) and 3 times the level of total
VASP protein compared to naive, transfection vehicle, and vector-only control cells 48 hours
post-transfection (Figures 6C-D). Western blotting for total VASP protein showed a distinct
and intense protein band just above 50kD in all FL-VASP transfected groups which was not
apparent in any of the other control groups (Figure 6C-D). Because DNA sequences were
confirmed for rat FL-VASP prior to carrying out these experiments and considering a
potential influence of translational read-through we are confident that this large protein is
transfected exogenous VVASP. To further verify our transfection efficiencies and to show that
this heavier molecular weight (MW) protein was not simply an artifact of transfection we
performed FACS to separate (from the same transfected flask) all of the GFP positive from
GFP negative cells (experimental scheme for FACS cell sorting is shown in Figure 6E). It is
clear in Figure 6F that the heavier MW band is only present in the GFP/FL-VASP/WT
positive cell lysate and is not evident in the GFP negative cells sorted from the same flask. In
all, these findings validate our SDM methodology and approach for transfecting and
significantly modulating VASP expression in A7r5 ASM cells.

3.7. Biological activities of FL-VASP mutants and the influence of BAY60

In order to evaluate the FL-VASP mutant phenotypes and to test the effects of BAY60 on
ASM cell endpoints, the same conditions used for BAY 60 treatment of naive A7r5 ASM
cells as described above were employed. Migration, PKG and PKA activities were assessed
in VEH and BAY60-treated overexpressing FL-VASP/ WT, FL-VASP/239D, and FL-VASP/
239A mutants. We anticipated that supplementing endogenous VASP with transient
overexpression of exogenous rat FL-VASP/WT would inhibit ASM cell migration, possibly
by providing more substrate for PKG-mediated events to occur. We also expected our
phosphorylation-mimetic, constitutively active FL-VVASP/239D group would show
significantly inhibited cell migration since this overexpression would most closely resemble
our previously characterized anti-migratory phenotype and VVASP induction observed with
BAY60 treatment (see Figures 3, 5). Conversely, we expected to see a reversal of these
effects or an increase in migration compared to naive cells when we overexpressed
phosphorylation-resistant FL-VASP/239A due to the rationale that inhibition of migration
would be pVVASP.S239-dependent. Though independently, we expected all three untreated
FL-VASP groups to demonstrate different migratory phenotypes, we did not expect to see a
significant change in these migratory phenotypes when treated with BAY60. This was
theorized because our observational results led us to believe BAY 60 operated to inhibit ASM
cell migration in pVVASP.S239-dependent fashion.

Interestingly, when using the scrape injury to assess cell migration, the FL-VASP/WT (total
VASP overexpressing) and phospho-resistant FL-VVASP/239A groups showed significantly
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reduced migration after 16 hours yet this was negated with phospho-mimetic FL-VASP/
239D overexpression (Figures 7A-B). Although we expected FL-VASP/WT to inhibit
migration, in support of a study using cultured rat fibroblasts (Rat2 cell line) showing FL-
VASP/WT overexpression attenuated cell migration through defining or maintaining cell
polarity [54], our findings using FL-VVASP/239A overexpressing ASM cells was not
anticipated. However, Defawe and colleagues [59] performed ASM cell invasion assays
using mouse VVASP™/~ cells and showed that FL-VASP/239D enhanced migration compared
to phosphorylation-resistant FL-VASP/239A mutants, but the differences in experimental
design to include comparisons to a naive untreated group prevent direct comparisons of
results.

Scrape injuries were then performed in the VASP mutants in the absence or presence of
BAY60. BAY60 did not significantly impact FL-VASP/WT or FL-VASP/239A mutant ASM
cell migration 16 hours post-injury when compared to corresponding VEH-treated groups;
however, FL-VASP/239D overexpression in the presence of BAY60 significantly reduced
migration compared to its VEH control (Figure 7C). Because BAY60 significantly increased
PKG activity (see Figure 5A), we theorized that perhaps pVASP.S239 modulates upstream
PKG activity which in turn could regulate ASM cell migration independent of VASP
phosphorylation status. This idea had not been cited in the literature to date although others
have evaluated alternate kinases impacted by VASP phosphorylation [59]. In turn, we
analyzed the influence of the VASP mutants on PKG activity. FL-VASP/WT significantly
elevated PKG activity compared to naive cells (Figure 8A). Further, and in support of our
anti-migratory findings with BAY60, FL-VASP/239D abrogated the stimulatory effects of
FL-VASP/WT and FL-VASP/239A on PKG activity (Figure 8B). To address potential
changes that might occur in other predominantly cited kinases that phosphorylate VASP we
also evaluated PKA activity using a similar ELISA as described for measuring PKG activity.
We found that none of the VASP mutants significantly altered PKA activity compared to
naive cells (Figure 8C). To extend and confirm our suspicion that FL-VASP/WT
overexpression modulates PKG activity and is not merely a byproduct of transfection,
following co-transfection FACS sorting (following the schematic shown in Figure 6E) was
performed, and results show that only the GFP-containing FL-VASP/WT cells showed
significantly increased PKG activity compared to GFP-negative cells from the same flask
(Figure 8D). This differential regulation of PKG activity by VASP could possibly explain the
significant reduction in ASM cell migration only seen in the FL-VASP/239D group (Figure
7C). This finding might also explain the inability of BAY60 to affect ASM cell migration in
FL-VASP/WT and FL-VASP/239A overexpressing ASM cells due to a PKG saturation
effect.

3.8. PKG blockade reverses BAY60-induced attenuation of ASM cell migration

As the anti-migratory effects of BAY60 seem to be independent of pVASP.S239 based on
these findings, we tested the role of PKG in modulating BAY 60-induced inhibition of ASM
migration in non-transfected cells. Using the well-characterized PKG inhibitor DT-2 that we
and others have validated for PKG blockade in ASM cells [32,62,63], results show that PKG
inhibition fully reversed BAY60-induced reduction of ASM cell migration (Figure 9).
Negash and colleagues [64] suggested that PKG mediates pulmonary ASM cell migration
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using a similar pharmacologic inhibitor, but these effects were determined to be
hypoxiadependent. Our data provide evidence that BAY 60 inhibits migration of ASM cells
through mechanisms reliant at least in part upon active PKG. We believe that phosphorylated
VASP.S239 could also be a consequence of elevated PKG signaling yet appears not to be
involved as a regulatory mechanism for BAY-mediated reduction in cell migration.

3.9. Clinical relevance of BAY60

Brief discussion is warranted for the potential clinical importance for BAY60 in combating
vascular proliferative disorders. From early efforts to develop pharmacologic approaches to
enhance cGMP signaling, two broad classes of compounds were developed: heme-dependent
sGC stimulators and heme-independent sGC activators [65]. Previous studies in our lab have
shown molecular, cellular, and functional mechanisms of heme-dependent sGC stimulators
such as YC-1 and BAY 41-2272 in ASM under in vivo and in vitro conditions [32,34,59,66].
While heme-dependent sGC stimulators require an operational/reduced sGC heme moiety in
order to function, heme-independent activators such as BAY60 have capacity to operate in
heme-deficient or heme-oxidized tissues, conditions often found during cardiovascular
disorders [67] and a capacity validated in initial efforts in this study (see Figure 1A) The
effects of BAY60 in ASM are therapeutically intriguing yet heretofore have been undefined
and thus were the focus of the current study. To date, sparse scientific evidence exists
regarding the influence of BAY60 on ASM pathologic growth. Some earlier studies with
BAY60 showed attenuation of liver fibrosis in a rat model, suggestive of a therapeutic
approach for liver fibrosis [68], and an inhibitory effect on platelet aggregation, adhesion
and intracellular Ca2* levels in human platelets under oxidized conditions [5]. Other reports
have shown that systemic BAY60 has capacity to decrease pulmonary arterial pressure and
systemic arterial pressure in a rat model, suggesting a regulatory role for BAY60 on
vasodilation of pulmonary and systemic vasculature [41]. BAY60 has also been identified to
preserve sGC activation and cGMP signaling in the oxidative conditions of cardiac stress
[69]. While these studies suggest promising therapeutic roles for BAY60, similar sGC
activators (Cinaciguat or BAY 58-2667) have been discontinued in clinical trials due to off-
target hypotensive effects [22]. However, use of these compounds delivered locally and
aimed at ameliorating adverse vascular remodeling and/or intervention-induced restenosis
has not been tested. In light of the results presented in this study we demonstrate clinically
appealing ability of BAY60 to control aspects of aberrant ASM growth and pose that if
delivered locally may prevent the adverse outcomes experienced during clinical trials.

4. Conclusions

Findings from this study show that BAY60 can reduce pathologic ASM growth under in vivo
and in vitro conditions possibly through modulation of actin cytoskeleton and via
cGMP/PKG/VASP signaling. We also demonstrate that VASP phosphorylation differentially
regulates PKG activity, a novel finding that supports the anti-migratory actions of BAY60
and argues pVASP.S239 is involved yet not responsible for the anti-migratory actions of
BAY60. Taken together, these findings implicate that BAY 60 has therapeutic capacity as a
growth regulator in ASM and may provide an approach to moderate vascular growth
disorders.
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Highlights
. Heme-independent sGC activation by BAY60 attenuates ASM growth
. The anti-migratory mechanisms of BAY60 operate in PKG/VASP-
dependent manner
. VASP phosphorylation differentially regulates PKG activity
. pVASP.S239 is involved yet not responsible for the anti-migratory
actions of BAY60
. BAY60 could serve as a potential pharmacotherapy against pathologic

arterial growth
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Figure 1. Heme-independent activation of sGC by BAY60-2770
(A) Rat primary arterial smooth muscle (ASM) cells were treated with the

phosphodiesterase inhibitor IBMX (1 mM) for 15 minutes prior to co-incubation with/
without the soluble guanylyl cyclase (SGC) inhibitor ODQ (10uM) containing vehicle
(VEH), the heme-dependent sGC stimulator BAY41-2272 (BAY41; 1 uM), or the heme-
independent sGC activator BAY60-2770 (BAY60; 1 uM), and cGMP content was analyzed
after 15 minutes. Results show significant increases in cGMP content in BAY41 and BAY 60
groups compared to VEH controls. ODQ significantly decreased the BAY41-mediated
cGMP increase back to VEH control levels but significantly potentiated cGMP content in
BAY60-treated cells. n = 4 wells per group. * = vs. appropriate VEH; # = vs. appropriate
group without ODQ. (B) Rat primary ASM cells were incubated with VEH or BAY 60
(0.001-10 pM) and cGMP content was analyzed after 15 minutes. Results show significant
increases in cGMP content at 1 and 10 pM BAY60 compared to VEH controls. (C) Using
VEH or BAY60 (1 uM), time course experiments were performed for cGMP content up
through 120 min and results show maximum production of cGMP after 15 min BAY 60
treatment with sustained elevation of cGMP through 120 min. n = 3 in duplicate per
treatment group.
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Figure 2. BAY60 reduces arterial remodeling following injury
Representative (40x) Verhoeff-van Gieson-stained cross-sections of rat balloon-injured left

carotid arteries (LCA) two weeks following injury and perivascular treatment with VEH or
BAY60. (A) Injured LCA treated with VEH in Pluronic gel; (B) Injured LCA treated with
BAY60 (1 mg) in Pluronic gel; Scale bar represents 25 pm in both A and B. (C)
Histomorphometric analyses two weeks post-injury show that the neointima (NI) area to
medial wall (MW) area is significantly decreased in arteries treated with BAY60 compared
to those treated with VEH. (D) Lumen diameters correspondingly increased in arteries
treated with BAY60 after injury compared to those treated with VEH. (E, F) Vascular
ultrasound tracings of rat balloon-injured arteries two weeks after injury and treated with
VEH (E) or BAY60 (F), similarly showing increased lumen diameters in BAY 60-treated
arteries compared to VEH vessels. (G) Quantitation of vascular ultrasound tracings showed
significantly increased lumen diameters in injured arteries treated with BAY60 compared to
vessels treated with VEH. n = 5 animals per treatment group; * p < 0.05 vs. VEH controls.

Cell Signal. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Holt et al.

A

Migration (% recovery)

VEH

m

BAY60 (10 uM)

100 4

80 A

60 -

40 4

20 +

Page 26
B
8000 -
=)
: i 1
= 5o00 4 = e
o SESSSEE
T * E
- E 4000
e
T
o - VEH
®  20m , —@— BAYEOD (1 uM)
o —y— BAYE0 (10 uM)
= / —&— BAYE0 (30 pM)
' - . ’ o T T T T T T T T
VEH 1 10 30 0 1 3 5 7 9 20
BAYG0 (uM) Time (hr)
Time 0 Time 16hr

Migration (wound area minus time 0) G)
=

—°= BAY60 (10 uM)

Time (hr)

Figure 3. BAY60 attenuates ASM cell migration

(A) Wound healing cell migration assay using rat primary ASM cells shows significantly
reduced migration in BAY60-treated versus VEH-treated cells 16 hours following wounding
(B) Fluroblok Transwell migration assay on rat primary ASM cells carried out 20 hours
following addition of 10 ng/mL PDGFf shows that BAY 60 significantly reduced
chemotactic migration compared to VEH controls. (C-G) Time-lapse wound healing
migration assay on rat A7r5 ASM cells carried out 16 hours post-wounding using phase
contrast imaging and SVCell image analysis software. Software-applied masks (green) were

used to quantify wound area as a percentage of image area; scale bar=100 pm. (C-F) reveals
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that BAY60 significantly inhibits migration compared to VEH (G). n > 3 independent
experiments for all cell migration assays. * p < 0.05 vs. VEH controls.
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Figure 4. BAY60 reduces G:F actin in ASM cells
(A-D) Rat primary and A7r5 ASM cells were plated and treated with VEH or BAY60 (10

uM) for 60 min, then trypsinized and fixed in suspension. Cells were stained for G- and F-
actin and quantified using flow-activated cell sorting (FACS). (A) shows representative
scatter plots and histograms for naive unstained conditions for F- and G-actin, respectively,
while (B, C) show representative plots and histograms for F- and G-actin for VEH- and
BAY60-treated cells, respectively. (D) illustrates quantitative analysis for G:F actin ratios for
rat primary and A7r5 ASM cells treated with VEH or BAY60 (10 uM) for 60 min. BAY60
reduced G:F ~80% compared to VEH controls in primary cells and 50% in A7r5 cells. n=2
pooled wells and 1 independent experiment for rat primary ASM cells and 3 independent
experiments for A7r5 ASM cells each with 5000 events analyzed per run. *p < 0.05 vs. VEH
controls.
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Figure 5. BAY60 increases PKG activity and VASP S239 phosphorylation

(A) Treatment with BAY60 (10 uM, 60 min) stimulated significant increases in PKG activity
in rat primary and rat A7r5 ASM cells compared to VEH controls assessed through a PKG
activity ELISA. (B—C) Densitometric quantification of rat primary, and rat A7r5 cell
homogenates along with a representative ECL Western blot for VASP (at the preferred PKG
site, Ser239 (pVVASP.S239)) and GAPDH. Data reveal significant increases in pVASP.S239
compared to respective VEH controls for each cell type. (D) Densitometric quantification
from an In-Cell Western blot using intact, adherent rat primary ASM cells showing BAY 60
significantly increases pVASP.S239 levels (normalized to a-tubulin) compared to VEH
controls. n = 3 independent experiments for PKG activity, ECL and ICW Western blots. * p

< 0.05 vs. VEH controls.
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Figure 6. Validation of transient VASP overexpression in ASM cells
(A) Qualitative, time-course phase contrast and fluorescent photomicrographs of confluent

rat A7r5 ASM cells co-transfected with GFP-containing vector showing marked GFP
expression 48 hours post-transfection (scale bar=250 um). (B) FACS analysis reveals ~50%
transfection efficiency across all transfected groups. (C) Representative Western blots of
total VASP protein expression and (D) densitometry showing marked total VASP expression
in all FL VVASP-transfected groups (= 3-fold increases) compared to naive cells. Note a
distinct protein band just above 50kD in all FL VVASP-transfected groups that is not apparent
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in the naive control group (arrows). (E) Experimental workflow used to verify transfection
efficiency and biological activity from a pure population of transfected (GFP-positive) ASM
cells (FL-VASP/WT co-transfection is depicted here). This observation of a heavier
molecular weight protein band was verified after FACS (F) where this heavier band only
appeared in the FL VASP/WT GFP positive cells (arrow) and was absent in all three of the
other control groups, including the internal control group of GFP negative cells from the
same sorted flask (termed WT “-*).
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Figure 7. FL-VASP/239D negates the repressive effect of FL-VASP overexpression on ASM cell
migration which is reversed with BAY60

(A) Photomicrographs of naive, and FL VASP mutants immediately following (time 0) and
16 hours (time 16hr) post-wounding scrape injury. (B) Quantification of naive, and FL-
VASP mutant ASM cell migration demonstrates FL-VASP/WT overexpression significantly
reduces migration compared to naive ASM cells 16 hours after injury. This inhibitory effect
was abrogated with phospho-mimetic, FL-VASP/239D overexpression, but was restored
with phospho-resistant, FL-VASP/ 239A overexpression. n=7 independent experiments

Cell Signal. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Holt et al.

Page 36

performed in duplicate. * p < 0.05 vs. naive controls. (C) BAY60 (10 uM) did not
significantly impact FL-VASP/WT or FL-VASP/239A mutant ASM cell migration 16 hours
post scrape injury when compared to each corresponding VEH-treated FL-VASP mutant;
however, FL-VVASP/239D overexpression in the presence of BAY60 significantly reduced
migration compared to FL-VASP/239D alone. n=3 independent experiments in triplicate. * p
< 0.05 vs. corresponding VASP mutant.
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Figure 8. FL-VASP mutants differentially regulate PKG activity

Naive ~ WT 239D  239A

FL-VASP

(A) FL-VASP/ WT significantly increases PKG activity compared to naive controls 48 hours
post-transfection using a PKG activity ELISA. (B) At this same time point, phospho-
mimetic FL-VASP/239D prevented FL-VASP-mediated enhancement of PKG activity
compared to FL-VASP/WT and phospho-resistant FL-VASP/239A overexpression. These
changes were observed in the absence of any significant increases in PKA activity (C). (D)
In order to confirm these findings, lysates from the previously described FACS sort (Figure
6E) were probed for PKG activity and results showed FL-VASP/WT or “WT+" cells
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significantly increased PKG activity compared to all control groups. (A) n=2 (B-C) n=3 (D)
n=1 independent experiment(s) performed in quadruplicate. * p < 0.05 vs. naive (A,C) or
WT (B) or GFP+ (D); (D) # p <0.05 vs. WT-.
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Figure 9. PKG blockade by DT2 reverses the inhibitory effect of BAY60 on naive ASM cell
migration
(A) Photomicrographs show VEH, BAY60, and BAY60+DT?2 at times 0 and 16hr post-

wounding scrape injury (scale bar=250 um). (B) Quantification of ASM cell migration with
BAY60 (10 uM) showing significantly reduced migration compared to VEH controls which
was significantly reversed with concomitant PKG blockade by DT2 (1 uM). DT2 alone did
not significantly alter cell migration compared to VEH controls (data not shown). Auto-
contrast and red channel selection (Adobe Photoshop CS4 Extended) were applied
uniformly to all photomicrographs. n = 2 independent experiments in duplicate. * p < 0.05
vs. VEH; $ p < 0.05 vs. BAY60.
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