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Abstract
α1a Adrenergic receptors (α1aARs) are the predominant AR subtype in human vascular

smooth muscle cells (SMCs). α1aARs in resistance vessels are crucial in the control of

blood pressure, yet the impact of naturally occurring human α1aAR genetic variants in car-

diovascular disorders remains poorly understood. To this end, we present novel findings

demonstrating that 3D cultures of vascular SMCs expressing human α1aAR-247R (247R)

genetic variant demonstrate significantly increased SMC contractility compared with cells

expressing the α1aAR-WT (WT) receptor. Stable expression of 247R genetic variant also

triggers MMP/EGFR-transactivation dependent serum- and agonist-independent (constitu-

tive) hyperproliferation and agonist-dependent hypertrophy of SMCs. Agonist stimulation

reduces contractility Using pathway-specific inhibitors we determined that the observed

hyperproliferation of 247R-expressing cells is triggered via β-arrestin1/Src/MMP-2/EGFR/

ERK-dependent mechanism. MMP-2-specific siRNA inhibited 247R-triggered hyperproli-

feration indicating MMP-2 involvement in 247R-triggered hyperproliferation in SMCs. β-

arrestin1-specific shRNA also inhibited 247R-triggered hyperproliferation but did not affect

hypertrophy in 247R-expressing SMCs, indicating that agonist-dependent hypertrophy is

independent of β-arrestin1. Our data reveal that in different cardiovascular cells the same

human receptor genetic variant can activate alternative modulators of the same signaling

pathway. Thus, our findings in SMCs demonstrate that depending on the type of cells

expressing the same receptor (or receptor variant), different target-specific inhibitors could

be used to modulate aberrant hyperproliferative or hypertrophic pathways in order to restore

normal phenotype.
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Introduction
Adrenergic receptors (ARs) are activated by the sympathetic nervous system catecholamines
norepinephrine and epinephrine and play a major role in regulating cardiovascular function
during physiological and/or pathological conditions. Elevated levels and prolonged effects of
plasma catecholamines are risk factors for development of vascular diseases [1,2], such as vessel
wall hypertrophy, atherosclerosis, and restenosis after vessel injury. Direct stimulation of α1-
adrenergic receptors (α1ARs), members of G protein-coupled receptor (GPCR) superfamily,
has been shown to induce dose-dependent proliferation, hypertrophy, and migration of vascu-
lar smooth muscle cells (SMCs) and adventitial fibroblasts [3–8]. In injured arteries, the
potency of these effects is highly increased [7].

α1ARs are also important regulators of vascular tone and play a major role in blood vessel
repair. Numerous studies demonstrate that activation of α1ARs leads to vasoconstriction, and
knockout of these receptors in mice results in impaired maintenance of normal arterial blood
pressure (BP) [9]. Three subtypes of human α1AR (α1a, α1b, α1d) have been cloned and
pharmacologically characterized. Although precise physiological rationale for having three
α1AR subtypes remains elusive, differential subtype function is supported by differences in tis-
sue distribution, G-protein-coupling, and response to agonist stimulation [10,11]. Vascular
α1ARs have been extensively studied in animal models and it has been suggested that all three
subtypes play a role in BP control [9,12–14], although the α1AR subtype-specific contraction
differs from the animal models used or vascular bed investigated [15].

Human vascular α1AR subtype distribution is distinct from other animal models: α1AR sub-
types vary with vessel bed, correlate with contraction in mammary artery and vary with age
[16]. α1aARs are major subtype in human heart and vascular SMCs, particularly in resistance
vessels and are involved in BP control regardless of age. However, concurrent vascular α1b
expression is increased in older individuals (>65 years), with both subtypes ultimately involved
in BP maintenance [16]. In terms of signal transduction, stimulation of all three α1AR subtypes
with receptor agonist results in activation of the Gq/11 signaling pathway, including activation
of phospholipase C, generation of second messengers inositol (1,4,5) triphosphate and diacyl-
glycerol, and mobilization of intracellular calcium. Although all three α1AR subtypes activate
the same Gq/11 protein signaling pathway, different human tissue distributions suggest they
may play distinct functional roles. While the canonical, mitogenic signaling pathways activated
by GPCRs in general (and by α1ARs in particular) are reasonably well defined [17], the less
studied, but equally important is GPCR signaling through appropriate receptor tyrosine
kinases such as the epidermal growth factor receptor (EGFR). To date, most studies of EGFR
transactivation by vasoactive GPCRs have centered on the growth effects of these GPCRs and
their potential impact on development of cardiovascular hypertrophy upon agonist stimulation
[18–20]. However, it is conceivable that EGFR transactivation modulates vascular tone as well
as growth [21,22]. It has been demonstrated that catecholamine-induced activation of α1ARs
triggers protein synthesis in rat medial aortic SMCs, which is a process mediated by the ROS-
dependent EGFR/ERK transactivation pathway [23]. Also, contractions of rat thoracic aorta by
α1ARs involving EGFR transactivation pathway and mediated via PI3K and ERK1/2 activation
has been demonstrated in another study [24]. However, only very few studies presenting EGFR
transactivation via agonist-dependent α1ARs activation describe which particular α1AR sub-
type is responsible for the pathway activation. Hao et al. demonstrated that stimulation of α1b-
adrenoceptors in arteries results in activation of matrix metalloproteinase 7 (MMP-7), and sub-
sequent EGFR-dependent signaling contributing to the vascular tone [25]. It has been reported
that in GT1-7 neuronal cells EGFR transactivation by α1aAR involving HB-EGF release
requires both PKC and Src activation [26], however, in these cells again proliferation is more
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associated with α1bAR subtype [27]. α1aARs play a role in both SMC and fibroblast prolifera-
tion during vessel injury [7,28]. We have demonstrated that upon agonist stimulation α1a sub-
type triggers small, but statistically significant EGFR transactivation-dependent proliferation in
Rat-1 fibroblasts when receptor expression is close to physiological levels [29] or during very
small window of low agonist concentration [30].

In addition, GPCRs can activate EGFR through Gq and/or β-arrestin-dependent pathways.
Recent advances in GPCR research illustrate the importance of β-arrestins in regulating dis-
crete signaling pathways with unique biological outcomes [31]. Agonist-mediated, β-arrestin-
or G protein-dependent EGFR transactivation has been demonstrated for β1- and β2ARs
[32,33] as well as for angiotensin receptor AT1a [34]. Different physiological responses of
GPCRs observed by G protein- or β-arrestin-biased signaling is a promising new paradigm in
cardiovascular research leading to the possibility of new approaches and selective therapies
[35].

Polymorphisms in genes encoding sympathetic ARs, including α1aAR SNPs, are also associ-
ated with hypertensive disorders and heart failure [36–39]. Nine naturally occurring human
AR SNPs identified in the coding region and affecting different domains of α1aAR have been
characterized pharmacologically [40]. Among these, the G247R SNP (247R), located in the
third intracellular loop (3iL) of the α1aAR receptor is particularly interesting since it was origi-
nally identified in a patient with severe hypertension (HTN). The 3iL is functionally important
for Gq protein coupling and intracellular signaling and is not directly involved in ligand
binding.

Recently, our laboratory discovered a novel signaling mechanism triggered by the naturally
occurring α1aAR-247R (247R) genetic variant. We reported that 247R expression results in
hyperproliferation of rat fibroblasts due to MMP-7/ADAM-12-mediated, constitutively active
(agonist-independent) coupling to EGFR transactivation pathway that is Gq-independent but
β-arrestin1-dependent. Agonist treatment of wild type receptor triggers only small, but statisti-
cally significant, EGFR-dependent cell proliferation in fibroblasts [29]. Our recent findings also
reveal that EGFR transactivation by 247R triggers agonist-independent hyperproliferation and
agonist-dependent hypertrophy in cardiomyoblasts [41], suggesting a common mechanism
that is not cell type-dependent.

Since vascular SMCs are the most clinically relevant model, particularly given α1aAR’s role
in human vessels, in the present study we used rat aortic and human coronary artery vascular
SMCs. Specifically, we tested the hypothesis that constitutive expression of α1aAR-247R genetic
variant in SMCs, triggers MMP- and EGFR-dependent cell proliferation and/or hypertrophy,
and if this pathway is β-arrestin-dependent. We also tested whether the pathway-specific small
molecule inhibitors would be effective in restoring the normal phenotype, and whether activa-
tion of ERK in rat vascular SMCs is mediated via β-arrestin signaling. Our results not only
demonstrate the importance of β-arrestin-mediated signaling in ERK-dependent proliferative
responses of SMCs, they also shed new light on molecular mechanisms and interrelationships
between the β-arrestin and classical G protein-mediated activation of these pathways. A final
novel finding in this study is that 247R cells exhibit higher proliferative capacity in three
dimensional (3D) cultures in collagen gels and demonstrate statistically significant increased
contractile function under the basal conditions compared with WT control.

Materials and Methods

Cell culture
A-10 embryonic rat aorta thoracic/medial layer-derived SMCs (ATCC1 CRL-1476, Manassas,
VA) were cultured in DMEM (Gibco, Auckland, NZ) supplemented with 10% FBS (Hyclone
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Laboratories, South Logan, UT) and 100U/ml penicillin/streptomycin (Gibco, Grand Island,
NY) at 37°C in 5% CO2. Cells were subcultivated every 4 days, and experiments were per-
formed in 0%, 0.5%, or 10% FBS-containing medium as indicated. Human coronary artery
smooth muscle cells (Life Technologies, C-017-5C, Carlsbad, CA) were cultured in Medium
231 supplemented with Smooth Muscle Growth Supplement (SMGS, Life Technologies,) at
37°C in 5% CO2. Cells were subcultivated every 5 days or at 80% confluency and experiments
were performed in 0.5% SMGS-supplemented medium.

Cell lines
To establish A-10 SMCs stably expressing HA-α1aAR-WT or HA-α1aAR-247R, cells were
transfected with pcDNA3 plasmid containing human hemagglutinin epitope (HA) tagged
α1aAR-WT (WT) or α1aAR-247R (247R) genetic variant using Neon Transfection System (Life
Technologies). 150,000 cells and 1.25μg of plasmid DNA were used for each transfection in a
6-well plate using electroporation (1400V, 20ms and 2 pulses) followed by plating the cells in
10% FBS-containing DMEM without antibiotics and culturing for 48h. Transfection efficiency
was determined by enhanced green florescence protein (EGFP) expression. Cells were selected
based on resistance to G418 (800μg/ml for 2 weeks) and individual clones were isolated and
expanded in 400μg/ml G418-containing medium. Receptor expression was determined by
radioligand-binding assays using [125I]-HEAT (Perkin Elmer, Boston, MA) as described in
[29] and clones with low and comparable receptor levels (<300fmol/mg protein) were used in
subsequent experiments.

Transient transfection
For human coronary artery SMCs, experiments were performed in transiently transfected cells
expressing WT or 247R receptors. Briefly, cells were transfected with pcDNA3 plasmid con-
taining HA-tagged α1aAR-WT or HA-tagged α1aAR-247R using Neon Transfection System.
1.5x106 cells and 6μg of plasmid DNA were used for each transfection. The parameters for elec-
troporation were set to 1400V, 20ms and pulse of 1. These transfection parameters resulted in
cells expressing ~300fmol/mg receptor, as determined by radioligand-binding assays using
[125I]-HEAT.

Cell proliferation
Cells were plated in 12-well plates at a density of 20,000 cells per well for experiments in 0.5%
FBS-containing medium (or 15,000 cells per well for 10% FBS-containing medium) in the pres-
ence or absence of agonist: 10μM phenylephrine (PE), or 100nM A61603 Hydrate {N-[5-
(4,5-dihydro-1H-imidazol-2yl)-2-hydroxy-5,6,7,8-tetrahydronaphthalen-1-yl] Methanesul-
phonamide hydrobromide}, (Sigma-Aldrich, St. Louis, MO) or various inhibitors at the follow-
ing final concentrations: 10μM PD98059 (Cell Signaling, Danvers, MA or Enzo Life Sciences,
Farmingdale, NY), 5μMUO126, 500nM or 1μMAG1478 (Cell Signaling), 10 or 25μM
GM6001 and 1.5μM PP2 (Calbiochem, San Diego, CA). To block β-adrenergic receptors,
10μM propranolol (Sigma-Aldrich) was added 30min before adding agonists or inhibitors and
the cells were cultured for 48h. Proliferation experiments in human coronary artery SMCs
were performed in 12-well plates at a density of 50,000 cells per well and grown in 0.5% SMGS-
supplemented medium with or without agonist (10μM PE or 100nM A61603 Hydrate) stimu-
lation for 24 or 48h. In the proliferation assays where α1aAR inverse agonist prazosin was used,
A-10 cells stably expressing vector only, WT or 247R were plated in 12-well plates at a density
of 20,000 cells per well in DMEM supplemented with 10% FBS. The next day medium was
changed to DMEM supplemented with 0.5% FBS and 10μM propranolol with or without 1μM

Signaling of α1aARGenetic Variant in Smooth Muscle Cells

PLOS ONE | DOI:10.1371/journal.pone.0142787 November 16, 2015 4 / 27



prazosin and the cells were cultured for an additional 48h. For all cell proliferation experi-
ments, at least 3 independent experiments plated in triplicates were performed and cell num-
bers were determined by light microscopy.

β-Arrestin1 knockdown with shRNA
Control A-10, and A-10 cells stably expressing HA-α1aAR-WT or HA-α1aAR-247R receptors
were plated into 6-well plates or 35-mm glass-bottom plates and transfected with 4μg β-
arrestin1-specific or scrambled shRNA using Lipofectamine 2000 as previously described [29].
Transfection efficiency was ~60% as determined by fluorescent imaging of EGFP-transfected
cells. The following day cells from 6-well plates were trypsinized, counted, and replated onto
12-well plates at 25,000 cells per well in triplicates for the proliferation assays or onto gelatin-
coated 35mm glass-bottom plates at 15,000 cells per plate to label with fluorescein-conjugated
wheat germ agglutinin for evaluation of cell surface area as described below. Cells were grown
for 24h in DMEM supplemented with 0.5% or 10% FBS, 10μM propranolol and with or with-
out 10μM PE. In proliferation assays the resultant cell numbers were enumerated by light
microscopy.

Immunoblotting
For Western blot analyses, cells were cultured in 0.5% FBS-containing medium with 10μM pro-
pranolol and treated with or without EGFR-specific inhibitor AG1478 (1μM) or MMP inhibi-
tor GM6001 (25μM) in the presence or absence of 10μM PE for 48h. DMSO was used as a
control vehicle. Cells were lysed in lysis buffer (50mM Tris, pH 7.4, 150mMNaCl, 15mMNaF,
7.5mMNa3VO4, 3.75mM β-glycerolphosphate, 1% Triton X-100) containing protease inhibi-
tor cocktail (Roche, Indianapolis, IN or Pierce, Rockford, IL). Approximately 30–70μg of total
protein was separated on SDS-polyacrylamide gel, followed by electroblotting onto a nitrocel-
lulose membrane and probing with specific antibodies. After immunoblotting, membranes
were incubated with secondary antibodies conjugated with peroxidase and protein bands were
visualized with ECL substrate (Perkin Elmer, Pierce, or Millipore, Temecula, CA). Membranes
were stripped and reprobed with anti-actin antibody to confirm equal protein loading. Densi-
tometric analysis was carried out using Adobe Photoshop Elements 10 (Adobe, San Jose, CA).
The following antibodies were used: phospho-p44/42 MAPK (Erk1/2) (Th202/Tyr204)
(D.13.14.4E), XP rabbit mAb; p44/42 MAPK (Erk1/2) rabbit polyclonal; phospho-Akt
(Ser473) rabbit polyclonal; Akt rabbit polyclonal all from Cell Signaling Technology, 4G10
Platinum Anti-Phosphotyrosine (pY) mouse monoclonal (Millipore); Anti-Epidermal Growth
Factor Receptor [pY845] Phophospecific, unconjugated rabbit polyclonal (Life Technologies);
anti-β-actin antibody [AC-15] mouse monoclonal (Abcam, Cambridge, MA).

MMP-2 knockdown with siRNA
Control A-10 cells stably expressing vector plasmid, WT or 247R receptors were plated into
6-well plates and transfected with 50nM non-targeting negative control (4390843, Life Tech-
nologies) or silencer predesigned siRNA against MMP-2 (s135546, Life Technologies) using
Lipofectamine 2000 as previously described [42]. The following day, cells were trypsinized,
counted, and re-plated onto 12-well plates at 30,000 cells per well in triplicates for evaluation
of cell proliferation. Cells were grown for 24h in DMEM supplemented with 0.5% or 10% FBS.
The resultant cell numbers were enumerated by light microscopy. siRNA specificity was ana-
lyzed by RT-PCR as described below.
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RNA isolation and RT-PCR analysis
RNA was isolated from A-10 control, WT or 247R-expressing cells using RNeasy Plus Kit (Qia-
gen, Germantown, MD) according to manufacturer’s instructions. cDNA was generated using
200ng RNA (in MMP-2 siRNA experiments) or 3μg RNA and RevertAid First Strand cDNA
Sythesis Kit (Thermo Scientific, Waltham, MA). Gene-specific primers used for MMP-2,
MMP-7, MMP-9, ADAM-10, ADAM-12, ADAM-17, and GAPDH as an internal control were:

MMP-2 (sense) 50-GTATGGAGCGACGTAACTCCAC-3’,
(anti-sense) 50-GCAGCTCTCATACTTGTTGCC-3’;
MMP-7 (sense) 5'-GTGTCATGG AGATAATGCAGAA-3',
(anti-sense) 5'-GAATGATCTCCTTGATAGGTAGG-3';
MMP-9 (sense) 50-AGTTTGGTGTCGCGGAGCAC-30,
(anti-sense) 50-TACATGAGCGCTTCCGGCAC-30;
ADAM-10: (sense) 50-CCAGCAGAGAGATATATTAAAGAC-3’,
(anti-sense) 50-ATCCAAAGTTTATGTCCAACTTCA-3’;
ADAM-12: (sense) 50-ATGACCAAGTATGTAGAACTGGTTA-30,
(anti-sense) 50-AGAATTCTGGGAGGTCGCAGGAGTTG-30;
ADAM-17: (sense) 50-GAATATAACATAGAGCCACTTTGGA-30,
(anti-sense) 50-CTTTGTAAGGATGGTTTTACCATA-30;
GAPDH: (sense) 5’-GAAGGGCTCETGACCACAGTCCAT-3’,
(anti-sense) 5’-TAGCCATATTCGTTGTCGTTGTCGTACCAGG-3’. PCR amplifications

were performed using GoTaq Green Master Mix (Promega, Madison, WI) according to the
manufacturer’s recommendations. PCR conditions for MMP-2 were 95°C 30s, 60°C 30s, and
72°C 30s, for a total of 30 cycles; for MMP-7: 95°C 30s, 58°C 30s, and 72°C 30s, for a total of 35
cycles; for MMP-9 (30 cycles), for all ADAMS and GAPDH (25 cycles): 95°C 30s, 55°C 30s,
and 72°C 30s. After the last cycle the samples were incubated for an additional 10min at 72°C.
Gel images were acquired using Gel Doc LT Imaging Systems (BioImaging Systems, Upland,
CA).

Gelatin zymography for MMP-2
Cells were cultured in serum-free DMEM for 24h. Media was collected and concentrated at
4°C by ultrafiltration using Amicon Ultra columns (Millipore). Media equivalent to 30x103

cells was run on 10% gelatin zymography gels (Bio-Rad Laboratories, Hercules, CA). Gels were
washed in 2.5% Triton X-100 three times 10min each and incubated overnight in developing
buffer (50 mM Tris pH 8.2, 5 mM CaCl2, 0.5 μMZnCl2) at 37°C, followed by staining with
Coomassie brilliant blue and destaining. Gel images were acquired using Scan Maker i900
(Microtek, Industrial Park Hsinchu, Taiwan).

Evaluation of 3D collagen gel contraction
Rat tail collagen (kindly provided by Dr. Zhang, University of Washington) was diluted in
DMEM supplemented with 10% FBS and NaOH to achieve a final concentration of 3mg/ml
collagen in DMEM at pH 7.4. Cells were trypsinized, pelleted and resuspended in collagen
solution at 106 cells/ml. The collagen-cell suspension (100 μl) was pipetted into the wells of
96-well flat-bottom plates and incubated for 20min at 37°C, followed by addition of 10% FBS-
containing DMEM. The next day, new medium with or without 10μM PE was added and the
plate was incubated for additional four days with daily refreshment of the medium and PE.
Gels were fixed in PBS solution of 3.7% formaldehyde for 20min at room temperature, the gel
images were acquired using Nikon microscope and the gel sizes were evaluated using
NIS-Elements AR software (Nikon Instruments Inc, Melville, NY). Subsequently, the gels were

Signaling of α1aARGenetic Variant in Smooth Muscle Cells

PLOS ONE | DOI:10.1371/journal.pone.0142787 November 16, 2015 6 / 27



digested with 20mg/mL collagenase type 2 (Worthington Biochemical Corporation, Lakewood,
NJ) in PBS supplemented with 5mM CaCl2 at 65°C and the cell numbers were determined
using light microscopy. Cell contractility is presented as percent of gel area reduction normal-
ized to 1000 cells as compared to non-stimulated control cells.

Evaluation of cell surface area
Cells were plated onto 35mm glass-bottom plates and next day medium was changed to 0.5%
or 10% FBS-containing medium with 10μM propranolol and cells were cultured for an addi-
tional 48h with or without 10μM PE. In the experiments with α1AR inverse agonist prazosin,
cells were cultured in the presence or absence of 1μM prazosin or/and 1 μM PE. Cell mem-
branes were labeled with fluorescein-conjugated wheat germ agglutinin (Alexa Fluor1 488
conjugate, Life Technologies) [43] for 5min, washed twice with DMEM and then with PBS.
Subsequently, cells were fixed in 10% neutral buffered formalin solution for 10min at room
temperature. To visualize nuclei, cells were covered with mounting medium containing
4',6-diamidino-2-phenylindole (DAPI Mounting Medium, Vector Laboratories, Burlingame,
CA). Images were captured using Nikon DS-Ri1 Microscope (Nikon Instruments Inc.) with a
20x objective. For each independent experiment, we evaluated a minimum of 5 fields per cell
type using Image J software. When cells were transfected with EGFP-β-arrestin-specific or
scrambled shRNA followed by PE treatment only EGFP-positive cell surface area was evaluated
for each cell type.

Statistical analysis
Statistical comparisons were made with one- or two-way analysis of variance (ANOVA) using
GraphPad Prism (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey's or Bonfer-
roni test as indicated. Statistically significant differences are indicated by �p<0.05, ��p<0.01,
���p<0.001.

Results

HA-α1aAR-247R (247R) expression in SMCs triggers constitutive cell
proliferation that is inhibited by agonist stimulation
To determine whether 247R-triggered hyperproliferation in cardiovascular cells [29,41] is not
cell type dependent but is a generalizable phenomenon, we examined proliferation of SMCs
stably expressing HA-α1aAR-247R (247R), HA-α1aAR-WT (WT) or empty vector (control) in
the presence or absence of agonists. To be close to expression levels of endogenous receptors,
we purposefully used clone pairs of similar receptor densities of 247R and WT, approximately
300 fmol/mg protein, as determined by radioligand binding assays. Cell proliferation studies
reveal that A-10 SMCs stably expressing 247R exhibit ~1.5–2 fold increased constitutive hyper-
proliferation compared to WT or control cells when cultured in the presence of low 0.5% or
10% serum conditions (Fig 1A and 1B). Transient expression of 247R in primary human coro-
nary artery SMCs also results in ~20% increased proliferation compared to control cells or cells
expressing WT receptors (S1 Fig). Treatment with agonists (10μM PE or 100nM A61603)
inhibits the enhanced proliferation rate of 247R cells in A-10 SMCs or human coronary artery
SMCs compared to that of WT or control cells (Fig 1A and 1B and S1 Fig).

To determine if increased proliferation of 247R-expressing cells is a result of receptor con-
stitutive activity, cells were treated with 1μM prazosin, a known α1AR inverse agonist, and
baseline cell proliferation was evaluated. As demonstrated in Fig 1C, prazosin treatment inhib-
its 247R-mediated cell proliferation while having no effect on WT or control cell proliferation.
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Fig 1. 247R expression in SMCs triggers constitutive hyperproliferation. Agonist treatment inhibits increased proliferation. A-10 SMCs stably
expressing control plasmid, WT or 247R receptors were cultured in (A) 0.5% FBS or (B) 10% FBS-containing medium for 48h in the presence or absence of
agonist (A61603 or PE), or (C) in the presence or absence of 1μM prazosin (α1AR inverse agonist). Cell proliferation was evaluated by cell counting using
light microscopy. Data represent mean ± SE of 3 independent experiments each performed in triplicates and analyzed by two-way ANOVA followed by post-
hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g001
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These data demonstrate that 247R-triggered SMC proliferation is a receptor constitutive
activity-dependent.

Increased proliferation of 247R-expressing cells is Src-, MMP- and
EGFR-dependent
We have previously demonstrated that expression of HA-α1aAR-247R (247R) receptor in
fibroblasts and cardiomyoblasts triggers EGFR-transactivation-dependent constitutive hyper-
proliferation [29,41]. To determine whether the constitutive hyperproliferation of SMCs stably
expressing 247R receptor is also EGFR-transactivation-dependent and this pathway is not cell
type specific but generalizable for cardiovascular cells, we compared the proliferative character-
istics of 247R-expressing SMCs with control cells or cells stably expressing WT receptor in the
presence or absence of EGFR, Src or MMP inhibitors AG1478, PP2 or GM6001, respectively.
All three inhibitors blocked the 247R-triggered hyperproliferation reducing it to the levels
observed in WT or control cells, and neither inhibitor had any statistically significant effect on
the basal proliferation of control or WT cells (Fig 2A and 2B). These data demonstrate that
247R-triggered hyperproliferation in SMCs is Src/MMP/EGFR-dependent. We also confirmed
these findings by Western blot analysis using the same, pathway-specific inhibitors. As demon-
strated in Fig 2C, 247R expression triggers basal EGFR activation compared with control or
WT receptor-expressing cells (Fig 2C, lanes 7 vs 1,4). EGFR-specific inhibitor AG1478 and
MMP inhibitor GM6001 inhibited 247R-triggered EGFR phosphorylation (Fig 2C lanes 7 vs
8,9) confirming that 247R-triggered cell proliferation in SMCs is MMP/EGFR-transactivation-
dependent.

Src tyrosine kinase family proteins have been suggested to function as upstream mediators
of EGFR transactivation, particularly in response to the agonist stimulation of GPCRs [44]. We
have also demonstrated that in 247R-expressing cardiomyoblasts, Src-kinase is highly activated
compared to WT receptor-expressing cells and the cell proliferation is inhibited with Src
kinase-specific inhibitor PP2 [41]. Therefore, we hypothesized that Src can be involved, and
play a role in 247R-mediated EGFR transactivation in SMCs. To test this hypothesis, we exam-
ined phosphorylation of EGFR at Tyr(Y)-845 site, known to be phosphorylated by Src kinase
[45]. As shown in Fig 2C, Src-specific pY845-EGFR site is also upregulated in 247R-expressing
cells compared to control or WT receptor-expressing cells (lane 7 vs 1,4). AG1478 and
GM6001 inhibited the level of pY845-EGFR in 247R-expressing cells but not in WT cells. The
fact that MMP or EGFR inhibitors did not inhibit EGFR activation in WT receptor-expressing
cells, and slightly, but statistically non-significantly upregulated them, demonstrates that there
is no EGFR transactivation in these cells under basal conditions. Src-specific inhibitor PP2 also
resulted in statistically significant inhibition of EGFR transactivation in 247R-expressing cells,
but not in control or WT cells, further confirming that 247R-triggered cell proliferation is Src-
dependent (Fig 2D lane 5 vs 6). PP2 inhibited phosphorylation of Src in 247R-expressing as
well as in WT cells, yet inhibition of pY-Src in WT cells did not affect proliferation in WT cells
while it inhibited proliferation in 247R-expressing cells (Fig 2B). These data demonstrate, as
mentioned above, that proliferation in 247R cells is Src/EGFR-dependent.

EGFR-mediated ERK phosphorylation is responsible for induction of cell
cycle progression in 247R-expressing smooth muscle cells
It has been demonstrated that for some GPCRs ERK and AKT are the key intracellular mole-
cules downstream of agonist-induced EGFR transactivation [46]. Therefore, we examined the
levels of ERK and AKT phosphorylation in WT and 247R-expressing cells. To establish
whether basal ERK activation in 247R cells is a result of MMP/EGFR transactivation and that it
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Fig 2. 247R expression triggers Src/MMP-dependent EGFR transactivation. (A,C) A-10 cells stably expressing control plasmid, WT or 247R receptors
were cultured in the presence or absence of EGFR-specific inhibitor AG1478, MMP inhibitor GM6001 for 48h, or (B, D) Src-specific inhibitor PP2 for 24h in
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is downstream of EGFR, the cells were treated with EGFR or MMP inhibitors and cell lysates
were immunoblotted with phospho-ERK antibody. Basal levels of phosphorylated ERK in
247R cells are significantly increased compared to that in WT cells (Fig 3A, lane 4 vs 1). How-
ever, when treated with inhibitors, activated phospho-ERK levels are reduced significantly,
demonstrating that the increased proliferation in 247R-expressing cells is MMP/EGFR/ERK-
dependent. Phospho-ERK levels in WT cells are not substantially changed (Fig 3A, lanes 2,3 vs
1). To further confirm that ERK is involved in EGFR transactivation-dependent SMC prolifera-
tion, cells were pretreated (or not) with a pharmacological inhibitor of mitogen-activated pro-
tein kinase (MEK) PD98059 or UO126 for 48h. Pretreatment with PD98059 or UO126 ablated
virtually all ERK activation above basal levels indicating that ERK activation regulates MMP-2/
EGFR-mediated cell proliferation in 247R-expressing cells (Fig 3B). However, these inhibitors
did not affect proliferation of control or WT-expressing cells (Fig 3B). Western blot analyses of
basal AKT phosphorylation (activation) shows that AKT is not activated in 247R-expressing
cells, thus indicating that observed hyperproliferation in 247R cells is not AKT-dependent. In
both WT and 247R cells, the AKT levels are slightly downregulated compared to control (Fig
3C, lanes 3,4,5,6 vs 1,2); PE stimulation nearly abolishes AKT phosphorylation in 247R-
expressing cells (Fig 3C, lanes 5 vs 6), while it has no apparent effect in control or WT cells.

247R expression triggers agonist-dependent hypertrophy that is also
EGFR-transactivation-dependent
Agonist (PE) treatment triggers hypertrophy in 247R-expressing cells. As demonstrated in Fig
4A, under low serum conditions, there is a robust (~50%) increase in cell size in 247R-express-
ing cells in response to PE stimulation compared to non-stimulated cells. Cell surface areas
quantified by immunofluorescent staining of the cells with wheat germ agglutinin are: control
101.51%±1.58, WT 108.62%±1.74, and 247R 147.14%±8.16. Basal (non-stimulated) state is
indicated as 100% for each cell type. Similar results were obtained in cells grown in 10% FBS-
containing medium (S2 Fig).

Agonist treatment also significantly inhibited the levels of pY-EGFR in 247R cells, but not
in WT (Fig 4B). When cells were cultured in the presence of EGFR or MMP inhibitors and PE,
the phosphorylation of EGFR was not altered compared with PE alone (Fig 4B lanes 7,8 respec-
tively, and densitometric analysis underneath). These data demonstrate that in SMCs both
247R-triggered constitutive hyperproliferation, as well as the observed 247R-triggered hyper-
trophy signaling pathways, are EGFR-dependent. Agonist treatment also inhibited ERK phos-
phorylation in 247R-expressing cells (Fig 4C, lanes 5 vs 6 and 9 vs 10, each shown for two
independent clones), while it had no statistically significant effect on phospho-ERK levels in
control (lanes 1 vs 2) or WT-expressing cells (lanes 3,4, and 7,8 vs 1,2).

247R-triggered hyperproliferation in SMCs is MMP-2-dependent
It is known that a number of MMPs and ADAMs such as MMP-2, 9, and ADAM-10, 12, 17
are expressed in vascular SMCs [47,48]. To characterize the involvement of various MMPs in
247R signaling pathway, we evaluated the expression of MMPs and ADAMs at the RNA level
in control, WT and 247R-expressing SMCs. Our data reveal significant upregulation of MMP-
2 levels (also confirmed by zymography) and relatively unchanged levels for MMP-7 and

0.5% FBS-containing medium. Cell proliferation was evaluated by cell counting using light microscopy and cell lysates were analyzed byWestern blotting.
Lower panels depict relative intensities of phospho-protein bands as determined by densitometric analysis. Data represent mean ± SE of 3 independent
experiments and analyzed by two-way ANOVA followed by post-hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g002
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Fig 3. ERK is constitutively activated in 247R-expressing cells via MMP/EGFR transactivation; AKT is not activated. (A) A-10 SMCs expressingWT
or 247R receptors were cultured in 0.5% FBS-containing medium in the presence or absence of AG1478 (EGFR-specific inhibitor) or GM6001 (general MMP
inhibitor) or (B) either PD98059 or UO126 MEK inhibitors or (C) agonist for 48h. Cell lysates were analyzed byWestern blotting and cell proliferation was
evaluated by light microscopy. Lower panels depict relative intensities of phospho-protein bands as determined by densitometric analysis. Data represent
mean ± SE of 5 (A), 4 (B) or 3 (C) independent experiments and analyzed by two-way ANOVA followed by post-hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g003
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MMP-9 in 247R-expressing cells compared to control or WT receptor-expressing cells (Fig 5A
and 5C). Interestingly, levels of ADAM-10 and ADAM-12 were downregulated in 247R cells
compared to that in control or WT cells (Fig 5B), while the levels of ADAM-17 remained
unchanged.

To confirm involvement of MMP-2 in increased proliferation of 247R-expressing cells, con-
trol A-10 SMCs or cells expressing WT or 247R receptors were transfected with non-targeting
negative control or MMP-2-specific siRNA and cell proliferation was evaluated. Specificity of
siRNA was tested prior to proliferation assays by RT-PCR, which demonstrates that siRNAs
used are specific and substantially reduce the MMP-2 mRNA levels (Fig 5D). These siRNAs
were used in the proliferation assays and our results demonstrate that knockdown of MMP-2

Fig 4. 247R expression in SMCs triggers hypertrophy in response to agonist stimulation which is MMP/EGFR transactivation-dependent. (A)
Control A-10 SMCs, or cells expressingWT or 247R receptors were cultured for 48h in 0.5% FBS-containing medium in the presence or absence of 10μM
PE, followed by cell membrane staining with wheat germ agglutinin. Average cell surface area was evaluated by Image J software at 20x magnification. (B,C)
Cells were cultured for 48h in 0.5% FBS-containing medium in the presence or absence of EGFR-specific inhibitor AG1478, MMP inhibitor GM6001 and/or
10μMPE. Cell lysates were analyzed byWestern blotting. Data represent mean ± SE of 3 (A, C) or 4 (B) independent experiments and analyzed by one-way
ANOVA followed by post-hoc Tukey’s test (A) or two-way ANOVA followed by post-hoc Tukey’s (B) or Bonferroni (C) tests.

doi:10.1371/journal.pone.0142787.g004
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Fig 5. 247R-triggered hyperproliferation is MMP-2-dependent in SMCs.Control A-10 cells, or cells stably expressingWT or 247R receptors were
cultured in serum free medium for 24h and MMP or ADAM expression levels were analyzed by RT-PCR (A,B) or Zymogram (C). Graphs depict relative band
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mRNA significantly reduces cell proliferation to near normal levels in 0.5% or 10% FBS-
containing medium as determined by cell counts (Fig 5E). These data demonstrate that MMP-
2 is involved in increased proliferation of 247R-expressing SMCs.

247R-triggered hyperproliferation in SMCs is β-Arrestin1-dependent,
while hypertrophy is β-Arrestin1-independent
It has been demonstrated that in cardiovascular cells GPCR-mediated EGFR transactivation
could be β-arrestin-dependent [45,49]. To examine whether 247R triggers β-arrestin1-mediated
signaling pathway in SMCs, we examined effects of β-arrestin1-specific shRNA on proliferation
of 247R-expressing cells. β-arrestin1-specific, but not control scrambled shRNA, inhibited con-
stitutive hyperproliferation of 247R-expressing cells cultured in 0.5% FBS-containing medium
(Fig 6A). Similar results in response to treatment with β-arrestin1-specific shRNA were
observed in 247R cells cultured in 10% FBS-containing medium (Fig 6B), indicating that in
SMCs 247R-triggered increased cellular proliferation is β-arrestin1-dependent.

To examine whether agonist-dependent hypertrophy in 247R-expressing cells is β-
arrestin1 -dependent, cells were transfected with EGFP-tagged scrambled or β-arrestin1-specific
shRNAs (the same shRNAs used in proliferation assays described above), and cell surface areas
for only EGFP-positive cells were determined. As demonstrated in Fig 6C, PE stimulation trig-
gered robust hypertrophy in 247R-expressing cells and β-arrestin1 knockdown did not inhibit
hypertrophy. These data demonstrate that agonist triggered hypertrophy in 247R-expressing
cells is not β-arrestin1-dependent. We also performed hypertrophy assays in the presence of
α1aAR inverse agonist prazosin. Similar to stimulation with 10μMPE (Fig 4A), 247R-expressing
cells stimulated with 1μMPE exhibit enhanced hypertrophy compared with untreated cells (Fig
6D). Treatment with 1μM prazosin alone does not induce hypertrophy, but completely reverses
the hypertrophic effect of PE (Fig 6D), suggesting that hypertrophy in 247R cells is Gq-
dependent.

Smooth muscle cell contractility is increased in 247R receptor-
expressing cells compared to WT cells
To explore whether 247R expression affects contractility of SMCs, we performed cell culture
experiments in 3D collagen gels that more closely mimic physiological conditions. Control,
WT and 247R-expressing SMCs were seeded in collagen gels as described in Methods and cul-
tured in the presence or absence of agonist for 4 days. Gel contractility was evaluated by mea-
suring the gel surface area (Fig 7A) as described [50]. Our results demonstrate that expression
of WT or 247R significantly increases contraction of SMCs compared to control cells (Fig 7A).
We also evaluated the cell numbers in 3D cultures and normalized to corresponding cell types.
The data presented in Fig 7B reveal that contraction of 247R-expressing cells in 3D cultures is
approximately two-fold higher compared to that of WT cells. These data demonstrate that in
contrast to control or WT, expression of 247R genetic variant in rat SMCs results in hyperpro-
liferation and significantly elevated contraction in 3D cultures under basal conditions. PE treat-
ment slightly increases contraction of WT cells; however this is not statistically significant
under these experimental conditions (Fig 7B). PE inhibits proliferation of 247R cells and

intensities normalized to corresponding GAPDH bands as determined by densitometric analysis. Data represent mean ± SE of 3 independent experiments.
(D) Cells were transfected with MMP-2-specific or non-targeting negative control siRNAs and specificity of siRNAs was determined by RT-PCR; GAPDHwas
used as an internal control or (E) after transfection cells were cultured in 0.5% or 10% FBS containing medium for 48h and cell proliferation was analyzed by
cell counting. Data represent mean ± SE of 3 independent experiments, each performed in triplicates and analyzed by one-way (A,B) or two-way (E) ANOVA
followed by post-hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g005
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Fig 6. 247R-triggered hyperproliferation but not hypertrophy is mediated by β-arrestin1. Control A-10 cells, or cells stably expressingWT or 247R
receptors were transfected with EGFP-tagged scrambled or β-arrestin1-specific shRNAs and cultured for 24h in (A) 0.5% or (B) 10% FBS-containing
medium. Cell numbers were evaluated by light microscopy. Data represent mean ± SE of 3 independent experiments, each performed in triplicates, (C) Cells
were cultured for 48h in the presence or absence of PE, (D) PE or/and PZ followed by cell membrane staining with wheat germ agglutinin. Average cell
surface area was evaluated by Image J software at 20x cell magnification. In (C) cell surface area was evaluated only for EGFP positive cells. Data represent
mean ± SE of 3 independent experiments and analyzed by two-way ANOVA followed by post-hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g006
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triggers robust hypertrophy, leading to reduced contractility of 247R cells, comparable with
WT receptor-expressing cells (Fig 7B).

Discussion
In this study we demonstrate that stable expression of naturally occurring α1aAR-247R (247R)
genetic variant, identified in a hypertensive patient, results in agonist independent hyperproli-
feration of vascular SMCs due to MMP-2-mediated, constitutively active coupling to the EGFR
transactivation pathway that is β-arrestin1, Src-, and ERK-dependent. MMP-2 gene-specific
siRNA and β-arrestin-specific shRNA inhibited 247R-triggered hyperproliferation in SMC
confirming that observed hyperproliferation is MMP-2- and β-arrestin1-dependent. Further,
we found that the agonist-independent hyperproliferation triggered by 247R genetic variant in
SMCs is sensitive to EGFR-specific inhibitor AG1478, Src inhibitor PP2 and general MMP
inhibitor GM6001. We also demonstrate that ERK, downstream of EGFR is responsible for
increased hyperproliferation as confirmed by MEK kinase-specific inhibitors PD98059 and
UO126. Thus, our findings reveal that 247R genetic variant-mediated hyperproliferation in
SMCs is β-arrestin1/Src/MMP-2/EGFR/ERK-dependent.

Our findings also reveal that agonist stimulation of 247R-expressing cells leads to statisti-
cally significant SMC hypertrophy compared to WT cells and this hypertrophic pathway is also
MMP/EGFR-dependent. Interestingly β-arrestin1-specific shRNAs did not inhibit agonist-
mediated hypertrophy in 247R genetic variant expressing cells, demonstrating that hypertro-
phy in these cells is not β-arrestin1-dependent. Further, the competitive, α1aAR inverse agonist

Fig 7. Cell contraction is increased in 247R-expressing cells compared with WT in basal (without agonist) conditions. (A) Control A-10 cells, or cells
stably expressingWT or 247R receptors were plated in collagen gels with or without agonist stimulation for 4 days followed by image acquisition and
evaluation of corresponding collagen gel areas. (B) Gels were digested with collagenase and cell numbers were evaluated by light microscopy. Data is
presented as percent of contraction per 1000 cells above that of non-stimulated control. Data represent mean ± SE of 3 independent experiments and
analyzed by two-way ANOVA followed by post-hoc Tukey’s test.

doi:10.1371/journal.pone.0142787.g007
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prazosin inhibited agonist-mediated hypertrophy suggesting Gq-dependent pathway in 247R
expressing cells (Fig 8).

Another novel finding in this study is that 247R-expressing cells demonstrate significant
hyperproliferation in 3D cultures as well as increased contraction compared to WT. Agonist
treatment leads to hypertrophy and reduces SMC contraction in 247R-expressing cells.

The mechanism of EGFR transactivation and its pathophysiological significance are cur-
rently major topics of signal transduction research. Abnormal regulation of GPCR-mediated
vascular SMC proliferation and migration are the main forces inducing pathological conditions
such as hypertension or atherosclerosis. In response to hemodynamic or biomechanical stress
the vascular wall undergoes functional, mechanical and structural changes in hypertensive
patients [51]. At the molecular level, numerous factors have been implicated in vascular
remodeling of hypertension, including activation of RAS family proteins, imbalance between
MMPs and tissue inhibitors of metalloproteinases (TIMPs), and aberrant G protein-coupled
receptor signaling [52].

Classically α1aARs couple predominantly to Gq proteins. Receptor-G protein signaling is
terminated through β-arrestins presumably via physically interfering with receptor coupling to
cognate G protein (desensitization) as well as removing receptors from the cell surface through

Fig 8. Schematic of 247R-induced constitutive hyperproliferation and agonist-dependent cell hypertrophy in SMCs. (A) 247R triggers constitutive, β-
arrestin1/Src/MMP-2-dependent EGFR transactivation leading to ERK activation, cell cycle progression and cell proliferation. (B) Agonist stimulation of 247R
cells triggers MMP/EGFR-dependent hypertrophy in SMCs.

doi:10.1371/journal.pone.0142787.g008
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endocytic machinery via internalization. However, recent findings reveal that β-arrestins also
act as signal transducers and adaptors that scaffold a variety of signaling molecules, leading to
mitogen-activated protein kinase (MAPK) activation, DNA synthesis, and cell migration [53,
31]. Different β-arrestins have been identified as signal transducers for various GPCRs and
depending on the receptor and cell type, β-arrestin1 or 2 or both may be involved in signaling
processes. For example, both β-arrestin1 and 2 are required for β-arrestin-dependent ERK acti-
vation mediated by β2-adrenergic [54] and parathyroid hormone [55] receptors, while β-
arrestin1 and 2 show reciprocal functions in AT1R signaling [56]. We have also demonstrated
that β-arrestin1, but not β-arrestin2 is responsible for 247R-mediated constitutive hyperproli-
feration in Rat-1 fibroblasts as well as in cardiomyoblasts [29, 41]. Several physiologic conse-
quences of β-arrestin-dependent signaling have been discovered in recent years. β1-adrenergic
receptors have been shown to mediate β-arrestin-dependent transactivation of the EGFR thus
promoting activation of the cardioprotective pathway in the heart that counteracts the effects
of catecholamine toxicity [32]. Here we demonstrate that 247R-triggered hyperproliferation in
SMCs is β-arrestin1-dependent and could be inhibited by β-arrestin1-specific shRNAs. Our
findings also demonstrate that 247R genetic variant-triggered hyperproliferation is a generaliz-
able mechanism effective in different cardiovascular cells including fibroblasts [29], cardio-
myocytes [41] and smooth muscle cells.

Transactivation of EGFR by certain GPCR agonists was originally reported by Ullrich and
co-authors in Rat-1 fibroblasts [57]. This pathway is now recognized as an important mecha-
nism for GPCR signaling that is essential for mediating GPCR functions [58]. Recent findings
demonstrate that EGFR transactivation by GPCRs is facilitated by a second messenger directly
and/or via signal transduction pathways operated by second messengers, such as elevation of
intracellular Ca2+, activation of PKC and generation of ROS [20,23,59]. Cytosolic non-receptor
tyrosine kinases, such as Src or PYK2, may also be involved in EGFR transactivation [60, 61].

Here we also demonstrate that Src-specific Y845 phosphorylation of EGFR [62, 63] is upre-
gulated in 247R-expressing cells. As shown by Sato et al., Y845 phosphorylation of EGFR by
Src requires not only the catalytic activity of Src but also the binding of EGFR ligands to EGFR,
which triggers conformational changes of the receptor, exposing Y845 site for phosphorylation
by Src kinase [64]. It has been reported that upon activation of β2- or α2-adrenergic receptors,
Src-specific Y845-EGFR site could be activated by direct phosphorylation of the EGFR receptor
(ligand-independent) [65, 66] or by indirect, ligand-dependent mechanisms, as recently
reported [67]. The authors reveal that in A431 cells thrombospondins are capable of inducing
EGFR activation (involving the phosphorylation of Y845 and other tyrosine residues) and cell
migration through activation of MMP-9 (but not through direct binding to EGFR), while in
vascular smooth muscle cells Src-EGFR signaling is ligand-independent [68]. We have demon-
strated that in cardiomyoblasts 247R triggers Src-mediated ligand-dependent and ligand-
independent EGFR transactivation [41]. In the present study we establish that Src kinase activ-
ity is upregulated in SMCs expressing 247R. 247R-mediated EGFR transactivation is Src/
MMP-dependent as evidenced by upregulation of Src-specific Y845 phosphorylation as well as
being sensitive to EGFR and MMP inhibitors, thus unraveling MMP- and extracellular ligand-
dependent activation of EGFR. Further, Src-specific inhibitor PP2 inhibited Src activation not
only in 247R cells, but also in WT receptor-expressing cells. Interestingly, reduction in Src
activity inhibited only 247R-triggered hyperproliferation in SMCs but had no effect on prolifer-
ation of cells expressing WT receptor demonstrating that Src is involved in 247R-induced
hyperproliferation signaling pathway.

Another mechanism for EGFR transactivation by a GPCR that was recently proposed
involves second messenger-sensitive metalloprotease activation and subsequent shedding of
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EGFR ligand(s) from its membrane-bound inactive pro-form to its active conformation, which
plays critical roles in vascular remodeling [69].

The MMPs are a family of more than 25 Zn2+-requiring proteases with overlapping activi-
ties against a variety of extracellular matrix components, with approximately 14 of them
expressed in vascular SMCs. MMP-2 is constitutively expressed in vascular SMCs of normal
arteries and was found to be linked to a number of pathological conditions, including athero-
sclerotic arteries and hypertension [70–72]. It has been reported that MMP-2 activity is
increased in hypertensive rats [73] as well as in the plasma of hypertensive patients [74]. A
number of ADAMs (disintegrin metalloproteinases) containing an MMP-like catalytic domain,
such as ADAM-10, ADAM-15, and ADAM-17 are also expressed in vascular cells [75]. It was
shown that agonist stimulation of platelet-activating factor receptor (PAFR) belonging to
GPCR family enhanced MMP-2 production in rat aortic primary vascular SMCs via the activa-
tion of a β-arrestin-dependent ERK signaling pathway [76]. PAF-induced MMP-2 production
was significantly attenuated by ERK inhibition using molecular and pharmacological inhibitors
suggesting that ERK signaling pathway is important for PAF-induced MMP-2 production in
vascular SMCs. Consistent with these findings, we have reported that in fibroblasts MMP-7
and ADAM-12 are important sheddases activated in 247R-expressing cells [29]. Here, we fur-
ther expanded these studies and demonstrate that constitutive expression of 247R in SMCs sig-
nificantly increases MMP-2 expression levels and activity, while MMP-7 levels are not changed
and ADAM-10 and -12 levels are only slightly downregulated. It has been shown that MMP-7
and ADAM-12 are functionally connected in agonist-induced transcriptional events that may
ultimately result in the development of hypertension and cardiovascular hypertrophy [69].
Therefore, it is plausible that expression of 247R in SMCs triggers constitutive activation of
MMP-2 (similar to sustained agonist stimulation) and may also transcriptionally regulate
expression of ADAM-12 or ADAM-10 representing a novel signaling mechanism in SMCs
leading to hyperproliferation, hypertrophy and eventually to some forms of sympathetically-
mediated hypertension. Indeed, MMP-2 knockdown by gene-specific siRNA led to inhibition
of 247R-triggered hyperproliferation, suggesting that MMP-2 is one of the matrix metallopro-
teinases involved in increased hyperproliferation of 247R-expressing SMCs.

A number of GPCRs has been known to activate ERK through EGFR transactivation mech-
anisms in various cell types, including vascular SMCs [77, 78]. The signaling mechanisms
underlying ERK1/2 activation are complex and may originate from the activation of classical G
protein-regulated effectors, from cross-talk between GPCRs and receptor tyrosine kinases
(including the EGF receptor) or from β-arrestin scaffolding directly on GPCRs [55]. Here, the
authors reported that some differences in ERK activation are receptor and cell type-dependent.
For example, in murine embryonic fibroblasts stably expressing PAR2 receptor, ERK1/2 activa-
tion was found to be mediated predominantly by a βarrestin-dependent mechanismIn
HEK293 cells expressing AT1A receptor, βarrestin-dependent and G protein-dependent mech-
anisms were found to contribute almost equally to the activation of ERK1/2, while in SMCs
both pathways independently activate ERK [45]. We have demonstrated [29, 41] that ERK is
activated in β-arrestin1/MMP/EGFR transactivation-dependent pathway in Rat-1 fibroblasts
and cardiomyoblasts. In the present study, we also demonstrate that 247R genetic variant-
mediated constitutive EGFR-transactivation-dependent hyperproliferation in SMCs is ERK-
dependent. ERK is significantly upregulated in 247R-expressing cells and is downstream of
MMP/EGFR transactivation pathway because EGFR-specific AG1478 inhibitor and MMP
inhibitor GM6001 significantly reduce ERK activation. MEK kinase specific inhibitors
PD98059 and UO126 inhibited 247R-triggered hyperproliferation confirming that ERK is
responsible for increased proliferation in 247R-expressing SMCs. While β-arrestin1 specific
shRNAs inhibited 247R-triggered ERK-dependent hyperproliferation in fibroblasts,
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cardiomyoblasts and SMCs, α1aAR inverse agonist prazosin inhibited 247R-triggered hyper-
proliferation in SMCs but not in cardiomyoblasts or fibroblasts suggesting that prazosin effect
is cell type specific. Future, comprehensive studies should be performed to understand the sig-
naling mechanisms triggered by this genetic variant in SMCs.

Both ERK and AKT pathways could be activated downstream of tyrosine kinase receptors.
In 247R-expressing SMCs AKT is not activated under the basal conditions or upon prolonged
agonist stimulation. We have demonstrated that AKT could be acutely activated upon agonist
treatment of WT-α1aAR in fibroblasts [30] but relationship to proliferation was not
established.

A cross-talk between Ras/MAPK and PI3K/AKT pathways has been demonstrated [79]. In
most cellular systems PI3K positively regulates the Ras/MAPK cascade, facilitating maximal
ERK responses to physiological stimuli, whereas activated ERK, in turn, negatively controls the
PI3K/AKT pathway [80, 81]. Also, in some cells, activation of Raf, MEK and/or ERK is
enhanced by PI3K inhibition [82, 83]. Some experimental data demonstrate that cross-talk
depends on the levels of receptors, scaffolding proteins and the concentrations of growth fac-
tors such as GAB and IRS [84]. Therefore, it is possible that in our cellular model with expres-
sion of the receptors at near physiological levels, a cross-talk between these two pathways takes
place where increased ERK activity confers inhibitory effect on PI3K/AKT pathway. Some
studies [85] found that AKT is involved in agonist-dependent α1AR-mediated hypertrophy in
cardiomyocytes, but specific α1AR-subtype was not identified. Others demonstrate that the
maintenance of adrenergic vascular tone by the MMP/EGFR pathway requires PI3K activation
[22]. Also vascular contractility implicated pathways of α1-adrenoceptor-mediated EGFR
transactivation in rat aorta is mainly dependent on activation of PI3K and partially dependent
on ERK1/2 activation [24]. Yet, in our SMC model 247R receptor expression did not activate
AKT under basal conditions or after prolonged treatment with agonist.

Prolonged catecholamine stimulation of α1ARs induces hypertrophy in cardiovascular cells
and it is one of important risk factors for cardiovascular disorders [3, 86]. It has been demon-
strated that EGFR transactivation by α1ARs is also involved in modulation of vascular tone as
well as in growth of vascular SMCs and cardiomyocytes [19].

In cultured vascular SMCs, transactivation of EGFR by α1ARs has been implicated as a
major pathway involved in catecholamine-induced vascular SMC hypertrophy. In this system,
transactivation of EGFR by α1ARs leads to shedding of heparin binding EGF-like growth factor
(HB-EGF) with subsequent activation of EGFR and mitogen-activated protein kinase [23,87].

In this study we demonstrate that while expression of 247R genetic variant in SMCs triggers
agonist-independent and β-arrestin1/MMP-2/EGFR-dependent hyperproliferation, agonist
treatment of the cells expressing 247R receptor induces pronounced hypertrophy which is also
EGFR transactivation-dependent. Interestingly, β-arrestin1-specific shRNA which inhibited
proliferation pathway did not have any effect on inhibition of agonist induced hypertrophy
indicating that hypertrophic pathway is β-arrestin1-independent. However, α1aAR inverse ago-
nist prazosin inhibited agonist-dependent hypertrophy suggesting Gq-dependent pathway in
247R-expressing cells.

The role of α1ARs in the regulation of vascular tone and vessel wall contraction is well estab-
lished. Recently it has been shown that α1-adrenoceptor stimulation could lead to EGFR trans-
activation-mediated contraction of isolated rat thoracic aortic rings [24]. α1aAR-induced
constriction of isolated rat mesenteric artery was reported to be inhibited by EGFR inhibitors
AG1478, MEK inhibitor PD153035 and MMP inhibitor GM6001 [25].

One of the goals in this study was to determine whether 247R receptor-mediated increased
hyperproliferation observed in 2D cultures is also in effect in 3D culture system that more
closely recapitulates physiological conditions. Our data demonstrate that the 247R-expressing
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SMCs exhibit increased hyperproliferation and contractility in 3D cultures. In these experi-
ments we used A10 SMC line [88] stably expressing WT or 247R receptors in 3D cultures.
Recently, it was demonstrated [89] that A10 cells are positive for neural stem cell markers
together with other stem and SMC differentiation markers: smooth muscle alpha-actin,
smooth muscle myosin heavy chain and calponin. It is known, and has been demonstrated
[90] that neural stem cells can be differentiated to SMC that have contractile function, there-
fore this cell line is suitable for examining vascular contractile and proliferative phenotypes in
vitro. Using 3D culture system, we also found that agonist treatment of 247R-expressing cells
leads to hypertrophy and reduced contractility. Such changes may trigger extracellular matrix
remodeling and increased stiffness of vessels further contributing to certain types of cardiovas-
cular disorders in humans. It is conceivable that instead of blocking multiple GPCRs in certain
vascular beds, blockers of EGFR transactivation (e.g. EGFR, MMP inhibitors) could exhibit
therapeutic potential by simultaneously inhibiting pathological vasoconstriction and growth in
hypertensive disorders, where vasoconstrictive agonists capable of transactivating EGFR, such
as catecholamines and angiotensin II, are typically overexpressed and contribute to disease
[25,91].

In conclusion, our novel findings demonstrate that agonist- and serum-independent EGFR
transactivation by α1aAR-247R genetic variant leads to hyperproliferation in SMCs through β-
arrestin1/Src/MMP-2/EGFR/ERK transactivation pathway and increased contractility. Our
data also reveal that agonist treatment leads to robust hypertrophy and reduces the contractility
suggesting that genetically-mediated alterations in α1aAR signaling pathways and cellular func-
tion may lead to vessel wall remodeling by narrowing and stiffening it and leading to some
forms of sympathetically mediated hypertension. These findings also suggest that in different
cardiovascular cells the same receptor could activate alternative modulators of the same signal-
ing pathway (particularly the EGFR transactivation pathway) such as MMP-7 and ADAM-12
in fibroblasts or MMP-2 in SMCs and cardiomyoblasts. Thus, our findings across numerous
cardiovascular cell types raise the novel paradigm that depending on the type of cells express-
ing the same receptor (or receptor variant), different target-specific inhibitors could be used to
modulate aberrant hyperproliferative or hypertrophic pathways and restore the normal pheno-
type. Such findings are not only interesting scientifically; they have the possibility of having
broad medical impact.

Supporting Information
S1 Fig. 247R expression in human coronary artery SMCs triggers constitutive hyperproli-
feration. Agonist treatment (A61603 or phenylephrine, PE) inhibits increased prolifera-
tion. Transiently transfected human coronary artery SMCs cultured in 0.5% FBS for 48h
expressing 247R display serum-independent hyperproliferation compared with WT-expressing
cells. Data represent mean ± SE of 3 independent experiments, each performed in triplicates
and analyzed by unpaired Student’s t-test.
(TIF)

S2 Fig. 247R-expressing A-10 SMCs show increased hypertrophy in response to agonist
stimulation compared with WT-expressing cells. Cells were cultured for 48h in 10% FBS-
containing medium in the presence or absence of 10μM PE, followed by cell membrane stain-
ing with wheat germ agglutinin. Average cell surface area was evaluated by Image J software at
20x magnification. Data represent mean ± SE of 3 independent experiments and analyzed by
one-way ANOVA followed by post-hoc Tukey’s test.
(TIF)
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