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Abstract
Objective—Calcineurin (Cn) and the NFAT family of transcription factors are critical in
vascular smooth muscle cell (SMC) development and pathology. Here, we use a genomics
approach to identify and validate NFAT gene targets activated during PDGF-BB-induced SMC
phenotypic modulation.

Methods & Results—Genome-wide expression arrays were used to identify genes both: 1)
differentially activated in response to PDGF-BB and 2) whose differential expression was reduced
by both the Cn inhibitor, cyclosporin A (CsA), and the NFAT inhibitor, A-285222. The top 20
pharmacologically sensitive genes were validated by qRT-PCR analysis of PDGF-BB-stimulated
SMCs in the presence of Cn/NFAT inhibitors, including the VIVIT peptide. In all experiments,
Endothelial Protein C Receptor (EPCR/PROCR) gene activation was reduced. We show that
PROCR expression is virtually absent in untreated, quiescent SMCs. PDGF-BB stimulation,
however, induces significant PROCR promoter activation and downstream protein expression in a
Cn/NFAT-dependent manner. Mutation of a species-conserved, NFAT binding motif significantly
attenuates PDGF-BB-induced PROCR promoter activity, thereby distinguishing NFAT as the first
PROCR transcriptional activator to date. Moreover, SMC PROCR expression is upregulated in the
neointima as early as 7 days following acute vascular injury in rat carotid arteries.

Conclusions—We hereby report PROCR as a novel, NFAT-dependent gene that may be
implicated in vascular restenosis and consequent inward remodeling.
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INTRODUCTION
Vascular smooth muscle cells (SMC) can undergo phenotypic modulation1, or the process
by which a quiescent, contractile SMC alters its expression profile to facilitate cell

Contact Information Brian R. Wamhoff, Ph.D. Department of Medicine, Cardiovascular Division and Biomedical Engineering 409
Lane Road, Bldg MR4 RM6022 Charlottesville, VA 22908 434-243-6525 (office) 434-982-3139 (fax) wamhoff@virginia.edu.
DISCLOSURES None.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it
is published in its final citable form. Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2012 November 1.

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2011 November ; 31(11): 2665–2675. doi:10.1161/ATVBAHA.
111.235960.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proliferation, migration, and/or inflammatory cell recruitment (see reviews1,2). SMC
phenotypic modulation is a critical event underlying atherosclerosis and in-stent restenosis
that involves several signaling cascades, such as the calcineurin/nuclear factor of activated T
cells (NFAT) pathway. Calcineurin (Cn), a cytosolic, calcium-dependent phosphatase,
activates the NFAT family of transcription factors (NFATc1-c4) for nuclear translocation
and subsequent target gene transcription. Cn/NFAT activity contributes to vascular SMC
proliferation and migration in response to receptor tyrosine kinase and G-protein-coupled
receptor agonists, respectively3,4. In vivo, Cn expression increases in response to acute
vascular injury (Supplemental Figure I), and pharmacological inhibition of Cn/NFAT
signaling has been shown to significantly reduce neointima formation5. Identifying
downstream targets of NFAT activity is therefore important in understanding the role of Cn/
NFAT signaling in SMC phenotypic modulation and vascular disease.

Several NFAT target genes, although limited in number, have already been described in
vascular SMCs. Many of these genes encode proteins associated with SMC proliferation,
migration and inflammation. For example, basal expression of the pro-inflammatory protein,
protease-activated receptor 1 (PAR-1), is transcriptionally regulated by NFATc1 in human
saphenous vein SMCs6. Knockdown of endogenous NFATc1 also inhibits thrombin-induced
interleukin-6 (IL6) expression, supporting previous findings that IL6 is an NFAT target
gene7. Gomez and colleagues showed that glucose-induced osteopontin (OPN) expression in
intact arteries was reduced with pharmacological inhibitors of Cn/NFAT signaling and in
NFATc3-/- mice8. NFATc3 occupancy at the OPN promoter was also demonstrated using
chromatin immunoprecipitation (ChIP) assays. Proteins involved in cell cycling have also
been identified as NFAT-dependent. In human aortic SMCs, platelet-derived growth factor
BB (PDGF-BB)-mediated induction of cyclin D1 was attenuated by inhibitors of Cn/NFAT
signaling. ChIP assay using an antibody to NFATc1 also showed enrichment at the cyclin
D1 promoter9. The closely-related protein, cyclin A, has also been reported by the same
group to be NFATc1-dependent10. Furthermore, we and others have shown that genes
upregulated with vascular injury, namely cyclooxygenase-2 (COX2) and vascular cell
adhesion molecule-1 (VCAM1), exhibit Cn/NFAT-dependency11-13, supporting the notion
that Cn/NFAT signaling is implicated in vascular remodeling.

To expand our understanding of NFAT activity in vascular SMCs, we previously applied an
unbiased integrative genomics approach13. Putative target genes were identified using gene
expression array datasets in combination with an in silico ‘NFATome’ (a species-conserved
list of gene promoters containing at least one NFAT binding site). We identified Down
Syndrome Candidate Region 1 (DSCR1) as a novel, Cn/NFAT-dependent, injury-responsive
gene in vascular SMCs13. We are still, however, far from understanding the coordinated
orchestration of NFAT target gene activation in vascular SMCs.

In this study, we expand our genomics investigation to further identify NFAT target genes
involved in SMC phenotypic modulation. We present two additional gene expression arrays
where different Cn/NFAT inhibitors, cyclosporin A (CsA)7 and A-28522212,14, were each
used to block NFAT activation during PDGF-BB treatment. Here, we report Endothelial
Protein C Receptor (EPCR/PROCR) as a novel, Cn/NFAT-dependent gene in vascular
SMCs. To our knowledge, NFATc is the first transcription factor that has been validated to
transcriptionally regulate PROCR in any cell type. Furthermore, while basal medial PROCR
expression in vivo is barely detectable, acute vascular injury results in pronounced
neointimal PROCR expression. Our findings, together with the recent identification of
functional PROCR in vascular SMCs15, suggest PROCR may facilitate SMC phenotypic
modulation and contribute to the pathological events following vascular remodeling.
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MATERIALS AND METHODS
Cell Culture

Rat aortic SMCs (RASMCs) were plated in base media containing 10% FBS as previously
described16. RASMCs were growth-arrested at ~40% confluency using insulin-free, serum-
free media. Cells were treated either with vehicle, PDGF-BB (30ng/mL, Upstate), PDGF-
BB + Cyclosporin A (3μM, Sigma), or PDGF-BB + A-285222 (10μM, Abbott Labs). Cells
treated with either CsA or A-285222 were pretreated with drug alone for 30 minutes prior to
PDGF-BB stimulation.

Affymetrix rat expression arrays and analysis
RASMCs were growth arrested for 48 hours prior to PDGF-BB treatment both in the
presence and absence of Cn/NFAT inhibitors, as described above. Total RNA was harvested
at 3 hrs post-treatment for each of the conditions (n=2 arrays per condition) using an RNeasy
Mini Kit spin column (Qiagen). Total RNA was prepared according to manufacturer
specifications (Affymetrix Rat Expression Array 230 2.0) at the University of Virginia
GeneChip/Microarray Biostatistics Core (GSE19106). Arrays were analyzed as previously
described13.

Tissue panel/expression analysis of candidate NFAT-targets
Total RNA was harvested from tissues/cells according to kit specifications (Qiagen). cDNA
was synthesized using the iScript cDNA Synthesis Kit (BioRad) and traditional reverse-
transcription polymerase chain reaction (RT-PCR) was performed using Taq (Qiagen).
Amplicon products were run on a 1% agarose/TAE gel for imaging. Gene-specific RT-PCR
primers were designed using Primer3 (MIT), and gene sequences were found for each
primer product for validation (Supplemental Table I).

Quantitative RT-PCR
Total RNA and cDNA was prepared from RASMCs as described above. Quantitative RT-
PCR analysis (iCycler, BioRad) was performed using SYBR Green, as previously described
(CITE). Quantitative RT-PCR on genes of interest were run in biological duplicates
(triplicates for t=3hrs) and RNA abundance was normalized to 18S rRNA.

PROCR promoter construct generation
The pGL3-PROCR-WT-luc plasmid construct contains 723 base pairs of the rat PROCR
promoter (−701 to +22). To make this construct, 908 base pairs of the wild-type PROCR
promoter was originally amplified from rat normal liver genomic DNA (BioChain Institute)
using the PROCR-8F (5′-GTGCACTTGTCCTCACAGCA) and PROCR-9R (5′-
AAGCTTGAGGGAAGGGTGGAAAGAGA) primers. This amplicon was cloned into the
pCR-XL-TOPO vector. A site-directed mutagenesis of the conserved NFAT bindting motif
(GGAAA→TTAAA) was performed on the generated pCR-XL-TOPO-PROCR-WT
plasmid using customized primers containing the desired mutation (Agilent Technologies).
PROCR-9R contains a HindIII linker at the 5′ tail to facilitate sub-cloning. The rat PROCR
promoter contains a SacI site at the −701 position. HindIII/SacI restriction digestion
released a promoter fragment that was sub-cloned into the pGL3 vector (Promega). The
pGL3-PROCR-MUT-luc plasmid was hence generated in parallel with the pGL3-PROCR-
WT-luc plasmid. Sequence fidelity was confirmed by sequencing with RVprimer3 and
RVprimer4 (Promega) (Supplemental Figure II).
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PROCR-luciferase activity measurements
Cells were transfected with the PROCR-WT-luc (or PROCR-MUT-luc) promoter construct
24 hrs prior to treatment using FuGENE6 (Roche). Cells were harvested at designated time
points by direct addition of 1X Passive Lysis Buffer (Promega). Luciferase activity was
measured on an Omega FLUOstar plate reader (BMG Labtech) and fluorescence units were
normalized to total protein.

Adenoviral infection (Ad-CMV-GFP, Ad-VIVIT-GFP)
RASMCs were plated as previously described and growth-arrested for 72 hrs. Cells were
transfected with either an empty GFP vector (Viraquest) or a GFP-labeled, VIVIT-
expressing adenovirus (courtesy of Harris, TE, Dept. of Pharmacology, University of
Virginia). RASMCs were infected with the appropriate adenovirus 24 hours prior to PDGF-
BB or 10% FBS stimulation. Total cell number in a representative well was determined in
order to infect cells at a consistent Multiplicity of Infection (MOI) of 400 pfu/cell. Cells
were treated with the appropriate phenotypic modulatory stimuli for the indicated time
duration and harvested accordingly.

PROCR Western blot
Protein lysates were collected by direct addition of a 2X Laemmli Buffer solution. Equal
protein volumes were loaded on a 10% SDS-PAGE gel and transferred to nitrocellulose
membranes for protein quantification via Odyssey infrared imaging (LI-COR). Membranes
were blocked in an Odyssey/PBS (1:1) blocking solution for at least 1 hr. Primary antibodies
were diluted in an Odyssey/PBS (1:1) blocking + 0.1% Tween-20 solution and membranes
were allowed to incubate at 4°C overnight (anti-PROCR 1:200, Santa Cruz; anti-βtub
1:1000, Cell Signaling). Fluorescently-labeled secondary antibodies were used to detect
protein signals on the Odyssey system (IRDye Secondary Antibodies).

PROCR Immunofluorescence
RASMCs were plated in chamber slides, as previously described, and treated with the
indicated conditions. Cells were fixed in a 4% PFA/PBS solution, 6 hours post-stimulation.
Cells were permeabilized using a 0.02% Triton-X-100 solution and blocked in 0.1% BSA/
PBS for at least 1hr. Primary antibodies were diluted in 0.1% BSA/PBS (anti-PROCR
1:200, Santa Cruz) and cells were allowed to incubate at room temperature for at least 1.5
hrs. Fluorescently-labeled secondary antibodies were used to detect cytosolic PROCR and
DAPI stain was subsequently added (ProLong Gold, Invitrogen). Images were taken using a
confocal microscope (Olympus).

PROCR Immunohistochemistry
The balloon-injury model was performed on rat carotid arteries, as previously described17.
Both the injured carotid arteries and contralateral control arteries were harvested 7, 14, and
21-days post-injury. Paraffin-embedded sections underwent microwave antigen retrieval and
incubated with the PROCR antibody, as previously described18.

RESULTS
Whole genome expression analyses identify candidate Cn/NFAT-dependent genes

The overall objective of this study was to identify and validate novel Cn/NFAT-dependent
genes involved in vascular SMC phenotypic modulation. A commonly used in vitro model
of SMC phenotypic modulation involves stimulation of SMC monoculture with platelet-
derived growth factor BB (PDGF-BB)19,20. We previously reported that NFATc
transcriptional activity is rapid and transient in response to either PDGF-BB or serum
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stimulation in rat aortic SMCs 13. In this study, we used a combination of pharmacologic
Cn/NFAT inhibitors and whole-genome expression arrays to identify candidate NFAT target
genes. RNA for microarray analysis was isolated from SMCs pre-treated with CsA or
A-285222 for 30 minutes prior to 3 hours of PDGF-BB stimulation. Differentially
upregulated genes were first identified in the PDGF-BB-treated array by comparing
expression values to those in the vehicle-treated array. Differentially upregulated genes
exhibit at least a 1.5-fold induction and a p-value < 0.1 (Supplemental Figure IIIA, x).
Secondly, CsA- or A-285222-treated arrays were independently analyzed to identify genes
that were decreased in expression relative to the PDGF-BB-treated array (Supplemental
Figure IIIA, y). Differentially downregulated genes were identified in both CsA- and
A-285222-treated arrays and subsequently merged to uncover genes whose PDGF-BB-
mediated induction was sensitive to both CsA and A-285222 treatment (Supplemental
Figure IIIB, z). Genes were ranked by percent reduction in expression as a result of each
respective inhibitor (Table). The top 20 sensitive genes were then subjected to rigorous
follow-up validation.

Expression analysis of candidate NFAT-regulated genes in rat tissues and cells
While the NFAT transcription factor was originally described in T cells, NFAT signaling
has been shown to exist in almost every cell type. We therefore examined mRNA expression
levels of the 20 NFAT target gene candidates in a panel of normal rat tissues and rat
vascular cell lines (Figure 1). Most genes were expressed in three different blood vessels
(carotid artery, abdominal aorta, thoracic aorta), aortic endothelial cells (EC), and aortic
SMCs. Some genes, such as DSCR1, DUSP1 and PDLIM5, were expressed at higher levels
in blood vessels than in visceral smooth muscle. Originally described in ECs21, PROCR was
identified in the array as a PDGF-BB-regulated gene in SMCs, but as shown here, is highly
expressed in ECs and barely detectable in quiescent SMCs.

PROCR transcriptional activity is dependent on Cn/NFAT signaling
The top 20 candidate NFAT target genes underwent two different follow-up tests for Cn/
NFAT dependency. First, Cn/NFAT dependence was investigated using CsA or A-285222 at
10 time points across 24 hours to visualize the expression profile of each gene. A second
method of validation involved use of an adenovirus expressing the VIVIT peptide, an
inhibitor of NFAT signaling. Endogenous NFAT activation requires binding of Cn to a
conserved NFAT regulatory domain containing the PxIxIT consensus sequence22,23. The
VIVIT peptide has a higher affinity for the regulatory domain compared to Cn, thereby
impairing NFAT activation without obstruction of other Cn-dependent downstream
activity24. Experiments using the VIVIT peptide were completed only for the first 3 hours
given that the identified genes by whole genome expression analyses were upregulated
within 3 hours of PDGF-BB stimulation.

We recently identified DSCR1 as a novel Cn/NFAT-dependent mediator of vascular SMC
phenotypic modulation13, thus serving as a positive control in this study (Table). Validation
experiments in our previous approach utilized identical pharmacological inhibitors. DSCR1
expression in response to PDGF-BB was rapid and transient, peaking at 1 hour (~28-fold)
with significant inhibition in the presence of either CsA or A-285222 (Figure 2A, taken
from 13). Likewise, DSCR1 expression was upregulated at 0.5, 1, and 3 hours following
PDGF-BB stimulation, with significant attenuation in the presence of the VIVIT peptide
(Figure 2B). Use of the VIVIT peptide, herein, further demonstrates the NFAT-dependent
property of DSCR1 expression in vascular SMCs. The expression pattern of DSCR1 at the 3
hour time point in Figure 2B is similar, but not as robust as the 1 hour response, perhaps due
to the transient nature of DSCR1 expression. Adenoviral-treated cells also appear to exhibit
an attenuation in peak mRNA fold change values (Figures 2B, 2D, 2F compared to Figures
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2A, 2C, 2E), an experimental artifact that has been observed in previously published studies.
DSCR1 and PROCR, however, maintain NFAT-dependency as trends are sustained
regardless of the inhibitor used.

The 20 NFAT target genes presented in the Table were subject to both validation
procedures, including use of the VIVIT peptide (Supplemental Figure IV). PROCR mRNA
was upregulated ~25-fold as early as 1 hour following PDGF-BB stimulation and attenuated
by treatment with either CsA or A-285222 (Figure 2C). Use of the VIVIT peptide together
with PDGF-BB significantly reduced PROCR mRNA expression, emphasizing the NFAT-
dependence of PROCR gene expression (Figure 2D). On the other hand, ~35% of the 20
candidate target genes did not meet the follow-up criteria for Cn/NFAT dependency. For
example, RAPGEF2 was identified by array analyses to be Cn/NFAT-dependent (Table),
but in vitro validation shows that PDGF-BB-induced RAPGEF2 expression is not dependent
on Cn/NFAT activity (Figure 2E). In addition, RAPGEF2 mRNA expression did not appear
to change in response to the VIVIT peptide (Figure 2F), indicating Cn/NFAT signaling is
not required for RAPGEF2 expression in vascular SMCs. Despite the presence of false
positives in our genomics approach, several observations are of interest. For example, many
of the candidate NFAT targets exhibit PDGF-BB-induced gene expression at time points
earlier than 3 hours of treatment (Supplemental Figure IV). Furthermore, several of these
target genes demonstrate significant attenuation in PDGF-BB-induced signal with the
VIVIT peptide at the 1-hour time point, suggesting peak NFAT transcriptional activity
occurs earlier than predicted. Importantly, microarray-derived biological responses
undoubtedly require subsequent in vitro validation given the relative abundance of false-
positives identified in our follow-up studies.

In this study, we chose to follow up on the PROCR gene because: 1) PROCR was only
recently identified as being expressed in vascular SMCs15, and 2) transcription factors that
regulate PROCR expression have not be clearly identified in any cell type.

PROCR promoter activation is Cn/NFAT-dependent
The PROCR promoter contains one NFAT binding site 8 base pairs upstream of the
transcriptional start site. Bioinformatic analyses showed that this particular NFAT site is
conserved across 8 species, ranging from human to opossum (Figure 3A). In order to
measure PROCR promoter activity, 723 base pairs of the rat PROCR promoter was cloned
upstream of the firefly luciferase gene in a plasmid vector (PROCR-WT-luc). SMCs were
transfected with the PROCR-WT-luc plasmid construct and subsequently treated with
PDGF-BB. PROCR promoter activity increased ~7-fold in response to 6 hours of PDGF-BB
treatment and was significantly reduced when treated in the presence of either CsA or
A-285222 (Figure 3B). We also tested PROCR-WT-luc activity in the presence of the
VIVIT peptide. PROCR promoter activity was completely blocked following expression of
the VIVIT peptide (Figure 3C). VIVIT expression also lowered basal PROCR-WT-luc
activity. A point mutation was introduced into the NFAT binding site (GGAAA→TTAAA,
Supp Figure 2) to determine if the identified NFAT motif is necessary for optimal PROCR
promoter activation. Mutation of the NFAT site resulted in significant reduction of PDGF-
BB-induced PROCR promoter activity, suggesting NFAT is necessary for PROCR
expression (Figure 3D). The presence of ~50% activity despite the introduced mutation
suggests other transcription factors (i.e. Sp1, refer to Discussion) may be involved in
activation of PROCR expression in smooth muscle. SMCs were also treated with PDGF-BB
or 10% FBS over a span of 24 hours to compare the effects of differing phenotypic
modulatory stimuli on PROCR promoter activity. Interestingly, the PROCR promoter is
activated relatively early in response to PDGF-BB stimulation, peaking at 3 hours (~2.1-
fold) whereas stimulation with 10% FBS resulted in a delayed response with peak promoter
activity occurring at 12 hours (Figure 3E). These findings suggest that the window of
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PROCR promoter activation is differentially regulated by different stimuli and signaling
pathways.

PROCR protein expression is Cn/NFAT-dependent
PROCR protein expression was measured to test NFAT-dependency at the translational
level. PROCR protein levels increased ~2.5-fold in response to 6 hours of PDGF-BB
treatment when normalized to vehicle-treated samples. PROCR protein expression was
significantly attenuated following treatment with either CsA or A-285222 (Figures 4A).
Treatment with 10% FBS did not show a pronounced increase in PROCR protein
expression. It is likely that this observation is a result of differing signaling mechanisms that
may be involved in PROCR activation, where PDGF-BB stimulation results in a relatively
quicker response compared to 10% FBS treatment. This trend was also observed at the
promoter level in Figure 3E.

We also investigated PROCR localization in response to PDGF-BB stimulation by
immunofluorescence microscopy. As shown in Figure 4B, PROCR is localized near the
periphery of the nucleus in untreated SMCs, similar to intracellular PROCR staining in
vascular endothelial cells25. PDGF-BB stimulation for 6 hours induced a punctate
redistribution of PROCR from the perinuclear region toward the cytoplasm. Pre-treatment
with CsA inhibited the PDGF-BB-induced cytoplasmic redistribution as evidenced by
restoration of the perinuclear pattern seen with vehicle controls. While our
immunofluorescence may not visually reflect the protein changes seen via Western blot, it is
possible this discrepancy is due to the fact that Figure 3B reflects a single plane of the Z-
axis.

PROCR expression is upregulated in response to acute carotid artery balloon injury
In vitro experimentation clearly demonstrated the Cn/NFAT-dependent regulation of
PROCR at the promoter, transcriptional, and translational level. Previous studies
demonstrate Cn/NFAT signaling modulates injury-induced neointima formation5.
Immunohistological staining of PROCR was performed on balloon-injured rat carotid
arteries to determine how PROCR expression changed as a function of time post-injury, as
previously described26,27 (Figure 5). Both injured and contralateral control arteries were
harvested at 7, 14, and 21 days post-injury. Positive PROCR staining in the media of
contralateral arteries supports the recent finding that vascular SMCs express PROCR15,
although at a relatively low level. In balloon-injured arteries, staining patterns indicate that
PROCR expression is upregulated with injury. Visual assessment of PROCR intensity
suggests PROCR induction occurs as early as 7 days post-injury and continues to be highly
expressed in neointimal SMCs thereafter (Figures 5D-F). Endothelial cell expression of
PROCR cannot be seen in the injured artery samples as this procedure removes the
endothelium at the time of injury. The contralateral control artery, however, exhibits
endothelial staining with maximal intensity occurring at 21 days post-injury. A cross-section
of an ApoE-/- mouse aorta was also used as a positive control for endothelial PROCR
expression in intact tissue (Supplemental Figure V). Interestingly, the 21d contralateral
control exhibits increased PROCR expression in vascular SMCs relative to the 7 day control
artery (Figure 5C). It is possible that balloon-injury in the opposing carotid artery elevates
blood thrombin levels as a result of vascular injury. Thrombin has also been shown to
activate NFAT signaling6,28, and also induce PROCR promoter activity in vascular SMCs
(Supplemental Figure VI).
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DISCUSSION
In this study, we employ whole genome array analysis and pharmacological reagents to
identify PROCR as a potential Cn/NFAT-dependent gene in vascular smooth muscle. We
corroborate the only report to date that vascular SMCs do express the protein C receptor
(EPCR/PROCR)15. More importantly, we validate our informatics approach and are the first
to report Cn/NFAT signaling as a regulator of PROCR activation. We show PDGF-BB
stimulation induced PROCR expression in a Cn/NFAT-dependent manner at both the
transcriptional and translational levels. Mutation of a highly conserved NFAT binding motif
significantly attenuated PROCR promoter activation, supporting the NFAT-dependent
property of PROCR activity. In addition, PROCR expression is upregulated in vivo as a
result of acute vascular injury, highlighting the potential role of PROCR in vessel restenosis.

Until the recent detection of PROCR in vascular SMCs, PROCR was believed to be
expressed predominantly in endothelial cells (EC, EPCR). Studies to date on PROCR
transcription focus primarily on the mechanisms of cell-specificity during developmental
cell differentiation rather than identification of transcription factor modules operating at the
PROCR promoter. One group identified multiple Specificity protein 1 (Sp1) consensus
sequences at the PROCR promoter. Electrophoretic mobility shift assays (EMSA) and
promoter reporter assays in ECs demonstrate binding of Sp1 to the PROCR promoter and
direct contribution to reporter gene expression, respectively29. However, no single Sp1
binding site was found critical for PROCR promoter activity, as site mutations did not result
in significant loss of reporter gene activity29. Interestingly, PDGF-BB stimulation increases
Sp1 expression in cultured vascular SMCs30, and balloon angioplasty induces neointimal
Sp1 expression in vivo31,32. Furthermore, Sp1 has been shown to suppress classic SMC
contractile genes, namely SM22α and SMMHC30. Sp1 and NFAT may both be necessary
for optimal PROCR expression, as crosstalk between Sp1 and NFAT proteins have been
observed in activation of other genes33,34.

With regard to biological function, PROCR has been almost exclusively studied in the
context of endothelial barrier protection and blood coagulation. Although the functional role
of PROCR in vascular SMCs is virtually unknown, research in endothelial biology provides
several clues as to what may be occurring in vascular SMCs. The discovery of PROCR in
ECs uncovered a novel plasma membrane receptor critical for the protective qualities of
activated protein C (APC) in a variety of diseases, including tumor metastasis35, myocardial
infarction/reperfusion injury36, and severe sepsis37. In 2000, a group using a primate model
of E.coli-mediated septic shock found that binding of APC to PROCR was vital in the host
defense against E.coli; inhibition of APC-PROCR binding altered a normally tolerable
response to E.coli into a lethal response38. The mechanism of protection against E.coli-
induced sepsis by APC, however, was yet to be determined. In 2002, Riewald et al.
demonstrated that APC-bound PROCR activated downstream protease-activated receptor 1
(PAR-1) signaling in ECs, providing a mechanism behind PROCR-dependent APC-
mediated sepsis protection39. In support of this finding, an in vivo study demonstrated that
APC reduces vascular permeability through PAR-1 in mice40. PAR-1 is better known as a
thrombin receptor, whose interaction with thrombin results in endothelial barrier
dysfunction41. The identification of PAR-1 activation via APC-bound PROCR thus became
a paradoxical observation: How does PAR-1, a prototypical thrombin receptor, also mediate
the endothelial barrier protective effects of APC? Intriguingly, vascular SMCs have also
been shown to not only express functional PROCR, but also bind APC for downstream
PAR-1 activation and SMC proliferation, suggesting this signaling axis is implicated in
SMC phenotypic modulation15.
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A recent study found that APC-mediated endothelial barrier protection occurs through
crosstalk of PAR-1 and the sphingosine-1-phosphate (S1P) signaling pathway. Barrier
protection by APC occurs through PAR-1-dependent upregulation of sphingosine kinase 1
(SK1, a kinase required for generation of S1P) and binding of de novo S1P to the S1P1
receptor in ECs42,43. S1P, a bioactive phospholipid, has been demonstrated to reorganize the
endothelial cytoskeleton and increase cellular adhesion through S1P1, resulting in decreased
endothelial permeability44. We have shown that vascular SMCs differentially express S1P1,
S1P2, and S1P3 in response to acute vascular injury17. In addition, unpublished data from
our group indicate PDGF-BB-stimulated SMCs induce SK1 expression in vitro while in
vivo, SK1 kinase activity and S1P levels are increased as a result of acute vascular injury
(unpublished). Upregulation of PROCR (herein), PAR-145, S1P117, and SK1 in response to
vascular injury suggests APC-PROCR-dependent PAR-1 signaling could be a major
contributor to the S1P levels found in atherosclerosis and in-stent restenosis46. S1P may also
exert its effects through S1P1 in vascular SMCs, but exhibit biological outcomes unique
from those observed in ECs. APC-mediated PAR-1 signaling, while protective in ECs, may
promote SMC phenotypic modulation for inward vessel remodeling. Cross-talk between Cn/
NFAT, S1P, and PAR1 signaling pathways also leads us toward an interactive, coordinated,
and more robust model of Cn/NFAT signaling in SMCs.

APC-PROCR-dependent PAR-1 activation has also been shown to increase monocyte
chemoattractant protein-1 (MCP-1/CCL2) expression in ECs39. MCP-1 is a major regulatory
chemokine secreted by several cell types, including vascular SMCs, and is known to mediate
monocyte/macrophage migration and infiltration47,48. Hence, MCP-1 is a major determinant
in atherosclerotic plaque formation, as evidenced by two well-known atherosclerotic mouse
models, LDLR-/- and ApoE-/- mice49,50. Given the similarities in signaling mechanisms
between ECs and vascular SMCs thus far, it is possible that upregulation of APC-PROCR-
dependent PAR-1 activation will also lead to upregulation of MCP-1 in vascular SMCs.
PROCR has also been found to exist in a soluble form with full ligand-binding capability51.
Interestingly, soluble PROCR can bind to activated neutrophils through proteinase-3 and
partial dependence on neutrophil-expressed Mac-1 integrin protein52. This discovery
suggests PROCR is involved, not only as a signaling factor/receptor, but also as an adhesion
molecule. Furthermore, inhibition of APC binding to PROCR is correlated with intense
neutrophil influx into tissues38, suggesting PROCR is somehow involved in leukocyte
trafficking. Monocyte/macrophage infiltration into the vessel medial layer is a characteristic
event of atherosclerotic plaque development, where Mac-1 is often used as a marker for
macrophage involvement53,54. The proposed increase in MCP-1 generation together with
increased PROCR expression could be a synergistic attempt by vascular SMCs for
monocyte recruitment. Further experimentation, however, is critical in addressing these
hypotheses and to elucidate the function of PROCR in vascular SMCs.

In summary, the data presented herein demonstrates the value of a high-throughput, whole
genome approach in identification of novel transcriptional targets and importantly, follow-
up in vitro validation studies. Above all, we show for the first time that PROCR expression
in vascular SMCs is dependent on Cn/NFAT signaling and upregulated in response to acute
vascular injury. This is the first study to validate a transcription factor that regulates PROCR
in any cell type. While our current understanding of PROCR function in vascular SMCs is
truly at its infancy, it is evident that PROCR may have significant implications in SMC
phenotypic modulation and vascular disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression analysis of candidate NFAT-regulated genes in rat tissues and cells
Agarose gel electrophoresis was performed for PCR amplicon products. Expression levels of
each NFAT candidate gene differs depending on tissue and cell type. carotid artery (Ca),
abdominal aorta (Aa), thoracic aorta (Ta), esophagus (E), stomach (S), bladder (Bl), heart
(H), tibialis anterior (Ti), brain (Br), lung (Lu), kidney (K), liver (Li), aortic endothelial cell
(EC), aortic smooth muscle cell (SMC)
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Figure 2. PROCR mRNA expression is dependent on Cn/NFAT signaling
DSCR1 (A, from(13)) and PROCR (C) mRNA expression is upregulated in response to
PDGF-BB stimulation (30ng/mL). Transcriptional activation, however, is attenuated upon
treatment with either CsA (3μM) or A-285222 (10μM). Similar results are seen with use of
the VIVIT peptide; DSCR1 and PROCR expression is inhibited at 0.5, 1, 3 hrs (B) and 1, 3
hrs (D) upon treatment, respectively. PDGF-BB induced RAPGEF2 gene activation does not
appear to be Cn/NFAT-dependent (E, F). Representative graph shown for A, C, E. Target
mRNA levels are normalized to the 18S housekeeping gene. Treatment conditions are
normalized to respective vehicle conditions. (n≥3, *p<0.05, ***p<0.001)
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Figure 3. PROCR promoter activation is Cn/NFAT-dependent
(A) Sequence alignment of the PROCR promoter identifies a species-conserved, NFAT
binding site. (B) Use of the PROCR-WT-luc promoter reporter construct indicates activity 6
hours post-PDGF-BB stimulation. Simultaneous treatment with either CsA or A-285222,
however, inhibits PROCR promoter activation. (C) Use of an adenoviral-mediated VIVIT
peptide represses PDGF-BB-induced PROCR promoter activity (Ad-E=Ad-Empty; Ad-
V=Ad-VIVIT). (D) Mutation of the NFAT binding site (GGAAA→TTAAA) significantly
attenuates PDGF-BB-induced PROCR promoter activity 6 hours post-stimulation. (E) The
PROCR promoter exhibits a differential response depending on the phenotypic modulatory
stimuli. Species promoter sequences retrieved from the UCSC genome browser. Luciferase
output normalized to total protein. Treatment conditions normalized to vehicle. (n≥3,
*p<0.05)
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Figure 4. Pharmacological inhibition of Cn/NFAT signaling blocks PROCR protein expression
and cytoplasmic patterning
(A) PROCR protein expression is upregulated 6 hours post-PDGF-BB stimulation, and
significantly attenuated when treated with Cn/NFAT inhibitors, as indicated by densitometry
analysis. PROCR levels normalized to respective beta-tubulin levels. (B)
Immunofluorescence images of PROCR localization in rat aortic SMCs exhibit changes in
distribution with PDGF-BB treatment (6hrs). Scale bars represent 10μm. Representative
blots/images shown. (n≥3, *p<0.05)
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Figure 5. Acute vascular injury induces neointimal PROCR expression
Immunohistological staining of PROCR was performed in balloon-injured rat carotid
arteries. PROCR staining in contralateral control carotid arteries show positive staining in
vascular SMCs (A, B, C; arrows). In injured arteries, PROCR expression is visibly
upregulated in the neointima at 7 (D, arrow), 14 (E, arrow), and 21 (F, arrow) days post-
injury compared to contralateral controls.
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Table

PDGF-BB-induced changes in gene expression are indicated by fold change (PDGF-BB | VEH). Differentially
upregulated genes exhibit at least a 1.5-fold induction and a p-value < 0.1. Reduction in differential gene
expression as a result of CsA or A-285222 treatment is denoted by percent decrease for each inhibitor (n=2
arrays per condition).

Gene Symbol Gene Title; Biologicol Process Fold Induction
(PDGF-BB)

% Decrease
(PDGF-BB +

CsA)

% Decrease
(PDGF-BB +

A-28S222)

Acot2 acyl-CoA thioesterase 2; very-long-chain fatty acid metabolic
process 2.73 70.0 80.6

Adss adenylosucdnate synthetase; nudeotide binding 1.57 65.2 72.2

Cacnb2 calcium channel, voltage-dependent, beta 2 subunit; ion cransport 9.52 59.8 46.0

Csnk1g1 casein kinase 1, gamma 1; protein amino acid phosphorylation 2.34 53.3 38.1

Dscr1 Down syn drome candidate region 1; signal transduction 3.82 89.5 84.8

Ousp1 dual specificity phosphatase 1; protein tyrosine phosphatase activity 3.60 72.5 80.1

Fam126a family with sequence sim ilarity 126, member A; --- 1.94 66.4 47.8

Fzd7 frizzled homolog 7 (Orosoph ila); cell surface receptor linked signal
transduction 1.95 53.4 49.2

Gla galactosidase, alpha; carbohydrate metabolic process 2.08 63.0 52.5

Hspa1a/b heat shock 70kD protein l A, heat shock 70kD protein 1B; mRNA
catabolic process 1.56 88.7 99.6

Kif5c kinesin fam ily member 5C; organelle organization 1.68 91.4 91.6

Mgatl mannoside acetylglucosaminyltransferase 1; carbohydrate
metabolic process 3.06 77.2 64.8

Mobkl2a MOB1, Mps One Binder kinase activator-like 2B (yeast); --- 2.81 58.6 51.7

Otud1 OUT domain contain ing 1; G-protein coupled receptor protein
signaling pathway 2.34 65.1 41.2

Pdlim5 POZ and LIM domain 5; --- 1.86 50.3 53.8

Procr protein C receptor; immune response 33.28 56.0 56.7

Rapgef2 Rap guanine nucleotide exchange factor (GEF) 2; MAPKKK
cascade 2.11 56.1 53.2

Rbm14 RNA binding motif protein 14; DNA replication 2.37 85.5 53.3

Rras2 related RAS viral (r-ras) oncogene homolog 2; intracellular protein
transport 1.78 63.0 58.7

Vegfc vascular endothelial growth factor C; angiogenesis 1.68 53.5 44.3
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