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We recently reported that the P2Y2 receptor (P2Y2R) is the
predominant nucleotide receptor expressed in human coronary
artery endothelial cells (HCAEC) and that P2Y2R activation by
ATP or UTP induces dramatic up-regulation of tissue factor
(TF), a key initiator of the coagulation cascade. However, the
molecular mechanism of this P2Y2R-TF axis remains unclear.
Here, we report the role of a newly identified AP-1 consensus
sequence in the TF gene promoter and its original binding com-
ponents in P2Y2R regulation of TF transcription. Using bioin-
formatics tools, we found that a novel AP-1 site at —1363 bp of
the human TF promoter region is highly conserved across mul-
tiple species. Activation of P2Y2R increased TF promoter activ-
ity and mRNA expression in HCAEC. Truncation, deletion, and
mutation of this distal AP-1 site all significantly suppressed TF
promoter activity in response to P2Y2R activation. EMSA and
ChIP assays further confirmed that upon P2Y2R activation,
c-Jun, ATF-2, and Fra-1, but not the typical c-Fos, bound to the
new AP-1 site. In addition, loss-of-function studies using
siRNAs confirmed a positive transactivation role of c-Jun and
ATEF-2 but unexpectedly revealed a strong negative role of Fra-1
in P2Y2R-induced TF up-regulation. Furthermore, we found
that P2Y2R activation promoted ERK1/2 phosphorylation
through Src, leading to Fra-1 activation, whereas Rho/JNK
mediated P2Y2R-induced activation of c-Jun and ATF-2. These
findings reveal the molecular basis for P2Y G protein-coupled
receptor control of endothelial TF expression and indicate that
targeting the P2Y2R-Fra-1-TF pathway may be an attractive
new strategy for controlling vascular inflammation and throm-
bogenicity associated with endothelial dysfunction.

Nucleotides matter more than being the universal currency
of energy transaction and the building blocks of genes. They are
also short term signaling molecules and long term trophic fac-
tors through P2X or P2Y receptors (1). Among the eight G
protein-coupled P2Y nucleotide receptors, the ADP-preferring
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P2Y12 receptor on platelets is targeted by Plavix to prevent
thrombosis in cardiovascular diseases, including percutaneous
coronary intervention and atherosclerosis (2, 3). In addition,
non-platelet P2Y1, P2Y2, and P2Y6 receptors are documented
to mediate inflammatory response and plaque formation in ani-
mal models of atherosclerosis or restenosis (4—6). A potential
role of the P2Y2 receptor (P2Y2R)? in thrombosis is barely rec-
ognized, but it is already targeted in clinical drug development
to treat cystic fibrosis (7) and dry eye disease (8). We recently
reported that stimulation of human coronary artery endothelial
cells (HCAEC) by ATP/UTP leads to dramatic up-regulation of
tissue factor (TF) expression and activity through the P2Y2R
(11). Although we have defined the post-P2Y2R signaling
mechanism in control of TF expression, the exact transcrip-
tional and post-transcriptional mechanisms remain to be
determined.

TF is a membrane-bound transmembrane glycoprotein that
is normally not exposed to the blood circulation. It facilitates
both intrinsic and extrinsic pathways of coagulation and is a
crucial protein in thrombotic diseases. In a normal blood vessel,
TF is present mostly in tunica adventitia (fibroblasts), moder-
ately in tunica media (smooth muscle cells), but virtually unde-
tectable in endothelium (9). However, a diversity of stimuli can
induce TF expression in endothelium. Some are endogenous
molecules, such as TNF-q, interleukin-18, CD40 ligand (10), or
UTP/ATP (11); others are exogenous factors, including endo-
toxin (12) and caffeine (13). These inducers share some similar
signal transduction pathways regulating TF induction in differ-
ent cells. Among them, the MAPKSs p38, p42/44 (ERK1/2), and
c-Jun N-terminal kinase (JNK), and protein kinase C are com-
monly discussed as the positive regulatory pathways. In con-
trast, the PI3K/AKT pathway is shown to negatively regulate TF
expression through an unknown mechanism (10). In this
regard, our initial study already showed that endothelial P2Y2R
activates ERK1/2, JNK, and p38 MAPK pathways without
affecting the PI3K/AKT negative pathway (11). At the tran-
scriptional level, TF was shown to be under concerted regula-
tion of NF-«B, AP-1, and Sp-1 in porcine aortic endothelial cells
by binding to sequences in an ~300-bp region from the tran-
scription starting site (14). Egr-1 is also involved in TF tran-
scription in mononuclear cells and affects progression of dis-
eases such as pulmonary fibrosis (15, 16). However, the

2 The abbreviations used are: P2Y2R, P2Y2 receptor; HCAEC, human coronary
artery endothelial cell; TF, tissue factor; hnRNA, heterogeneous nuclear
RNA; ATF, activating transcription factor.
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transcriptional molecular mechanism in response to G protein-
coupled receptor activation, ie. P2Y2R, remains largely
unknown.

Increased TF expression and activity are characterized in
unstable atherosclerotic plaques and correlated with a higher
risk of atherothrombosis, which leads to myocardial infarction
and ischemic stroke (17). Elevated levels of TF are also charac-
terized in patients with other cardiovascular complications
such as hypertension, diabetes, and dyslipidemia (10). To
understand how TF expression is up-regulated at the transcrip-
tional level after P2Y2R activation, we have performed a bioin-
formatics search and found a new distal AP-1-binding site
beyond the conventional ~300-bp TF promoter region. Thus,
the principal goal of this study was to determine whether this
new AP-1 site is active in response to P2Y2R activation and, if
so, to identify the exact AP-1 components controlled by P2Y2R
signaling. Our findings demonstrate that in HCAEC, this new
distal AP-1 site plays a significant role in P2Y2R-mediated TF
transcription by recruiting c-Jun and a new positive regulator
ATE-2. Furthermore, a negative regulator Fra-1 for the TF gene
was also identified for the first time.

Experimental Procedures

Cell Culture—HCAEC were cultured in EBM-2 medium sup-
plemented with VEGF, FGF, EGF, IGF, ascorbic acid, GA 1000
(Lonza), and 5% FBS at 37 °C in a humidified atmosphere of 5%
CO,. HCAEC were used between the third and eighth passages.
Before stimulation, cells were seeded to grow for 24 h and
starved overnight. Where inhibitors were used, cells were pre-
treated with inhibitors for 1 h before stimulation.

RT-PCR Analysis—Total RNA and DNA were extracted from
HCAEC using the RNeasy and DNeasy Kkits, respectively (Qia-
gen). On-column DNA digestion was carried out during RNA
extraction. For the synthesis of the first strand of cDNA, 1 ug of
total RNA after DNase (Ambion) treatment was reverse-tran-
scribed using a cDNA synthesis kit (Applied Biosystems). The
c¢DNA samples were then amplified by PCR using 2.5 units of
TagDNA polymerase (Qiagen). Real time PCR was performed
on an iCycler iQ5 detection system (Bio-Rad) with SYBR Green
reagents (Qiagen). The sequences of primers are as follows: TF
mature mRNA: forward, 5'-ACGCTCCTGCTCGGCTGGGT-
3’, and reverse, 5'-CGTCTGCTTCACATCCTTCA-3'; TF
hnRNA (pre-mRNA): forward, 5'-CCCCTGGGTTGCTATG-
AGG-3/, reverse, 5'-CCTGGCTGTGGTGTTCTGTGC-3';
GAPDH: forward, 5'-TCAACAGCGACACCCACTCC-3/,
and reverse, 5'-TGAGGTCCACCACCCTGTTG-3'.

Western Blotting Assay—After stimulation, cells were lysed,
and standard Western blotting was performed as described
previously (18-20). The individual primary antibodies used
were anti-p-c-Jun, anti-p-c-Fos, anti-p-ATF-2, anti-c-Jun, anti-
Fra-1, anti-ATF-2 (Cell Signaling Technology), and anti-tissue
factor (10H10, Calbiochem). Equal protein loading was verified
by stripping off the original antibodies and re-probing the
membranes with the primary antibody anti-GAPDH, anti-g-
tubulin, or anti-B-actin (Cell Signaling Technology).

Tissue Factor Promoter Constructs—Promoter constructs
encompassing the region from —1427 to +207 relative to
the transcription starting site of the human TF gene were
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amplified from human genomic DNA using specifically
designed forward and reverse primers containing the ECoORV
restriction enzyme site. The forward primer is 5'-GCTAGC-
CTCGAGGATATCCTACCTTCAATCCCAGAG-3/', and the
reverse primer is AGGCCAGATCTTGATATCTCCATGTC-
TACCAGTTGGCG-3'. The promoter region was cloned into
pGL4.12 vector (Promega) with In-Fusion HD EcoDry cloning
kit (Clontech). Deleted, truncated, or mutated constructs were
built with same method but with different primers as follows:
deletion forward primer, 5'-CTCTTAGGGAAAAGGCTAG-
AGCCTGCATAAAAAGAG-3’, and deletion reverse primer,
5"-CCTTTTCCCTAAGAGATCTTCAGCTCCACCTGG-
GAT-3'; truncation forward primer, 5'-GCTAGCCTCGAGG-
ATATCGGCTAGAGCCTGCATAAAAAG-3', and truncat-
ion reverse primer is same as wild-type reverse primer; mutat-
ion forward primer, '-GGAAAAGTCAGACGGC-TAGAGC-
CTGCATAAAAAGAG-3’, and mutation reverse primer, 5'-
CCGTATGACTTTTCCCTAAGAGATCTTCAGCTCCAC-3'.

Plasmid Transfection and Luciferase Activity Assay—HCAEC
were seeded in 48-well plates and transiently transfected with
various pGL4.12 vector constructs with Xfect Transfection
Reagent (Clontech) following the manufacturer’s instruction.
Transfection efficiency was corrected by co-transfection with a
plasmid containing the PB-galactosidase gene driven by the
SV40 promoter (Promega). B-Galactosidase activity was mea-
sured with B-Galactosidase Enzyme Assay System (Promega).
Luciferase activity was measured for reporter expression in
triplicate according to the instructions provided in the Lucifer-
ase Reporter Assay System (Promega).

Chromatin Immunoprecipitation Assay—The chromatin im-
munoprecipitation (ChIP) assay was performed using the Aga-
rose ChIP kit (Pierce) according to the manufacturer’s instruc-
tions. HCAEC were treated with or without UTP stimulation,
after which cells were cross-linked in formaldehyde. Micrococ-
cal nuclease was used to digest the chromatin. Approximately
10% of the resulting sample was kept to serve as an input
genomic DNA control, and the rest was incubated with candi-
date antibody overnight with rotation, followed by 1 h of incu-
bation with protein A-agarose beads for ChIP. The precipitated
chromatin-protein complexes were washed and eluted, and the
cross-links were reversed. The genomic DNA fragments were
amplified by real time quantitative PCR. For the sequence con-
taining the new AP-1 site, the primer sequences were as follows:
forward, 5'-CTACCTTCAATCCCAGAG-3’, and reverse, 5'-
CCTTGTAGACTTTCCTTCC-3".

Electrophoretic Mobility Shift Assay—DNA probe fragments
were ordered from IDT and labeled with biotin at the 3" end
with the DNA 3’ end biotinylation kit (Pierce). Nuclear proteins
were isolated from HCAEC with NE-PER nuclear and cytoplas-
mic extraction reagents (Pierce). Each binding reaction con-
tained 10 ug of nuclear extract proteins. To distinguish specific
from nonspecific protein-DNA complex formation, incuba-
tions were also performed in the presence of 200-fold excess
unlabeled probes. After incubation, the reaction mixtures were
electrophoresed on a pre-casted 6% TBE polyacrylamide gel
(Lonza). The reactions were transferred to a nylon membrane
and detected with LightShift chemiluminescent EMSA kit
(Pierce). The sequence of the human TF promoter —1363 AP-1
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site is as follows: 5'-GGAAAATGACTCAGGCTAGA-3'.
Antibodies against the individual AP-1 subunits (Santa Cruz
Biotechnology) and 10 ug of nuclear extracts were incubated
overnight at 4 °C before adding biotin-labeled probe to the
reaction. The binding reactions then follow the steps as
described for EMSA. To confirm the specificity of the antibod-
ies, two different amounts of antibodies were used, and corre-
sponding IgG was used in place of antibodies as negative
controls.

Co-immunoprecipitation—HCAEC were starved overnight
and treated with or without UTP for 30 min, lysed, and soni-
cated on ice. Cell lysate was pre-cleared and then incubated
with 1 ug of rabbit anti-c-Jun antibody (Santa Cruz Biotechnol-
ogy) overnight at 4 °C. Protein A-agarose beads (Cell Signaling
Technology) were added to the lysate/antibody mixture and
incubated for another 2 h. The beads were then washed five
times with cell lysis buffer and resuspended with 3X SDS sam-
ple buffer. Samples were heated to 95 °C, loaded on SDS-poly-
acrylamide gel, and analyzed by standard Western blotting.

Immunofluorescence Assay—HCAEC were seeded in 8-
chamber glass slides (Nunc), starved overnight, and then
treated with or without UTP. After a 30-min treatment, the
medium was aspirated, and cells were fixed for 15 min in cold
methanol. The fixed cells were washed with PBS three times
and blocked with 5% horse serum for 1 h at room temperature.
Then the cells were incubated with rabbit monoclonal antibod-
ies to human p-c-Jun, p-Fra-1, and p-ATF-2 (1:50) (Cell Signal-
ing Technology) or rabbit polyclonal antibodies to human total
c-Jun, Fra-1, and ATF-2 (1:50) (Santa Cruz Biotechnology),
overnight at 4 °C followed by incubation with FITC-conjugated
anti-rabbit IgG (1:200) (Kirkegaard & Perry Laboratories) for 90
min at room temperature in darkness. For negative controls,
cells were incubated with non-immune rabbit IgG in place of
the specific primary antibody or only the FITC-conjugated sec-
ondary antibody. Cells were then washed with PBS three times
and incubated with Alexa Fluor 555 phalloidin (Cell Signaling
Technology) for 1 h. Finally, mounting medium containing
DAPI was added to seal the slides. Images with fluorescent sig-
nals in random fields were acquired and captured using an
AMG EVOS digital inverted multifunctional microscope.

Silencing of AP-1 Subunits with siRNA—To knock down the
three AP-1 subunits, c-Jun, Fra-1, and ATF-2, HCAEC were
transfected with the four sequence pool (ON-TARGET plus
Human SMARTpool L-003268-00-0005; L-004341-00-0005;
L-009871-00-0005, Dharmacon) using DharmaFECT 4 trans-
fection reagent following the manufacturer’s protocol. Briefly,
HCAEC were seeded in 6-well plates at 80 —90% confluence; the
medium was replaced with complete EBM-2 without antibiot-
ics before transfection. DharmaFECT 4 and siRNA products
were incubated separately in EBM-2 at room temperature for 5
min. Mixtures were combined, incubated another 20 min, and
added to cells at a final concentration of 2 wl/ml DharmaFECT
4 and 25 nM siRNAs. Cells in the control group were treated
with DharmaFECT 4 plus a scramble control siRNA. For UTP
stimulation of the cells, siRNA and transfection reagent were
removed 24 h post-transfection, and complete culture medium
was added. After overnight starvation, cells were stimulated by
UTP for 30 min or not. Western blotting was employed to verify
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knockdown efficiency 24 h post-transfection. Real time quanti-
tative RT-PCR was used to detect TF pre-mRNA level after
knockdown of the individual AP-1 subunits.

Materials—DNA primers were purchased from Integrated
DNA Technologies. EcoRV was purchased from Takara Bio
Inc. Anti-c-Jun, anti-ATF-2, and anti-Fral antibodies used in
ChIP assay were from Santa Cruz Biotechnology. TNF-a was
purchased from R&D Systems. Actinomycin D, U0126,
Y-27632, SB203580, SP600125, 2-thio-UTP tetrasodium salt
were purchased from Tocris Bioscience. PP2 was from EMD.
Purified UTP was obtained from Sigma.

Data Analysis—Data are expressed as the mean * S.E. The
means of two groups were compared using Student’s ¢ test
(unpaired, two tailed), and one-way analysis of variance was
used for comparison of more than two groups with p < 0.05
considered to be statistically significant. Unless otherwise indi-
cated, all experiments were repeated at least three times.

Results

P2Y2R Activation Boosts TF Expression by Promoting Gene
Transcription—Because our previous study demonstrated that
P2Y2R is the only UTP-sensitive nucleotide receptor expressed
in HCAEC (11), UTP was routinely used to activate the P2Y2R
throughout this study. Two pairs of primers were designed to
selectively amplify non-spliced TF pre-mRNA (also termed
hnRNA) and mature TF mRNA, respectively. The pair for
mature mRNA spans from exon 1 to exon 3 with two introns in
the middle. The amplicon length is 233 bp for the TF mature
mRNA after splicing (Fig. 14). The pair of primers for pre-
mRNA is located in the same intron (intron 2), which will be
spliced away before forming the mature mRNA. This pair of
primers produces a 244-bp amplicon from the non-spliced
pre-mRNA pool (Fig. 14). Fig. 1B shows that activation of
HCAEC by TNF-a increased the TF expression levels of
pre-mRNA and mature mRNA, which peaked at 30 min and
1h, respectively. A similar pattern of time-dependent induction
of both TF pre-mRNA and mature mRNA by UTP stimulation
of the P2Y2R was observed (Fig. 1, C and D). To rule out possi-
ble DNA contamination in TF pre-mRNA amplification, we
performed PCR using DNA samples with or without DNase
treatment that we routinely used in total RNA isolation. Fig. 1E
(lanes 2 and 3) shows that the PCR experiment using the DNA
sample produced an expected band, but DNA sample treated
with DNase generated no band, indicating the effectiveness of
our protocol in DNA removal. Fig. 1E further shows that UTP
stimulation significantly induced TF pre-mRNA expression
(lane 6 versus lane 4), but omission of reverse transcriptase in
our RT-PCR assay generated no amplicons (lane 7), suggesting
no DNA contamination. These data indicate that TF pre-
mRNA and mature mRNA are changed similarly over time by
TNEF-aand UTP stimulation and that HCAEC is an appropriate
cell model for studying TF transcriptional mechanisms.

New AP-1-binding Site Regulates TF Gene Transcription—A
classic proximate TF promoter model (up to —227 bp) has been
established through the years and is consistently used to study
TF transcription (Fig. 2A4) (21). There are binding sites for four
transcription factors in this region as follows: AP-1, NF-«B,
Egr-1, and Spl. Spl is required for constitutive TF gene tran-
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FIGURE 1. P2Y2R activation promotes TF gene transcription in HCAEC.
Two pairs of primers were designed to quantify human TF mature mRNA and
pre-mRNA (hnRNA) by RT-PCR, respectively. The relative position of primers
to the TF gene is depicted in A. Representative RT-PCR gel images show time-
dependent effect of TNF-a (B) or UTP (C) on the expression of TF pre-mRNA
and mature mRNA. In both panels, the Tst lanes are DNA markers (M); 2nd
lanes are PCR products of DNA as a positive control; 3rd lanes are from total
RNA samples made from HCAEC without stimulation. The rest of the lanes
reflect time course changes caused by TNF-« (B) and UTP (C), respectively.
GAPDH was used as a control. Quantitative data on time course change of TF
mRNA and pre-mRNA in response to UTP (100 um) treatment were deter-
mined by real time RT-PCR (D). For clarity, error bars and markers for statistical
analysis were omitted (n = 3). E, evidence of complete clearance of genomic
DNA by DNase treatment in DNA or total RNA samples. Lane 1, standard DNA
ladder 100 bp; lane 2, PCR product amplified from 200 ng of genomic DNA
prepared from HCAEG; lane 3, PCR product amplified from 200 ng of genomic
DNA treated with DNase; lane 4, product from RT-PCR of total RNA prepared
from HCAEC without UTP stimulation; lane 5, PCR product amplified from
non-reverse-transcribed total RNA prepared from HCAEC without UTP stim-
ulation; lane 6, product from RT-PCR of total RNA prepared from HCAEC
treated with 100 um UTP for 1 h; lane 7, PCR product amplified from non-
reverse-transcribed total RNA prepared from HCAEC treated with 100 um UTP
for1h(n=3).

scription, although the other three are responsible for inducible
TF gene transcription (21). Although Egr-1 is an immediate
early gene product, our previous study showed that de novo
protein synthesis is not required for P2Y2R-mediated TF
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FIGURE 2. Critical role of a new distal AP-1-binding site in TF promoter. A,
schematic description of human TF gene promoter and relevant transcription
factor-binding sites. The new distal AP-1-binding site at —1363 bp is well
conserved across multiple species (B). HCAEC were transfected with different
luciferase plasmid constructs (C) and stimulated with UTP (100 um) for 4 h,
after which levels of luciferase activity relative to non-stimulated control were
corrected for transfection efficiency, and summarized data are shown on the
right. Top bar in white indicates result from co-treatment with UTP and acti-
nomycin D (10 ng/ml). (n = 5, *, p < 0.05).

induction (11). In addition, our prior study also excluded the
involvement of the NF-«B pathway (11), leaving AP-1 as an
attractive candidate. However, when we searched through TF
promoter/enhancer region up to —5000 bp, we found another
100% consensus AP-1-binding site at —1363 bp (Fig. 24). We
also located the TF gene promoter in other mammalian species
and found significant conservation of this new AP-1 site among
them (Fig. 2B). To investigate this new AP-1-binding site,
HCAEC were transfected with a luciferase construct and a plas-
mid containing 3-galactosidase driven by the SV40 promoter to
normalize the transfection efficiency. The TF promoter region
up to —1427 bp containing the new AP-1 site or its deleted/
truncated/mutated forms was cloned into a luciferase vector.
12 h after transfection, cells were starved overnight and then
treated with 100 um UTP for 4 h. Then luciferase and 3-galac-
tosidase activities were determined. Fig. 2C shows that UTP
induced ~8-fold of increase in luciferase activity over non-
stimulated cells. Deletion, truncation, and mutation of this new
AP-1 site all significantly decreased the promoter activity (Fig.
2C). In addition, treatment of HCAEC with the transcription
inhibitor actinomycin D abolished UTP-induced TF promoter
activity, suggesting transcription as the major mechanism (Fig.
2C). These data indicate that the new AP-1 site at —1363 bp has
significant impact on TF gene transcription.

An EMSA was conducted with the biotin-labeled AP-1 probe
equivalent to the region —1369 to —1350 bp in the human TF
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FIGURE 3. Evidence of nuclear protein binding to the new distal AP-1 site
and its regulation by P2Y2R. A, HCAEC nuclear protein was isolated after
treatment of the cells with UTP (lanes 4-6) or TNF-a (lanes 7-9) or vehicle
(lanes 1-3) for 30 min, incubated with unlabeled and/or biotin-labeled
probes, fractionated by electrophoresis, and visualized by ECL detection after
the membrane was incubated with horseradish peroxidase-conjugated
streptavidin. B, summarized data for band density of A were quantified with
Quantity One.n = 4, *, p < 0.05.

promoter to confirm our luciferase activity assay. We found
that nuclear extract from HCAEC has higher occupancy over
this TF AP-1 site after UTP stimulation of the cells for 30 min.
In addition, excessive unlabeled probes competed against
labeled ones and eliminated the signal, indicating the specificity
of the protein-DNA complex. Moreover, TNF-« stimulation
for 30 min caused the same change as UTP, which suggests that
the same site may also be taken up in TNF-a-induced TF
induction (Fig. 34). Quantitative data indicate that both
UTP and TNF-a treatment increased probe occupancy
about 4-fold (Fig. 3B).

P2Y2R Activation Has Differential Effects on AP-1 Subunits—
AP-1 components bind to the DNA promoter in a dimerized
form (23). The two subunits come from members of the Jun
protein family (c-Jun, JunB, and JunD), Fos protein family
(c-Fos, FosB, Fra-1, and Fra-2), and some members of the acti-
vating transcription factor (ATF) subfamily (ATFa, ATF-2, and
ATF-3) (23). To determine the roles of different subunits, we
first assessed the effect of P2Y2R activation on their phosphor-
ylation status. Fig. 4, A—-Cand E-G, show that UTP or its analog
2-thio-UTP caused rapid phosphorylation of c-Jun, Fra-1, and
ATEF-2 in a dose- and time-dependent manner. However, UTP
failed to induce phosphorylation of c-Fos, one of the most clas-
sic AP-1 subunits in a timely fashion (Fig. 4D). JunB and JunD,
in contrast, were not detectable (data not shown). It is known
that the Jun protein is mainly in charge of binding affinity,
whereas the others rely on dimerizing with a Jun protein to
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FIGURE 4. Differential effect of P2Y2R stimulation on AP-1 subunit acti-
vation. HCAEC were treated with UTP or its less degradable analog 2-thio-
UTP and phosphorylation levels of c-Jun, c-Fos, Fra-1, and ATF-2 were
detected by Western blotting. Concentration-dependent changes of phos-
phorylation levels after stimulation of the cells for 15 min are shown (4, B, and
G). Time-dependent changes of phosphorylation levels after stimulation of
the cells with 100 um UTP or 2-thio-UTP are shown (C-F). Amount of Fra-1 and
ATF-2 bound with c-Jun in HCAEC treated with or without UTP for 30 min was
detected with co-immunoprecipitation and Western blotting (H). IgG was
used as negative control. Data were representative of at least three indepen-
dent experiments. IP, immunoprecipitation; /B, immunoblot.

influence the promoter activity (24). We furthered our study on
subunits with a co-immunoprecipitation experiment to con-
firm that the phosphorylated Fra-1 and ATF-2 are c-Jun-bound
so that they can recognize and attach to their targeting sites.
Cell extracts from HCAEC treated with or without UTP were
incubated with 1 ug of rabbit anti-c-Jun antibody, precipitated
with protein A-agarose beads, and detected with antibodies
specific for Fra-1, ATF-2, and c-Jun (as loading control). Fig. 4H
shows that UTP treatment dramatically increased the amount
of Fra-1 and ATF-2 bound to c-Jun, indicating their higher
DNA-binding potential after forming a dimer with c-Jun.

For AP-1 subunits to be fully functional, they have to reside
in the nucleus. The abundance of them in the nucleus correlates
with their activity on the target (25).To define the location of
phosphorylated c-Jun, Fra-1, and ATF-2, immunofluorescent
images were compared between groups with or without UTP
stimulation for 30 min. In control groups without stimulation,
very little FITC signal was detected for any of the three phos-
phorylated subunits. In UTP-stimulated groups, however,
intense green light from FITC indicates a high level of phos-
phorylated c-Jun, Fra-1, and ATF-2. Overlaying with DAPI and
a phalloidin image shows that the majority of the phosphory-
lated subunits accumulated in the HCAEC nucleus, instead of
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FIGURE 5. Nuclear accumulation of activated AP-1 subunits after P2Y2R
stimulation in HCAEC. Locations of p-c-Jun, p-Fra-1, and p-ATF-2 were indi-
cated by FITC staining (green). HCAEC were stimulated with vehicle (control)
or 100 um UTP for 30 min before fixing for standard immunofluorescence
assays. Cell nuclei were counterstained with DAPI (blue). Cytoskeleton was
stained with phalloidin (red). Isotype-matched primary antibody (IgG) and
FITC-conjugated secondary antibody were used for negative controls. Scale
bar, 20 um. Data were representative of at least three independent
experiments.

1gG
Control

the cytoplasm/cell skeleton (Fig. 5). Note that no positive stain-
ing was observed once p-c-Jun, p-Fra-1, and p-ATF-2 antibod-
ies were replaced by its IgG control antibody or when only
FITC-conjugated secondary antibody was used (Fig. 5). No sig-
nificant change in FITC fluorescence was observed when using
first antibodies against total c-Jun, total-Fra-1, or total ATF-2 in
place of phosphorylated ones, respectively (data not shown).
New AP-1 Site Is Responsible for Endogenous c-Jun, Fra-1, and
ATF-2 Binding to TF Promoter—To confirm the binding spec-
ificity of the AP-1 components to the new AP-1-binding site, we
further performed ChIP and EMSA studies using specific c-Jun,
Fra-1, and ATF-2 antibodies and cell lysates with or without
P2Y2R activation. With primers amplifying a PCR product
spanning from —1427 to —1217 bp of TF promoter, which
includes the AP-1 site, a 210-bp DNA fragment was amplified
from anti-c-Jun, anti-Fra-1, and anti-ATF-2 chromatin precip-
itates by real time PCR (Fig. 6, A—C). All three precipitates from
UTP-treated HCAEC resulted in a dramatic increment in DNA
amplification with expected size and sequence. In addition to
the ChIP assay, EMSA supershift assays were performed with
labeled wild-type AP-1 site probe. Different AP-1 protein anti-
bodies and control IgG were added to the nuclear extracts
before electrophoresis to detect further decreases in electro-
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phoretic mobility. The addition of c-Jun, Fra-1,and ATF-2 anti-
bodies to the EMSA reaction mixture resulted in the inhibition
of specific complex formation (Fig. 6, D—F), indicating that all
three subunits are the proteins binding to this site in HCAEC
after P2Y2R activation. A higher amount (2 ug) of antibodies
caused more inhibition compared with a lower amount (1 ug)
of the same antibody. Control IgG (2 ung) did not change the
binding of the labeled probe with the AP-1 components. These
data demonstrate that P2Y2R activation induces specific bind-
ingof c-Jun, Fra-1,and ATF-2 to the —1363-bp new AP-1site of
the TF gene in HCAEC.

Knockdown of c-Jun, Fra-1, or ATF-2 Has Differential Roles in
TF Transcription Following P2Y2R Activation—To determine
the roles of the three AP-1 subunits in control of TF transcrip-
tion, we knocked down c-Jun, Fra-1, and ATF-2, respectively,
by an siRNA approach. Western blotting assay indicated a com-
plete elimination of ATF-2 and a significant decrease of c-Jun
and Fra-1 on their total protein levels in HCAEC (Fig. 7, A-C).
The siRNA-transfected HCAEC were exposed to UTP for 30
min or not before TF pre-mRNA was quantified by real time
PCR. Transfection with different siRNA pools did not change
the basal levels of TF pre-mRNA without UTP treatment. Upon
UTP treatment, however, TF pre-mRNA markedly decreased
in HCAEC in the absence of c-Jun and ATEF-2. Surprisingly,
however, TF transcription level was significantly increased in
cells with Fra-1 knockdown as compared with control scram-
bled siRNA-transfected ones (Fig. 7D). The same pattern was
observed on the protein level of tissue factor expression after
4 h of UTP stimulation (Fig. 7E). Collectively, these data suggest
that Fra-1 affects TF transcription negatively in response to
P2Y2R activation in HCAEC, although the other two AP-1 sub-
units involved, c-Jun and ATF-2, are positive regulators.

Effect of Different Post-P2Y2R Signaling Pathways on AP-1
Subunits and TF Gene Transcription—We then further
explored which post-P2Y2R signaling pathways are responsible
for regulating the three AP-1 subunits and net TF transcription.
As shown in Fig. 84, treatment of the cells with SP60012, a well
established JNK inhibitor, abolished c-Jun phosphorylation
completely after P2Y2R activation. Similarly, phosphorylation
of ATF-2 was changed in exactly the same way as c-Jun after
JNK inhibition (Fig. 84). However, Fra-1 phosphorylation is
resistant to JNK pathway inhibition (Fig. 84). Afterward, we
used the classic ERK1/2 inhibitor U0126 to study the effect of
ERK1/2 on c-Jun, Fra-1,and ATF-2. As shown in Fig. 8B, U0126
dose-dependently inhibited UTP-induced Fra-1 phosphoryla-
tion, whereas the phosphorylation level of c¢-Jun and ATF-2
were insensitive. Given that Rho kinase is the upstream regula-
tor of JNK as we reported previously (11), we then hypothesized
that Rho may induce c-Jun and ATEF-2 activation through JNK.
To test this hypothesis, we examined the effect of the Rho
kinase inhibitor Y27632 on c-Jun and ATF-2 phosphorylation.
Preincubation of HCAEC with Y27632 at 3 um inhibited UTP-
induced c-Jun and ATF-2 phosphorylation (Fig. 8C). Similarly,
we verified whether the other kinase activated by UTP treat-
ment, Src (11), can act on ERK1/2 and its downstream Fra-1,
because there is a well established connection between Src and
ERK1/2 (26). Fig. 8D shows that increasing the dosage of the
Src inhibitor PP2 gradually suppressed phosphorylation of
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FIGURE 6. Identification of AP-1 components binding to the new distal AP-1 element within the TF promoter. Chromatin immunoprecipitation assay and
electrophoretic mobility shift assay demonstrate specific binding of c-Jun, Fra-1,and ATF-2 to the new AP-1 site in response to P2Y2R activation in HCAEC. A-C,
ChIP assay of the new AP-1 site in the TF promoter with anti-c-Jun, Fra-1, and ATF-2 antibodies using HCAEC chromatin. Histograms were acquired from four
independent real time PCR experiments followed by electrophoresis gel imaging of amplified PCR products. D-F, confirmation of the roles of c-Jun, Fra-1, and
ATF-2 binding to the new AP-1 site with EMSA experiments. 1 and 2 g of antibody were used in binding reactions or 2 ug of IgG was used as negative controls.
Location of arrows indicate band of interest. Data were representative of three independent experiments. /P, immunoprecipitation.

Fra-1. These data clearly indicate that P2Y2R utilizes differ-
ent signaling pathways to control the activity of the three
AP-1 components.

Finally, we validated the impact of the above pathways on TF
transcription. Because Src and ERK1/2 are in control of Fra-1,
they are expected to have the same effect on TF transcription as
Fra-1 does. Likewise, Rho and JNK should possess the opposite
effect as compared with Src/ERK1/2. In line with our assump-
tion, ERK1/2 inhibitor U0126 and Src inhibitor PP2 mimicked
the effect of Fra-1 knockdown and boosted TF transcription. In
contrast, the JNK inhibitor SP60012 and Rho inhibitor Y27632
act in the same manner as c-Jun and ATF-2 knockdown and
caused a loss in TF transcription (Fig. 8E). As summarized in
Fig. 8F, under P2Y2R activation, Src/ERK/Fra-1 pathway nega-
tively regulates TF transcription, whereas Rho/JNK/c-Jun/
ATE-2 pathway has a positive impact.

Discussion

In this study, we show for the first time that activation of
P2Y2R in HCAEC stimulates TF transcription through a new
distal AP-1-binding site. We also show that in addition to c-Jun,
ATEF-2 is a new positive regulator of TF transcription in
response to P2Y2R signaling to the JNK pathway. Furthermore,
we have identified Fra-1 as a first negative regulator fine-tuning
the overall transcription activity of TF gene promoter, which is
controlled by P2Y2R signaling to the ERK1/2 pathway.

Aside from cell apoptosis and necrosis, nucleotide release
also occurs in different cells, including platelets, monocytes/
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macrophages, and vascular endothelial cells (27). These cells
release nucleotides, including ATP and UTP, under various
mechanical and other stimuli, such as shear stress, hypotonic
swelling, hypoxia, as well as in response to thrombin and other
Ca®*-mobilizing receptor agonists (27). Released extracellular
nucleotides have been established as important mediators of
vascular inflammation (28), thrombosis (29), and atherosclero-
sis (30) by acting on various platelet, endothelial, and leukocyte
P2X and P2Y receptors. P2Y2R, one of the eight G protein-
coupled P2Y nucleotide receptors (P2Y1, -2, -4, -6,and -11-14),
has been shown to induce VCAM-1 expression in HCAEC (31)
and ICAM-1 expression in vascular smooth muscle cells (32),
suggesting its potential role in control of leukocyte interaction
with the vascular walls.

Initially we showed that the P2Y2R is up-regulated in
response to coronary artery stenting (33), and recently we also
reported that activation of the human coronary artery P2Y2R
induces a dramatic up-regulation of TF, the initiator of the
coagulation cascade (11). This original finding has been
extended to mouse macrophages by other groups showing a
role of P2X7 receptor in LPS-induced TF up-regulation (34, 35).
Together, these findings suggest that non-platelet nucleotide
receptors, i.e. P2Y2R, may have a role in the initiation and/or
progression of thrombogenesis. However, the exact molecular
mechanisms underlying P2X or P2Y receptor-controlled TF
expression remained largely unknown. In this study, we found
that activation of P2Y2R in HCAEC increased not only the
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FIGURE 7. Differential roles of AP-1 subunits in P2Y2R-mediated TF gene
transcription. A--C, c-Jun, Fra-1, and ATF-2 protein levels were determined
by Western blotting after HCAEC were transfected with their respective siRNA
for 48 h. UTP-induced TF pre-mRNA was evaluated after c-Jun, Fra-1, or ATF-2
was knocked down by siRNA in HCAEC. *, p < 0.05 versus UTP-stimulated cells
were transfected with scrambled siRNA (D). n = 5. UTP-induced TF protein
expression under the same siRNA intervention was determined by Western
blotting (E). Data were representative of three independent experiments. ctr,
control.

mature TF mRNA level but also the TF pre-mRNA level, con-
sistent with our previous study that blocking cellular transcrip-
tion by actinomycin D suppressed UTP-induced TF mRNA
accumulation (11), indicating a transcriptional mechanism
responsible for P2Y2R-mediated TF up-regulation in HCAEC,
although additional mechanisms at a post-transcriptional level
cannot be excluded.

Studies on TF transcription have been limited to a short pro-
moter region up to —227 bp from the transcription start site
(21). Binding sites for four types of transcription factors are
located in this area. Of these four factors, Sp-1 is in charge of
constitutive TF transcription, whereas Egr-1, NF-«kB, and AP-1
are responsible for induced TF transcription (21). It is well
known that Egr-1 needs to be synthesized de novo (22), suggest-
ing that it may not play a significant role in our testing system,
because our previous report showed that de novo protein syn-
thesis is not required for P2Y2R-mediated TF up-regulation
(11). Also, in our prior study, no change in IkBa and p65 phos-
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phorylation was observed in response to P2Y2R activation in
HCAEC, excluding the involvement of the NF-«B pathway (11).
Although the classical AP-1 sites are worth studying, we were
more intrigued by our original finding through bioinformatics
search on a much wider region of the TF promoter. Our in silico
search identified a new distal AP-1-binding site that matches
100% to the AP-1 consensus sequence and also is well con-
served across multiple species. In addition, we found that this
new site is located at —1363 bp in the human TF promoter and
that the deletion, truncation, or mutation of which all signifi-
cantly diminished UTP-induced TF transcription, suggesting
that this new distal AP-1 site plays a significant role in regulat-
ing TF gene transcription in response to membrane receptor
activation in HCAEC. This notion is strongly supported by our
EMSA study showing that both UTP and TNF-« treatments all
significantly increased AP-1 probe occupancy.

To date, very few studies systemically reflect how nucleotide
receptor activation acts on transcription factors and their target
genes. P2Y2R is reported to mediate sustained phosphorylation
of transcription factor cAMP-response element-binding pro-
tein on sensory neurons (36). Signaling through P2X7 receptor
is reported to activate AP-1 (c-Jun/c-Fos) in human T cells (37),
although others found that P2X7 receptor activates the
FosB-AP-1 complex in monocytic and osteoblastic cells (38). In
this study, we found that three AP-1 subunits and their binding
affinity were under the control of P2Y2R in HCAEC, namely
c-Jun, Fra-1, and ATF-2. Unexpectedly, we ruled out c-Fos,
although it is the most classic partner of c-Jun and has been
reported in TF induction (39, 40). Both Jun and ATF members
can form homodimers by themselves and have different prefer-
ences for DNA-binding sites (41). Jun and Fos subunits favor
the TPA-response element heptamer (TGAC/GTCA), whereas
ATF members prefer the cAMP-response element octamer
(TGACGTCA). It has been reported that when Jun dimerizes
with ATF, the complex has higher affinity to cAMP-response
element (42). Herein we demonstrated that transcription factor
complexes containing ATF-2 could also recognize and bind to
AP-1 consensus site as evidenced by our ChIP and EMSA stud-
ies showing that ATF-2-specific monoclonal antibody not only
precipitated a TF promoter fragment containing the new distal
AP-1 site, but also significantly decreased AP-1 probe binding
capacity. In addition, we found that siRNA knockdown of
ATE-2 also significantly suppressed UTP-induced TF gene
transcription. This c-Jun/ATF-2 combination is new to both TF
gene transcription and nucleotide receptor signaling.

Transcription activity of different AP-1 subunits has been
uncanny on different genes under various conditions. Taking
c-Jun for example, although usually a positive regulator, it was
reported to suppress transcription of the PLA2G4A gene (43).
Existing reports on Fra-1 are even more controversial (44, 45).
Negative effect of Fra-1 was reported in chemotherapy resis-
tance and tumor progression (46). Although TF transcription
was up-regulated immensely under phosphorylation of all three
subunits, our current loss-of-function study yielded more truth
of their differential impact. To the best of our knowledge, this
study is the first to identify Fra-1 as a negative regulator in
control of TF transcription, whereas c-Jun and ATF-2 are
strong positive ones in line with most studies. This is supported
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FIGURE 8. P2Y2R signaling mechanism in control of AP-1 subunits and TF gene transcription in HCAEC. Phosphorylation levels of AP-1 subunits in
response to P2Y2R activation were determined with Western blotting after HCAEC were pretreated for 1 h with the individual inhibitor for JNK (A), ERK1/2 (B),
Rho kinase (C), and Src (D). TF pre-mRNA levels in response to UTP stimulation (100 um for 30 min) were analyzed with real time PCR after HCAEC were
pretreated for 1 h with the individual inhibitor for JNK, ERK1/2, Rho kinase, and Src. ¥, p < 0.05 versus UTP-stimulated cells; **, p < 0.01 versus UTP-stimulated
cells (E). n = 5. A systematic diagram shows a new two-way fine-tuning mechanism underlying P2Y2R-controlled cell signaling, AP-1 activation, and TF gene

transcription in HCAEC (F).

by our unexpected finding that knockdown of Fra-1 boosted TF
gene transcription in response to P2Y2R activation in HCAEC.
In addition, we found that c-Jun is slightly more effective than
ATEF-2 in TF transcription up-regulation. The overall effect of
the three covered up the fact that Fra-1 is in the opposite direc-
tion as compared with c-Jun and ATF-2. These results indicate
that at least in HCAEC, the TF gene is under fine-tuning by
P2Y2R signaling.

Our previous report has documented that P2Y2R is the pre-
dominant P2Y nucleotide receptor subtype expressed in
HCAEC and that activation of this receptor stimulates all the
three MAPK pathways, including ERK1/2, JNK, and p38 (11). In
addition, we found that inhibition of JNK or p38, but not
ERK1/2, all attenuated UTP-induced TF protein expression
(11), suggesting that both JNK and p38 play an essential positive
role in TF protein up-regulation. However, whether such an
MAPK signaling mechanism also applies to P2Y2R-controlled
TF gene transcription was unknown. In this study, we found
that inhibition of JNK suppressed UTP-induced phosphoryla-
tion of c-Jun and ATF-2, but not of Fra-1, indicating that JNK is
an upstream kinase in control of the two positive regulators
c-Jun and ATF-2 but not the negative regulator Fra-1. Because
our prior study also demonstrated that P2Y2R activates JNK
through the Rho kinase pathway (11), we reasoned that block-
ing Rho kinase should also inhibit c-Jun and ATF-2. Indeed, this
notion is supported by our observation that UTP-induced c-Jun
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and ATF-2 phosphorylation was inhibited by Y27632, a well
known selective Rho kinase inhibitor. However, although both
ERK5 and ERK1/2 have been shown to activate Fra-1 in differ-
ent cells (47), we did not find any evidence that P2Y2R activates
ERKS5 (data not shown). Instead, our findings indicate a new
P2Y2R/Src/ERK1/2/Fra-1 pathway that negatively regulates TF
gene transcription. Several lines of evidence support this view.
1) We found that UTP-induced Fra-1 phosphorylation was
inhibited by U0126, a highly selective ERK1/2 kinase inhibitor
that did not have any effect on ATF-2 and c-Jun phosphoryla-
tion. 2) We also found that UTP-induced Fra-1 phosphoryla-
tion was dose-dependently inhibited by PP2, a selective Src
kinase inhibitor, which is consistent with our previous report
showing that Src is required for P2Y2R signaling in HCAEC
(11). 3) Importantly, blocking either ERK1/2 or Src kinase all
boosted TF pre-mRNA transcription in response to P2Y2R
activation.

In summary, we have identified a new active distal AP-1-
binding site in the TF gene promoter, which plays an essential
role in P2Y2R-mediated TF gene transcription in human coro-
nary artery endothelial cell. In addition, we revealed a new pos-
itive regulatory pathway for TF gene transcription, namely
P2Y2R-Rho-JNK-c-Jun/ATE-2. Furthermore, for the first time,
we discovered an original repressor Fra-1 for the TF gene,
which is controlled by P2Y2R signaling via Src and ERK1/2.
These findings indicate that the TF gene is under complex two-
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way fine-tuning by membrane receptor signaling. Overall, our
findings highlight that coronary artery endothelial P2Y2R is an
intriguing intersection of extracellular nucleotide signaling,
vascular inflammation, and thrombogenesis. Future study
should focus on the in vivo significance of the P2Y2R-TF axis
and whether P2Y2R antagonist or Fra-1-selective chemical
activator would be effective new pharmacotherapy options for
the prevention and/or treatment of TF-related thrombotic and
inflammatory diseases.
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analyzed the results, and wrote most of the paper. L. Z., C. W., and
S. R. performed some parts of the study. J. S. conceived the main idea
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paper with Y. L.
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