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Abstract

Proteolytically cleaved receptors, typified by the functional
thrombin receptor (TR), represent a novel class of receptors
that mediate signaling events by functional coupling to G
proteins. Northern blot analysis completed with a human
proteinase activated receptor-2 (PAR-2) cDNA as probe
demonstrated the ~ 3.5 kb PAR-2 transcript in total cellu-
lar RNA from human umbilical vein endothelial cells (HU-
VEC). Microspectrofluorimetry using Fura2-loaded HU-
VEC demonstrated a dose-dependent elevation in intracellular
calcium transients ([Ca**];) to murine PAR-# (SLIGRL,
putative neoligand after cleavage), with an ~ ECs, of 30
M, and evidence for homologous desensitization with com-
plete recovery at 45 min. Xenopus oocytes microinjected
with TR cRNA failed to respond to 200 uM PAR***, and
TR-targeted antisense oligonucleotides specifically abro-
gated thrombin-induced but not PAR**-mediated [Ca**];,
excluding the possibility that TR/PAR-2 cell-surface coex-
pression was structurally linked. HUVEC incubated with
PAR¥-* demonstrated a dose- and time-dependent mitoge-
nic response similar to that seen with thrombin or TR*-%
(TR-activating peptide, SFLLRN). Preactivation of HU-
VEC with either PAR** or thrombin resulted in heterolo-
gous desensitization to the corresponding agonist, an effect
that was mediated primarily by TR internalization as evalu-
ated by immunofluorescence and quantitative ELISA. These
results ascribe a previously unrecognized function to the
PAR-2 receptor, imply that a natural enzyme agonist may
circulate in plasma, and suggest the presence of an addi-
tional regulatory mechanism controlling receptor activation
events in vascular endothelial cells. (J. Clin. Invest. 1996.
97:1705-1714.) Key words: G-proteins « cell signaling « cal-
cium . desensitization « seven-transmembrane receptors

Introduction

Within the G-protein—coupled family of receptors, a novel
mechanism of activation has been identified with the isolation
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and cDNA cloning of the functional thrombin receptor (TR)!
(1). This receptor, a member of the seven-domain transmem-
brane group of receptors has subsequently been identified on
platelets (1), endothelial cells (2), and vascular smooth muscle
cells (3) (cells known to be activated by thrombin and inti-
mately associated with hemostatic properties of the vessel
wall). A model for thrombin receptor activation in which the
serine protease thrombin binds to an acidic hirudin-like do-
main and proteolytically cleaves the amino terminal ex-
odomain of the thrombin receptor between Arg* and Ser* (4)
has since been postulated. This irreversible cleavage reveals a
new amino terminus that functions as a “tethered ligand,” pre-
sumably binding intramolecularly to other receptor domain(s)
to effect downstream receptor coupling events (1, 4, 5). Syn-
thetic peptidomimetics, based on the new amino terminus cre-
ated after cleavage, function as full agonists for receptor acti-
vation, bypassing the need for proteolytic receptor activation
(1, 6-8). Elucidation of receptor domains involved in ligand-
mediated receptor activation have been identified in this and
other laboratories (9, 10).

Proteases play a critical role in mediating cellular migration
and invasion by effecting cellular matrix interactions. For ex-
ample, proteolysis regulates trophoblast implantation, embry-
omorphogenesis, tissue remodeling, and angiogenesis (11).
Furthermore, the regulation of tumor metastases involves a
fine balance between protease activation and inhibition.
Serine proteases (12, 13) such as uPA (urokinase-type plas-
minogen activator) have been closely linked to metastatic po-
tential (14-16) via direct effects on connective tissue barriers,
and intracellular proteases have been implicated as important
regulators of apoptosis (17). Recently, the concept that serine
proteases may have direct cellular effects has also gained rec-
ognition. For example, plasmin and coagulation Factor XIla
are known to activate directly certain cell types (18, 19). Like-
wise, thrombin displays profound actions at the cellular level
(20) that are more completely characterized (21-24). For in-
stance, thrombin displays mitogenic potential for vascular
smooth muscle cells (25, 26), fibroblasts (27), and other mesen-
chyme-derived cells (27-29); although the ability of thrombin
receptor—activating peptides to recapitulate all of thrombin’s
known cellular effects remains controversial (9, 30 31). Thus,
whereas TR-specific peptide ligands display mitogenic effects
on vascular smooth muscle cells (26), responses in other cell
types are incompletely reproduced, suggesting the presence of
alternative receptors or coupling mechanisms (24, 32-36).

The identification of the proteinase-activated receptor-2
(PAR-2) (37) reinforced the concept that circulating proteases

1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cell; MBSH, modified Barth’s solution; PAR-2, protein-
ase activated receptor-2; TR, thrombin receptor.
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may effect cellular events through such proteolytically cleaved
receptors. Like the thrombin receptor, PAR-2 is activated by
proteolytic cleavage, and by synthetic peptide(s) correspond-
ing to the new amino terminus after cleavage. Whereas trypsin
clearly activates this receptor, the presence of additional phys-
iological enzyme activator(s) has been postulated (37, 38). Al-
though PAR-2 tissue-specific mRNA expression has been
demonstrated in the intestine, kidney, stomach, and eye (37),
the particular cell types that express PAR-2 have yet to be
identified and the apparent tissue specificity may partially re-
flect the abundance of vascular smooth muscle or endothelial
cells.

We now report the presence of PAR-2 on human vascular
endothelial cells, and ascribe a previously unrecognized func-
tion for this receptor, demonstrating that it mediates endothe-
lial cell proliferative responses when activated by its specific
peptide ligand. Furthermore, evidence is presented that func-
tional responses in the form of cross-regulatory mechanisms
exist between the thrombin receptor and PAR-2. These data
suggest that a natural PAR-2 enzyme agonist may circulate in
plasma, mediating, among other functions, proliferation of en-
dothelial cells, and that coexpression of both proteolytically
cleaved receptors on endothelial cells may represent a previ-
ously unrecognized molecular mechanism regulating throm-
bin-mediated hemostatic properties of the vessel wall.

Methods

Reagents. Purified human a-thrombin (~ 3,500 U/mg, 1 nM ~ 0.1 U/
ml) was kindly supplied by Dr. J. Jesty (State University of New York
at Stony Brook). The thrombin receptor—activating peptide TR***
(SFLLRN) and the generation and characterization of the thrombin
receptor-specific polyclonal antibody anti-TR'"'®* have been previ-
ously described (24). The peptide ligand representing the new amino
terminus of murine PAR-2 (SLIGRL, PAR¥*) and a second pep-
tide, in which the first two residues were exchanged (LSIGRL), were
synthesized using t-boc chemistry on an automated synthesizer
(model 430A; Applied Biosystems, Inc., Foster City, CA) as COOH-
terminal amides with acetylated NH, termini and purified by reverse-
phase HPLC. Oligonucleotides were synthesized on a single channel
synthesizer (Applied Biosystems, Inc.); oligonucleotides used for an-
tisense experiments were specifically synthesized as phosphorothio-
ate derivatives to minimize rapid degradation by cell-specific endonu-
cleases, and the T,, calculated to ensure affinity to target RNA
sequences at 37°C. All oligonucleotides used for antisense experi-
ments were evaluated for homology to preexisting genes using the
BLAST homology search program and the current version of the
GenBank database (39). Restriction enzymes were purchased from
Stratagene (La Jolla, CA) and Fura2/AM was purchased from Molec-
ular Probes, Inc. (Eugene, OR). Alkaline phosphatase-conjugated
and phycoerythrin (PE)-conjugated goat anti-rabbit IgG (heavy and
light chain specific) were purchased from Jackson ImmunoResearch
Labs., Inc. (West Grove, PA).

Northern blot analysis. A murine PAR-2 cDNA fragment known
to be contained within the large second exon (37, 40) was directly iso-
lated from a murine genomic library (Clontech, Palo Alto, CA) by
PCR using the following oligonucleotide primers: PAR1746 (5'-3":TCT-
TATTGGCAGATTAGAAA, nucleotides 336-353) and PAR1572
(5'-3": CACGAATTCACAAAGGGGTCTATGCAGCT, nucleo-
tides 1234-1215 with an engineered EcoRI site [underlined] to facili-
tate cloning). This PCR fragment was excised as a discrete fragment
from a low-melting agarose gel, radiolabeled by random hexamer
priming using [**P]dCTP, and used to screen a human umbilical vein
endothelial cell (HUVEC) cDNA library cloned into the bacterio-
phage \gtll, essentially as previously described (41). Three distinct,
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overlapping cDNA inserts were isolated and their identity to the re-
cently identified human PAR-2 homologue (42) was confirmed by re-
striction analysis and limited sequence analysis. An ~ 2.4-kb EcoRI
fragment known to contain the open reading frame was cloned into
pBluescript (Stratagene) for Northern analysis. More extensive de-
scription and characterization of the human PAR-2 cDNA will be de-
scribed elsewhere. For Northern blot analysis, confluent HUVECs
were directly harvested with a rubber policeman and total cellular
RNA was isolated by immediate solubilization in guanidine hydro-
chloride and serial ethanol precipitation, all as previously described
(40). Blots were washed to low (0.1X SSC [1x SSCis 150 mM sodium
chloride and 15 mM sodium citrate, pH 7.0], 0.5% SDS, 1 mM EDTA
pH 8.0, 10 mM sodium phosphate at 55°C for 30 min) or high (0.1 X
SSC, 0.1% SDS, 1 mM EDTA, pH 8.0 and 10 mM sodium phosphate
at 68°C for 1 h) stringency, and analyzed by autoradiography using
XAR-5 film (Eastman Kodak Co., Rochester, NY) with an intensify-
ing screen at —80°C for 3-10 d.

Endothelial cell mitogenesis assays. HUVEC were isolated from
pooled primary cultures of human umbilical veins as previously de-
scribed (43), and used in passages two to five. Cells were grown on
gelatin-coated plates in M199 supplemented with 10% FCS, 100 pg/
ml endothelial cell growth factor (Collaborative Research Inc., Bed-
ford, MA), 100 pg/ml porcine intestinal heparin, penicillin (100 U/
ml), streptomycin (100 pg/ml), and amphotericin (5 wg/ml). For mito-
genesis assays, HUVEC were plated in 96-well clusters (tissue cul-
ture-treated polystyrene; Falcon Labware, Lincoln Park, NJ) at an
initial density of 10,000 cells/well and grown to confluence by incuba-
tion at 37°C in complete medium for 48 h. Cells were growth arrested
using serum-free M199 supplemented with 1 pg/ml insulin, 5 pg/ml
transferrin, and 5 pg/ml selenium (MITS) as previously described (26,
43) and propagated for specified time periods (48 or 72 h) at 37°C
with the addition of various agonists to study proliferation. At appro-
priate time points, cells were washed twice with PBS and cell number
was determined using a tetrazolium-based colorimetric assay for cell
survival and proliferation (Promega Corp., Madison, WI) as previ-
ously described (43). This assay is dependent upon the reduction of
the tetrazolium salt 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) by the mitochondrial dehydrogenase of via-
ble cells to form a blue formazan product, which is directly measured
by an ELISA (44). Briefly, cells were washed twice with PBS and 15
wl of the dye solution containing the MTT salt were added to each
well in the 96-well microtiter plate. Cells were then incubated at 37°C
for 4 h, followed by the addition of 100 wl of the solubilization/stop
solution to individual wells, and the OD of individual wells deter-
mined at 550 nm in an ELISA plate reader (Molecular Devices Corp.,
Menlo Park, CA) after an overnight incubation. Background ODs at
650 nm were deducted from OD 550 nm and actual cell number was
calculated by fitting to a standard curve using known amounts of cells
simultaneously plated as controls.

Monitoring of cytosolic calcium concentration ([Ca’*]). Conflu-
ent cells were propagated on glass coverslips and exposed to serum-
free medium 2-4 before functional evaluation. Cells were subse-
quently loaded with 3.0 puM Fura2/AM for 60 min at 37°C, rinsed with
PBS, incubated in Krebs-Henseleit bicarbonate buffer supplemented
with 5 mM Hepes, and placed in a Leiden temperature-controlled
chamber (Medical Systems Corp., Greenvale, NY) for analysis using
a dual-excitation delta scan microspectrofluorimeter (Photon Tech-
nologies International, Trenton, NJ). Measurements of fluorescence
intensity were performed at a rate of 20 points/s and the ratio of 340:
380 was used to calculate [Ca?*];, applying Fura2/AM calcium stan-
dards as previously described (45).

Experiments using antisense oligonucleotides to specifically
downregulate the TR were completed as outlined above, except that,
upon reaching confluence, HUVECs were incubated with 10 wM of
individual oligonucleotides for 1618 h in MITS at 37°C before func-
tional evaluation.

QOocyte injections and Ca** measurements. Functional studies were
completed using microinjected Xenopus laevis oocytes and in vitro



transcribed TR cRNA, essentially as previously described (9). After
frog dissection, Dumont-stage V/VI oocytes were washed and incu-
bated overnight at 18°C in modified Barth’s solution (MBSH: 82.5
mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl,, 5 mM Hepes, pH
7.8) without Ca*, supplemented with penicillin 100 U/ml and strep-
tomycin 100 pg/ml. The following day, oocytes were microinjected
with TR cRNA, and subsequently incubated at 18°C in MBSH for 48 h.
For functional evaluation, oocytes were washed in Ca?*-free MBSH,
and pools of 30 oocytes were loaded in the same buffer for 4 h at 18°C
with 50 wCi/ml of ¥Ca’*. Healthy oocytes (seven per well) were
transferred to six-well clusters in 0.5 ml MBSH and extensively
washed to obtain steady state calcium efflux measurements. After ac-
tivation by individual agonists, 0.5 ml of solution was removed (and
replaced by a similar volume) at 10 min intervals for scintillation
counting. The ¥*Ca?" release ratio was defined as the cpm released
during the steady-state 10-min interval.

Immunofluorescence staining and ELISA. For immunofluores-
cent staining, confluent HUVEC in eight-well-chamber slides were
activated with individual agonists for a period of 5 min (or left inacti-
vated), washed with PBS five times and then fixed in 4% paraformal-
dehyde (for determination of cell-surface staining) for 20 min at 25°C
or fixed and permeabilized using ice-cold 100% acetone for 60 s.
Fixed HUVECs were then extensively washed with PBS, followed by
incubation with 300 wg/ml anti-TR!“' in PBS for 60 min at 4°C. Cells
were washed with PBS three times and incubated with the PE-conju-
gated goat anti-rabbit antibody at 1:200 dilution in PBS for 60 min at
4°C. After a final wash with PBS five times cells were mounted in
Aquamount (Lerner Lab, Stamford, CT) and fluorescent images
were obtained using a Diaphot (Nikon Inc., Melville, NY) inverted
microscope equipped with fluorescent optics (Nikon Inc., Garden
City, NY). Images were frame-averaged to 256 frames with Image 1
software (Universal Imaging Corp., Media, PA) using laser light ex-
cited at 529 nm and a blocking filter of 550 nm.

An ELISA was developed for quantification of cell-surface
thrombin receptor expression. Briefly, 10,000 endothelial cells were
aliquoted into individual 96-well microtiter plates, and propagated
until confluent, usually within 48 to 72 h. Cells were then washed with
PBS and incubated with individual agonists (without agonists in con-
trols) in serum-free M199 for a period for 5 min. Subsequently, they
were washed in PBS and fixed in 4% paraformaldehyde for 15 min at
25°C. After fixation, the cells were washed in PBS and incubated with
1% BSA at 4°C for 90 min to eliminate nonspecific binding. Cells
were then incubated with anti-TR'% at a dilution of 1:1000 in PBS

Kb
Figure 1. PAR-2 mRNA expression in HUVEC.
51— Ten micrograms of total cellular RNA was frac-
tionated in a 1% denaturing agarose gel, trans-
' <+ ferred to nylon membranes, and incubated with
the ¥P-radiolabeled ~ 2.4 kb human PAR-2
20— cDNA fragment as probe. A single ~ 3.5 kb

PAR-2 transcript is identified when the blot is
washed under high-stringency wash conditions.
Size markers corresponding to 28S (5.1 kb) and
18S (2.0 kb) ribosomal bands are indicated.

for 4 h at 4°C, washed with PBS three times and incubated with the
alkaline phosphatase—conjugated goat anti-rabbit antibody at a final
dilution of 1:5,000 in PBS for 60 min at 4°C. (In preliminary experi-
ments, we observed no differences in anti-TR'™'® binding when
thrombin-stimulated wells were washed in a buffer containing hiru-
din, which was subsequently omitted from further experiments.) Af-
ter a final thorough wash with PBS, 100 wl/well of alkaline phos-
phatase substrate solution (1 mg/ml p-nitrophenylphosphate in 0.1 M
diethanolamine buffer pH 10.4) was added and the relative intensity
of the color reaction was quantified using an ELISA plate reader at
405 nm.

Results

Characterization of the PAR-2 receptor on human vascular en-
dothelial cells. Since proteases are abundantly present in
plasma and exhibit cellular actions, we postulated that PAR-2
may be expressed on vascular endothelial cells. We initially
sought to establish the presence of a PAR-2—specific mRNA
transcript using endothelial cell RNA. Oligonucleotide prim-
ers encompassing a portion of the murine PAR-2 cDNA
known to be contained within the large second exon (37, 40)
were used to directly amplify an ~ 900 bp PCR fragment from
a murine genomic library. The PCR product revealed a single
band of the appropriate size as judged by agarose gel electro-

Figure 2. Functional PAR* re-
sponses in HUVEC. HUVEC were
propagated on gelatin-coated cover-
slips until confluent, loaded with 3.0
M fura2/AM for 60 minutes at
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37°C, and [Ca®*]; monitored by mi-
crospectrofluorimetry. In (A) cells
were activated with 5 uM (curve a),
1 20 pM (curve b), 40 pM (curve c),
or 80 uM (curve d) PAR¥™*, No re-
sponses were evident using 200 uM
7  LSIGRL (not shown). In B, cells
were preactivated with 40 uM pep-
tide, washed and then reactivated at
7  various time points with the same
concentration of the peptide.
PAR¥* resulted in a dose-depen-
dent elevation in [Ca*];, and dis-
played homologous desensitization
with full recovery at 45 min. These
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Figure 3. PAR¥* fails
to activate the thrombin
receptor. Xenopus 0o-
cytes were microin-
jected with 25 ng of TR
cRNA, pools of oocytes
were loaded at 48 h with
50 wCi/ml ¥Ca?*, and in-
dividual wells (seven o0o-
cytes per well) were acti-
vated with 10 nM
thrombin or indicated
concentrations of
PAR¥* for quantifica-
tion of ¥Ca?" release.
Basal ¥Ca?" release was
less than 300 cpm per 10 min from all wells. All points represent the
mean *+ the SEM of at least five wells from a single representative set
of experiments. PARY®* scrambled control (LSIGRL) at concentra-
tions up to 200 uM also failed to result in any ¥Ca?* release (not
shown). @, thromin; ¥, 100 pM PAR*™; [0, 200 .M PAR*,

30 -

Calcium release (fold increase)

Time (minutes)

phoresis and its identity was confirmed by extensive restriction
analysis. This murine fragment was then used to isolate a hu-
man PAR-2 cDNA from an endothelial cell library and its
identity to the human homologue (42) was confirmed by ex-
tensive restriction analysis and partial sequence analysis. As
demonstrated in Fig. 1, this radiolabeled insert demonstrated
the presence in HU-VEC of a distinct mRNA transcript of
~ 3.5 kb, essentially identical in size to its murine homologue
(37), confirming that the PAR-2-specific transcript is ex-
pressed in this cell type. No additional cross-hybridizing frag-
ments were seen under low stringency wash conditions.

To further characterize functional expression of this recep-
tor on HUVEC, a 6-mer PAR-2 peptide corresponding to the
neoligand after cleavage (SLIGRL, PAR¥®*) was used to
study cell activation by microspectrofluorimetry. As shown in
Fig. 2, activation of HUVEC with PAR®* peptide ligand re-
sulted in a rapid rise of intracytosolic calcium transients. These
responses were concentration dependent with an ECy, for acti-
vation approximating 30 wM. Because of previous evidence for
homologous desensitization of the TR when preactivated with
either thrombin or its peptide ligand (2, 46, 47), we evaluated
whether a similar mechanism existed for this receptor. Ligand-
mediated activation followed by restimulation of the cells
demonstrated an attenuated response (at 5 min) approximat-
ing 25% of the initial peak response seen with nascent cells
(Fig. 2 B). Recovery of peak cellular responses to PAR*# was
gradual and time dependent such that full recovery was evi-
dent at 45 min. The homologous desensitization and recovery
to the PAR-2 peptide ligand in HUVEC is not dissimilar to the
same phenomenon studied using thrombin receptor—specific
peptide ligands (46, 47).

Specificity of the PAR-2 ligand for its receptor. Data presen-
ted previously (2, 24) and outlined above collectively confirm
that vascular endothelial cells coexpress both proteolytically
cleaved receptors described to date. To exclude the possibility
that PAR¥*-induced activation events could be mediated by
cross-activation of the TR, functional expression studies were
completed in Xenopus laevis oocytes. As demonstrated in Fig.
3, Xenopus oocytes microinjected with TR cRNA exhibited a
brisk ¥®*Ca’" release when activated with 10 nM thrombin, es-
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sentially as described previously (9). In sharp contrast, oocytes
failed to respond when activated with PAR** at concentra-
tions up to 200 uM, well above those identified as being suffi-
cient for receptor activation.

The PAR-2 receptor functions as a mediator of endothelial
cell proliferation. Various proteases have displayed mitogenic
potential for different cell types (19, 48), and thrombin and its
peptide ligand are mitogenic for vascular smooth muscle cells
(26). The ability of PAR*-* to induce mitogenesis in HUVEC
was subsequently investigated. As evident in Fig. 4, PARY#
produced a proliferative response which was noticeable at pro-
gressive concentrations of the agonist and sustained at 48 and
72 h. Peak responses appeared evident at a concentration of
100 pM PAR*-#. The functionally inactive ligand LSIGRL
failed to induce any proliferative response at 72 h. This re-
sponse to PAR*-# was then compared to the proliferative po-
tential of 10 nM thrombin and 100 uM TR**7, concentrations
which produce maximal increases in [Ca?*]; HUVEC (24). As
illustrated in Fig. 4 B, 100 uM PARY*-* produced a mitogenic
response in HUVEC that was nearly 60-70% of the maximal
response produced by 10% serum.This response was strikingly
similar to that produced by saturating concentrations of
thrombin or its agonist peptide TR*>#.

PAR-2 receptor is functionally coupled to the thrombin re-
ceptor on HUVEC. Functional coupling within the same re-
ceptor family has been previously described (49, 50) in muscar-
inic and adrenergic receptors in the form of cross-regulation.
Previously, we also observed homologous desensitization of
the PAR-2 receptor after stimulation by its peptide ligand ago-
nist (Fig. 2 B). The coexpression of both proteolytically
cleaved receptors on endothelial cells allowed us to further in-
vestigate the existence of functional receptor cross-regulation.
As shown in Fig. 5, HUVEC’s response to 10 nM thrombin, af-

Figure 4. Mitogenic re-
sponses in HUVEC.
HUVEC were detached
using 0.05% trypsin/
0.2% EDTA, resus-
pended to 1.0 X 103
cells/ml, and 100 pl

(1.0 X 10* cells) were
plated into individual
wells of a 96-well micro-
titer plate for a mini-
mum of 48 h in com-
plete media. Cells were
then washed and incu-
bated with varying con-
25000 centrations of PAR#
20000 in MITS or the inactive
15000 peptide (LSIGRL) for
10000 48 or 72 h prior to eval-
uation of proliferative
responses as outlined in
Methods (top). In the
bottom, experiments
were completed in an
identical manner except that agonists used included 10% serum, 100
wM TR*7#7_ 10 nM thrombin or 40 um PAR¥*, All results are ex-
pressed as the mean * the SEM from six individual wells of a repre-
sentative set of experiments. (A) O, 48 hours; @, 72 hours; A LSI-
GRL 72 hours. (B) OJ, 48 hours; B, 72 hours.
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Figure 5. TR/PAR-2 heterologous
desensitization in HUVEC. Mi-
crospectrofluorimery was completed
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PAR¥™ washed with PBS and then
reactived 5 min later with 10 nM
thrombin. In D, after preactivation
with 10 nM thrombin, cells were
washed and reactivated 5 min later
with 40 uM PAR**. E and F rep-
resent cells treated in a similar man-
ner, and activated with 10™° M
bradykinin, (solid curves, nascent

- responses) or preactivated with 10
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ter prior activation by 40 uM PARY# was profoundly re-
duced in comparison to thrombin responses seen in previously
inactivated (nascent) cells. Similarly, HUVEC demonstrated
an attenuated response to PAR®-# after initial activation by
10 nM thrombin. To exclude the possibility of a nonspecific ef-
fect secondary to intracellular coupling events or depletion of
a common intracellular Ca?* pool, the effect of bradykinin on
intracytosolic calcium transients was studied before and after
activation of cells with thrombin or PAR®#. The bradykinin
receptor(s) is similarly known to be a member of the seven-
domain transmembrane group of receptors and is coupled to
phospholipase C in endothelial cells (51). As illustrated in Fig.
5 E and F, activation of HUVEC by 10-° M bradykinin in-
duced a rise in intracytosolic Ca*>* essentially identical to that
seen in cells preactivated by either 10 nM thrombin or 40 pM

100

Time (seconds)

nM thrombin (E) or 40 uM PAR"
# (F), followed by 10~ M bradyki-
nin (dashed curves).

150 200 250 300

PAR¥-#, Similar results were obtained using 10-°M endothe-
lin-1, with responses of nascent cells being similar to responses
seen from cells preactivated by thrombin or PAR¥* (not
shown).

The molecular mechanism of thrombin receptor desensiti-
zation in endothelial cells has been previously studied with ev-
idence for receptor internalization (46, 47) playing a promi-
nent regulatory role. To further investigate the mechanism of
heterologous downregulation of the TR by PAR®* immu-
nofluorescence staining using a TR-specific antibody was com-
pleted. As illustrated in Fig. 6, nascent nonpermeabilized cells
demonstrated intense rim staining, signifying the presence of
the thrombin receptor on the HUVEC cell surface. In con-
trast, immunofluorescent images of permeabilized cells exhib-
ited dense intracellular staining, consistent with the presence
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Figure 6. Immunofluorescence staining of HUVEC. Cells were
grown until confluent, serum-starved for 2 h, and then fixed and per-
meabilized using ice-cold acetone for 60 sec (B) or fixed without per-
meabilization using 4% paraformaldehyde (D and F) (prior to immu-
nofluorescence staining using anti-TR'™'%), as outlined in Methods.
The corresponding phase-contrast images are displayed in A, C, and
E. Distinct intracellular staining is evident in B while cell-surface
staining is seen in non-permeabilized cells (D). The inset demon-
strates the typical (doughnut shaped) immunofluorescent pattern re-
flecting cell-surface staining as confirmed by confocal laser micros-
copy (magnification 4,500). No staining is seen using the secondary
antibody alone (F). Final magnification in all other panels is 2,860.

of a large intracellular pool of thrombin receptors. These ob-
servations are consistent with those previously described (46,
47). In comparison, HUVEC activated with 40 uM PAR¥#
demonstrated attenuation of the cell surface staining pattern
(Fig. 7), consistent with the removal of TR from the cell sur-
face. Similar activation of HUVEC by 10 nM thrombin yielded
the same effect, with diminution of the cell surface staining
(Fig. 7 C). Permeabilized HUVEC continued to show the
same dense intracellular staining for TR even after activation
with PAR®-* or thrombin, suggesting continued presence of a
dense population of intracellular thrombin receptors (Fig. 7, E
and F). Indeed, cells stimulated by either ligand demonstrated
the appearance of patchy clumping, most likely reflecting TR
internalization to intracellular lysosomal compartments (46,
47). These initial observations were confirmed by quantitative
ELISA and are outlined in Fig. 8. HUVEC activated with 10
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Figure 7. TR internalization after activation-dependent responses.
Confluent HUVEC were serum-starved, activated with 40 uM
PAR¥ ™ (A and E) or 10 nM thrombin (C and F), and then fixed with
4% paraformaldehyde (A and C) or ice-cold acetone (E and F), prior
to immunofluorescence staining using anti-TR'™'%. The correspond-
ing phase contrast images for A and C are displayed to the right. Pre-
activation of cells with either agonist results in diminished cell-sur-
face staining (arrows, A and C), although the intense intracytoplamic
staining remains evident. The patchy areas of intense immunofluores-
cence (arrows, E and F) presumably reflect TR internalization to en-
dothelial cell-specific lysosomes (46). Final magnification is 2,860.

nM thrombin or 40 uM PAR¥* demonstrated significantly
lower (P < 0.01) cell surface immunoreactivity as compared to
nascent (inactivated) cells, again consistent with the results
seen by immunofluorescent staining. Because the anti-TR!-160
antibody recognizes epitopes spanning the entire NH,-termi-
nal extension, the diminished but persistent immunoreactivity
evident with either staining or ELISA confirms that a subpop-
ulation of TRs remains cell surface expressed, consistent with
previous observations (47).

Thrombin receptor/PAR-2 coexpression are not structurally
linked. The demonstration of heterologous desensitization
and TR internalization after PAR-2 activation suggested that
the functional coupling could be attributable to cell surface
physical interactions affecting receptor expression in cells co-
expressing both receptors. This possibility was addressed using
thrombin receptor-specific antisense oligonucleotides and mi-
crospectrofluorimetry in HUVEC. Initially, we targeted three
potential sites that may be involved in transcriptional or trans-
lational regulation of TR gene expression: 5'-untranslated re-



Figure 8. ELISA for

06 evaluation of TR inter-
nalization. Endothelial
cells were plated at

1.0 X 10* cells/well in
complete media, and
propagated for a mini-
mum of 48 h until con-
fluent. Cells were then
washed with PBS and
incubated with 10 nM
thrombin, 40 pM
PAR¥* 1 xX10°M
bradykinin, 1 X 107°M
endothelin-1 (without agonists in the controls) in serum-free medium
M199 for a period of 5 min. Cells were then washed with PBS X 5,
fixed in 4% paraformaldehyde, and evaluated by ELISA for TR cell-
surface expression as outlined in Methods. Cells preactivated by ei-
ther thrombin or PAR¥* displayed similar diminution of TR surface
expression compared to unactivated cells (P < 0.01, asterisks). Cells
incubated with the secondary antibody alone functioned as controls.
These results represent the mean = SEM from 6 individual wells. [,
Control; B, Unactivated; Z, Thrombin; N, PAR*; 8, Bradykinin;
# ET-1.
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gion, 3'-untranslated region, and the initiator methionine (Fig.
9 A). As evaluated by microspectrofluorimetry using HUVEC,
one particular oligonucleotide (TR848) caused a noticeable
diminution of peak [Ca’*]; when cells were activated by throm-
bin (Fig. 9 B). This effect was time dependent, displaying a
more pronounced inhibition after a 16-h incubation as com-
pared to the effect seen at four h. Indeed the 4-h response was
near maximal, but clearly delayed, suggesting that a threshold
number of receptors is required for the development of an im-
mediate and maximal response, consistent with previous stud-
ies (52). Neither the sense control nor other oligonucleotides
evaluated demonstrated a similar effect (Fig. 9 B and not
shown). The specificity of TR848 to downregulate the throm-
bin receptor was confirmed by complementary Northern anal-
ysis and quantitative ELISA (Fig. 10). Antisense oligonucle-
otides were then used to compare functional responses in
HUVEC when activated by either thrombin or PAR®-#. As
shown in Fig. 11, thrombin-mediated responses were specifi-
cally attenuated using TR848, whereas no such effect was seen
in identically treated cells activated by PAR**, In a similar
set of experiments, preincubation of HUVEC with TR848
failed to result in heterologous desensitization to PAR®#
when cells were preactivated with thrombin (data not shown).
These data imply that nonstimulated cells fail to activate regu-
latory mechanisms (presumably phosphorylation events) that
serve as the brake for subsequent reactivation by the PAR-#
ligand. In summary, these results with antisense oligonucle-
otides confirm our initial observations establishing the speci-
ficity of PAR¥-# for its receptor and further establish that the
molecular regulation of TR/PAR-2 cell surface expression oc-
curs as an independent event in cells expressing both recep-
tors.

Discussion

Proteolytically cleaved seven-transmembrane receptors repre-
sent a novel class of cell surface receptors displaying a unique
mechanism of activation, with subsequent cell-signaling events
mediated by functional coupling to G proteins. Although the

A.

Oligonucleotid Targeted region Position Sequence (5'- 39
TR847 (A) §'-Untranslated 63-42 ACCCTCGGCGAGCGCTGTGTCT
TR848 (A) Initiator MET 230-211 CCCCATTGTCCCGGGCTCTG
TR849 (A) 3'-Untranslated 1524 - 1506 AACCTCCCAGCAGTCCCTT
TR850 (A) Initiator MET 236 -219 CCGCGGCCCCATTGTCCC
TR1718 (S) Initiator MET 211-230 CAGAGCCCGGGACAATGGGG
B.
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Figure 9. Antisense oligonucleotides used for thrombin receptor-spe-
cific down regulation. (A) Nucleotide sequence with position and ori-
entation (A: antisense; S: sense) is indicated. (B) HUVEC were prop-
agated on gelatin-coated coverslips until confluent and then
incubated with 10 uM of individual oligonucleotides synthesized as
phosphorothioate derivatives for indicated times at 37°C. Cells were
then washed and activation-dependent responses to 10 nM thrombin
(arrow) were studied by microspectrofluorimetry as outlined in Meth-
ods. One oligonucleotide TR848 resulted in a time-dependent attenu-
ation of thrombin responsiveness, with no inhibition seen using any
other oligonucleotides studied (not shown). The elevation in [Ca?*];
evident with TR847 is essentially identical to that seen in untreated
cells.

cell types that express the prototypic thrombin receptor have
been extensively characterized (1-3), little is known about
cell-specific expression of PAR-2. Previous work had demon-
strated tissue-specific expression of PAR-2 by Northern analy-
sis (37), although functional activity and expression at the cel-
lular level remained uncharacterized. Our data provide
convincing evidence at the molecular level that PAR-2 is ex-
pressed and functionally active in vascular endothelial cells.
Because the PAR-2 —specific physiologic enzyme activator re-
mains unknown, we used the receptor-activating peptide
PAR¥* (SLIGRL) as a surrogate marker to demonstrate ac-
tivation-dependent responses in HUVEC. Thus, although the
human homologue has not been isolated, synthetic peptide
ligands based on the murine sequence are sufficiently similar
to effect activation of human cells known to express PAR-2.
Likewise the expression of PAR-2 on endothelial cells sug-
gests that a physiologic protease activator may be a circulating
plasma protein.

Previous data had demonstrated that thrombin fails to acti-
vate PAR-2 (37), although the ability of TR-specific pep-
tidomimetics to activate this receptor remain incompletely
characterized (40). Because of the coexpression of both pro-
teolytically cleaved receptors on vascular endothelial cells, two
complementary strategies were adopted to establish the speci-
ficity of the PAR-2 ligand for its receptor. Xenopus oocytes

PAR-2 Receptor on Vascular Endothelial Cells 1711



I Figure 10. Specificity of
& TR antisense oligonucle-
otides. (A) HUVEC
were incubated in MITS
with 10 uM of various
oligonucleotides (or
MITS alone as control)
as outlined in Fig. 9 leg-
end, total cellular RNA
was harvested, and 10 pg
of RNA was evaluated

B by Northern analysis us-
0.7 - ———— ing the ¥P-radiolabeled
5 TR cDNA as probe for

quantification of tran-

| script expression. The
blot was then stripped,

71 rehybridized with the hu-
man actin cDNA,
washed using identical
high stringency condi-
tions and evaluated by
autoradiography for the
identical amount of time
(2 d). (B) After preincu-
bation of cells with 10
wM of individual oligonucleotides for 18 h, an ELISA was utilized to
quantify relative amounts of TR cell-surface expression using anti-
TR as outlined in Methods. Results shown represent the
mean*SEM from six individual wells. As confirmed both at the
mRNA and protein level, preincubation of HUVEC with TR848 re-
sulted in a specific down-regulation of thrombin receptor expression.
0, Control; &, TR847, B, TR848; N, TR1718.

Optical density (405 nm)

microinjected with the thrombin receptor cRNA were throm-
bin responsive, but failed to respond to PAR¥* and in
HU-VEC, TR-specific antisense oligonucleotides abrogated
thrombin responsiveness, but failed to effect responsiveness to
PAR**#, Thus, these observations establish the specificity of
the PAR-2 ligand for its receptor and exclude the possibility
that endothelial cell responses are mediated by trans-activa-
tion of the TR. Indeed, these observations are consistent with
previous TR structure—function studies demonstrating the im-
portance of the phenylalanine in position 2 of the Tr-activating
peptide (TR*#7) to affect receptor activation (6-8). Further-
more, the inability of TR antisense oligonucleotides to affect
PAR¥*.mediated responses excludes the possibility that the
cell-surface coexpression of both receptors are physically
linked or dually required for optimal activation-dependent re-
sponses.

The ability of proteases to induce cellular proliferation has
been well described, although only recently appreciated. Thus,
tryptase demonstrates mitogenic potential for airway smooth
muscle cells (48) and coagulation Factor XII displays mito-
genic effects on HepG2 cells (19). Likewise, thrombin is mito-
genic for vascular smooth muscle cells (26), fibroblasts (27,
32), and other mesenchyme-derived cells (27-29), although the
ability of its peptide ligand to mediate mitogenic responses has
primarily been demonstrated in vascular smooth muscle cells.
Somewhat unexpectedly, the PAR¥* ligand demonstrated a
concentration- and time-dependent ability to effect prolifera-
tive responses in vascular endothelial cells. Indeed, these re-
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100 Figure 11. Effect of an-
tisense olionucleotides
a0 L I on cellular responses
to individual agonists.
HUVEC were propa-
60 |- gated and studied as
outlined in Fig. 5 leg-
end, prior to activation
o with 10 nM thrombin or
40 pM PAR**. No in-
hibition of PAR#-
mediated responses
are evident using any
0 - TR-specific oligonucle-
TRAT18 TR TRE48 otides. These results rep-
resent the mean=SEM
from three individual coverslips (100% response is defined as that
seen using identically treated coverslips devoid of oligonucleotides).
O, Thrombin; M, PAR¥*,

Percent response

20

sponses were surprisingly similar to those seen with either
thrombin or its peptide ligand TR*. Extrapolation of these
data further suggests that the PAR-2 physiological enzyme ac-
tivator will also display mitogenic potential.

Molecular mechanisms regulating thrombin receptor acti-
vation and desensitization have been extensively studied and
include a combination of receptor internalization and phos-
phorylation events, (with the former playing a well-character-
ized role in endothelial cells and the megakaryocytic cell lines
HEL and CHRF-288 (46, 47)). For example, homologous
downregulation of the thrombin receptor by thrombin (or
TR*#7) activation has been demonstrated, as well as heterolo-
gous downregulation of the thrombin receptor protein by
PGE1 and PMA (53). Finally, the role of other proteases such
as neutrophil-derived cathepsin G modulate TR activation by
cleavage within a discrete sequence within the TR NH,-termi-
nal extension (54). Our observations suggest an additional reg-
ulatory mechanism for thrombin receptor activation and ex-
tend to PAR-2 regulation. The demonstration of heterologous
downregulation and internalization of the TR by PAR-2
activation (and the functional evidence for heterologous
downregulation of PAR-2 by thrombin) suggest the presence
of cross-talk between these two G-protein—coupled receptors.
Cross-talk between G-protein—coupled receptors has been
previously described between muscarinic and adrenergic re-
ceptors and postulated to encompass mechanisms involving re-
ceptor phosphorylation and transcriptional cross-regulation
(49, 50). Whether either of these two mechanisms pertains to
the TR/PAR-2 interactions observed in endothelial cells re-
mains undetermined, although the rapid desensitization would
be more consistent with a molecular mechanism incorporating
intracellular phosphorylation events, possibly regulating the
observed TR internalization. Because of the lack of a PAR-2-
specific antibody, we were unable to further evaluate regula-
tory events involved in thrombin-mediated PAR-2 desensitiza-
tion, although we speculate that a similar mechanism involving
PAR-2 internalization may be operational.

The similarities between PAR-2 and the TR reinforce the
concept of an extended superfamily of proteolytically cleaved
receptors that may be involved in cell regulatory phenomena.
Like the TR, PAR-2 exhibits activation-dependent homolo-



gous desensitization with a similar time course of recovery (46)
and both receptors display mitogenic responses when acti-
vated by their respective peptide ligands. These functional
properties also extend to the structural organization of the
genes, both of which display minimal complexity and are simi-
larly organized. Genomic analysis has confirmed that both
genes contain two exons, that the larger second exons contain
the majority of the coding sequences, and that the proteolytic
cleavage sites for both receptors are contained within this sec-
ond exon (37, 41, 55). Thus, although this proposed gene fam-
ily is currently limited to two members, data presented in this
and previous reports suggest the presence of a larger gene
family, potentially displaying complex interactive and regula-
tory features. Finally, the isolation of a physiological enzyme
activator for PAR-2 should help to address whether this recep-
tor/agonist complex may serve as a regulatory mechanism
modulating the actions of thrombin on the vessel wall.
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