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Proteolysis of the thrombin receptor, protease acti-
vated receptor-1 (PAR1), may enhance normal and
pathological cellular invasion, and indirect evidence
suggests that activation of PAR1 expressed by invasive
extravillous trophoblasts (EVTs) influences human
placentation. Here we describe PAR1, PAR2, and PAR3
protein distribution in the developing human pla-
centa and implicate PAR1 and PAR2 activation in func-
tions central to EVT invasion. PAR1, PAR2, and PAR3
are expressed in cultured 8- to 13-week-old EVTs, and
in situ in 18- to 20-week-old placental syncytiotropho-
blasts and invasive trophoblasts. Thrombin, but not
the PAR2 agonist peptide SLIGKV, inhibited prolifer-
ation in cultured EVTs, although both agonists stim-
ulated phosphoinositide hydrolysis and EVT invasion
through Matrigel barriers. Thrombin-induced phos-
phoinositide hydrolysis was completely inhibited and
the thrombin effect on proliferation was prevented
when PAR1 cleavage was first blocked with specific
monoclonal antibodies, indicating that PAR1 is the
predominant thrombin receptor on EVTs. Together
these results support a role for PAR1, and potentially
PAR2 and PAR3 in the invasive phase of human pla-
centation. (Am J Pathol 2003, 163:1245–1254)

The development of the placenta is primarily dependent
on the differentiation of trophoblast cells along two path-
ways.1 In one pathway, mononucleated cytotrophoblast
cells cease proliferation and then fuse to form the termi-
nally differentiated multinucleated syncytiotrophoblast.
As pregnancy progresses, cytotrophoblast cells become
more sparse within the villi and the syncytiotrophoblast

forms the only continuous layer separating the maternal
intervillous space and the fetal capillary endothelium. In
the other pathway, a subset of undifferentiated cytotropho-
blast cells in anchoring villi invades maternal tissues secur-
ing the attachment of the placenta to the maternal uterine
wall and development of an adequate vascular supply.
Trophoblast invasion into the uterine wall occurs in two
waves, the first wave occurring during the first 10 weeks of
pregnancy and the second wave of invasion occurring be-
tween 14 and 20 weeks of gestation.2 Shallow invasion by
extravillous trophoblasts (EVTs) into the uterine wall results
in reduced placental perfusion and placental dysfunction,
which has been associated with adverse reproductive out-
comes including spontaneous miscarriage, fetal growth re-
striction, and pre-eclampsia.3,4

Proteases, particularly matrix metalloproteases and co-
agulation factors, are known to be involved in cellular inva-
sion, but the proteases that are essential for human tropho-
blast invasion are unknown.5,6 Indeed, studies of normally
invasive cells in other tissues have been primarily limited to
studies of macrophages, leukocytes, cancer cells, and en-
dothelial cells, and these studies have implicated multiple
proteases, protease inhibitors, and classes of cell-surface
protease receptors in the invasive process.7,8 The temporal
and anatomical distribution of coagulation and matrix-re-
modeling proteases and their inhibitors in normal placental
and uterine tissues, combined with alterations in their dis-
tribution patterns in gestational diseases, supports the hy-
pothesis that these enzymes are critical to trophoblast inva-
sion and differentiation. For example, elevated expression
of thrombin receptor transcripts were reported in invasive
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placental trophoblast cells compared to differentiated non-
invasive trophoblast cells.9 Also, the timing of expression
and placental distribution of thrombomodulin in normal and
complicated pregnancies suggests tight regulation of the
coagulation cascade in placentation. An endothelial cell
membrane protein, thrombomodulin, binds thrombin with
high affinity and alters its substrate specificity, locally reduc-
ing coagulation and fibrinolysis. Thrombomodulin expres-
sion is elevated in term syncytiotrophoblast microvilli com-
pared to first trimester placenta, and is elevated in pre-
eclampsia, which is associated with shallow trophoblast
invasion.10,11 These and other findings suggest a link be-
tween coagulation proteases and trophoblast invasion, and
led us to examine the role of protease-activated receptors
(PARs) in this process.12–14

PARs are members of the G-protein-coupled receptor
superfamily that are activated by the proteolytic cleavage
of their large amino terminal domain. Activating cleavage
leads to the exposure of a new N-terminus containing a
tethered ligand sequence that activates the receptor
through interactions with its extracellular surface.15 Cur-
rently four PARs are known, three of which (PAR1, PAR3,
and PAR4) are activated by thrombin. The fourth recep-
tor, PAR2, can be cleaved and activated by trypsin,
tryptases, and other trypsin-like serine proteases includ-
ing components of the coagulation cascade (eg, the
tissue factor/VIIa complex and factor Xa), but it is not a
proteolytic substrate for thrombin.16 PAR1, PAR2, and
PAR4, but not PAR3, can also be activated by synthetic
peptides corresponding to their respective tethered li-
gand. Despite common signaling pathways including the
activation of phospholipase C (PLC), PAR activation
leads to a range of cellular responses that vary by spe-
cies and tissue.17 These variations can result from differ-
ences in cellular expression of different PAR subtypes,
because cells can simultaneously express more than one
PAR. Varied PAR-mediated protease responses can also
occur in the presence of different posttranslational mod-
ifications of PAR amino-termini, or if PAR-expressing cells
are first exposed to inactivating proteases that cleave the
receptor and render it insensitive to subsequent expo-
sures to activating proteases.18 The latter of these phe-
nomena has been demonstrated for PAR1, PAR2, and
PAR3.19–22

Several recent studies examined PAR function in tumor
cell invasion, but no consistent role emerged despite
similar experimental strategies.9,23–25 Even-Ram and col-
leagues examined PAR1 mRNA expression in early pla-
centation, an approach that likely circumvents many of
the pitfalls associated with transformed cell models of
invasion.9 The authors showed that PAR1 mRNA expres-
sion was not detectable in placental biopsies during the
first 6 weeks of gestation, increased dramatically be-
tween weeks 7 and 10, and then dropped precipitously
after week 11, a pattern that correlates with the first
invasive phase of placentation.2,9 To date however, nei-
ther functional data nor evidence of PAR1 protein expres-
sion has been reported for placental tissues. Moreover,
expression and function of PAR2 and/or the other known
thrombin receptors (PAR3 and PAR4) have also not been
described in human placentation. We used specific

monoclonal antibodies to PAR1 and PAR2, and devel-
oped novel PAR3-specific antibodies to characterize the
expression of these receptors at various stages of human
placental development. We also used previously devel-
oped methods to characterize the relative contribution of
different PARs to thrombin responses in primary EVT
cultures.17,26–28 Results from these functional studies
support the hypothesis that thrombin receptor activation
plays a role in EVT invasion during normal placentation.

Materials and Methods

Reagents

Highly purified �-thrombin (�3000 U/mg, 1 U/ml, �10
nmol/L) was provided by Dr. John Fenton (New York
State Department of Health, Albany, NY). The PAR2 ag-
onist peptide SLIGKV (residues 37 to 42 of human PAR-
2);29 SLIGKVDGTSHVTG (residues 37 to 50 of human
PAR2), the peptide against which monoclonal antibody
SAM11 was raised;30,31 KYEPFWEDEEKNES (residues
51 to 64 of human PAR1),32 the peptide immunogen
against which antibody WEDE15 was raised;33 and pep-
tides CQSGMENDTNNLAK, TFRGAPPNSFEE, and
IKCPEESASHLHVK (residues 19 to 32, 39 to 51, and 69
to 82, respectively, of human PAR3),34 used for PAR3
monoclonal antibody epitope mapping were synthesized
and high performance liquid chromatography purified at
the University of Pennsylvania Medical Center Protein
Chemistry laboratory. [3H] Myoinositol (specific activity,
22.2 Ci/mmol) was obtained from NEN Life Sciences,
Boston, MA.

Monoclonal Antibodies

WEDE15 and ATAP2 are IgG1 monoclonal antibodies
directed against epitopes within the amino terminus of
PAR-1 that correspond to the hirudin-like domain and
activating peptide domains of PAR-1, respectively.33,35

Combinations of these antibodies inhibit PAR1 cleavage
by thrombin.26 SAM11 is a mouse IgG2a monoclonal
antibody raised against human PAR-2.16 Cytokeratin 18,
an EVT marker, was detected with monoclonal anti-cy-
tokeratin peptide 18 antibody (clone CY-90; Sigma, St.
Louis, MO).36 Vimentin is a marker not present in EVTs,
but present in potential contaminating cells. A monoclo-
nal antibody against vimentin (clone V9) was obtained
from Sigma. Mouse monoclonal antibodies to the amino
terminus of human PAR3 were generated in cooperation
with the hybridoma core facility of the University of Penn-
sylvania School of Medicine Cancer Center. Mice were
immunized with a fusion protein consisting of human
PAR3 residues 21 to 94 followed by a 6xHIS epitope tag,
a generous gift from Dr. Shaun Coughlin (University of
California at San Francisco). This region of PAR3 begins
at the carboxyl end of the predicted PAR3 signal peptide,
spans the thrombin cleavage site and hirudin-like do-
mains, and ends just before the beginning of the pre-
dicted first transmembrane domain of the receptor. Hy-
bridoma culture supernatants were screened for PAR3
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peptide-reactive antibodies by enzyme-linked immu-
nosorbent assay as previously described for the devel-
opment of PAR1 and PAR2 monoclonal antibodies, then
screened for antibody binding to the PAR3 amino termi-
nus on the surface of transfected fibroblasts as de-
scribed.26,31,33,35 Briefly, transfected cells were analyzed
for surface expression of a PAR3NT-CXCR4 receptor
chimera by flow cytometry using the monoclonal antibody
12G5. PAR3NT-CXCR4 is an engineered cell-surface re-
ceptor made up of the amino terminal exodomain of
human PAR3 fused to the first putative transmembrane
domain of the human receptor for stromal derived fac-
tor-1 (CXCR4).26 In separate reactions, hybridoma super-
natants were analyzed for immunoreactivity with the
PAR3 amino terminal exodomain. Antibodies that bound
to cells transfected with the expression vector pRK7 or to
cells transfected with chimeric receptors with the PAR1,
PAR2, or PAR4 amino terminal exodomain fused to
CXCR4 were excluded from the screen. PAR3 immuno-
reactive antibodies used in these studies were purified
from ascites by protein A affinity chromatography using
the MAPS II kit (Bio-Rad, Richmond, CA). Epitope map-
ping of PAR3-specific monoclonal antibodies was per-
formed by enzyme-linked immunosorbent assay using
synthetic peptides corresponding to three different PAR3
amino terminal domains.37 Because some of the PAR3
monoclonals developed in this manner reacted with the
immunogen, but not shorter synthetic PAR3 peptides,
epitope mapping of those antibodies was limited to de-
termining the sensitivity of antibody-reactive PAR3
epitopes to thrombin treatment. This cleavage sensitivity
was assessed using flow cytometry of PAR3NT-CXCR4-
transfected fibroblasts before and after thrombin treat-
ment as described previously for the PAR1NT-CXCR4
receptor chimera.26

Cell Culture

EVTs isolated and propagated from first trimester placen-
tal tissues (8 to 13 weeks of gestation) according to the
method of Graham and colleagues,38 were the generous
gift of Dr. Colin MacCalman (University of British Colum-
bia, Vancouver, Canada). Cells were grown at 37°C un-
der 5% CO2 in a humidified incubator on plastic surfaces
in complete growth medium consisting of Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies,
Inc., Grand Island, NY) supplemented with 10% fetal calf
serum (Hyclone, Logan, UT), 100 U/ml penicillin, 100
�g/ml streptomycin, 0.6 mmol/L L-glutamine. Canonical
stocks were established from first passage cells and
frozen under liquid N2 in 90% fetal calf serum, 10%
dimethyl sulfoxide. Cells were thawed, propagated, and
used in these experiments through four passages. Cells
grown under these conditions showed no loss of invasive
or proliferative phenotype, and exhibited 100% immuno-
reactivity to cytokeratin 18 and no vimentin immunoreac-
tivity. Megakaryoblastic DAMI cells were cultured in RPMI
1640 supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 �g/ml streptomycin.39 HEK 293T,
BeWo, and JEG3 cells were grown as previously de-
scribed.27,40

Northern Blotting

To determine whether EVTs, BeWo, or JEG3 cells ex-
pressed PAR1, PAR2, PAR3, or PAR4, we analyzed re-
ceptor mRNA expression by Northern blotting. Total RNA
(10 �g) was loaded onto 1% denaturing agarose gels
and, after electrophoresis, blotted onto nylon membranes
and probed with radiolabeled human PAR cDNAs, spe-
cific for each receptor. Probes for the PARs were derived
from the following restriction fragments of their fully se-
quenced cDNAs: PAR1 PstI-EcoRI (nucleotides 764 to
2123), PAR2 BamHI (nucleotides 1 to 1266), PAR3 Hin-
dIII-KpnI (nucleotides 1 to 405). Probes were labeled with
32P using the random primer labeling kit (Prime-It II kit;
Stratagene, La Jolla, CA). Membranes were analyzed,
then stripped in 0.1% sodium dodecyl sulfate at 90°C and
rehybridized with a probe for 18S rRNA to assess RNA
loading.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

To confirm the negative Northern results obtained for
PAR-4, we examined PAR expression by the more sen-
sitive RT-PCR procedure. Control reactions were pre-
pared using total RNA from human cell lines known to
express overlapping subsets of the known PARs, and
included reactions without reverse transcription to control
for contamination by genomic DNA. Briefly, total Dami,
human umbilical vein endothelial cell, or EVT RNAs (5 �g)
were reverse-transcribed and subjected to PCR for PAR4
and PAR1 (positive control) as previously described.26

Immunohistochemistry

Paraffin-embedded placental tissues from three different
18- to 20-week gestational women who had undergone
elective pregnancy terminations were obtained from the
University of Pennsylvania Department of Pathology and
Laboratory Medicine. Immunohistochemical detection of
PAR1 and PAR2 was performed as previously de-
scribed.41 Briefly, before immunohistochemistry, placen-
tal sections were deparaffinized and incubated in a
graded series of ethanol washes to rehydrate the tissue.
Subsequently, immunohistochemistry slides were
blocked with normal blocking serum (Vector Laborato-
ries, Burlingame, CA) for 10 minutes, rinsed with phos-
phate-buffered saline (PBS), and then incubated with 5
�g/ml of the primary antibody in PBS for 30 minutes at
room temperature in a humidified chamber. Slides were
washed and incubated for 30 minutes with biotinylated
secondary antibody (horse anti-mouse, Vector Laborato-
ries), rinsed in PBS, and then incubated with avidin-
horseradish peroxidase-biotin complex reagent (ABC;
Vector Laboratories) for 30 minutes. Slides were washed
and developed for 5 minutes twice with diaminobenzidine
(Biomeda, Foster City, CA), rinsed in distilled water,
counterstained with hematoxylin, dehydrated, and cover-
slipped in Permount (Fisher Scientific, Pittsburgh, PA).
Negative control slides were prepared by preadsorption
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of the primary antibody with its immunizing peptide (200-
fold molar excess overnight at 4°C) and, in the case of
PAR3 antibodies, by performing the staining procedure in
the absence of primary antibody or separately with an
isotype-matched control antibody. Slides were photo-
graphed using a Nikon Eclipse TE300 microscope outfit-
ted with a Roper Scientific MicroMax Camera (Princeton
Instruments, Trenton, NJ) and the Universal Imaging Sys-
tem (Universal Imaging Corp., White Plains, NY) using
Metamorph imaging software (Downingtown, PA). PAR3
antibodies were screened for their utility in immunohisto-
chemistry by examining the expression of PAR3 in trans-
fected cells. Briefly, HEK 293T cells were transfected with
10 �g of plasmid DNA, either empty expression vector
pRK7 (mock transfection), or the PAR3-CXCR4 chimeric
receptor as described previously.26 One pool each of
transfected or mock-transfected cells was analyzed by
flow cytometry with the cleavage-insensitive anti-PAR3
monoclonal antibody PAR3–22 or anti-CXCR4 monoclo-
nal antibody 12g5 to confirm expression of the PAR3-
CXCR4 chimera. To assess the impact of fixation on
PAR3 epitopes, another aliquot of each pool of detached
cells was fixed in 10% neutral buffered formalin for 4, 24,
or 48 hours, embedded in paraffin blocks, cut into 5-mm
sections using a cryostat, mounted on glass slides, and
examined by immunocytochemistry with PAR3-specific
monoclonal antibodies or isotype-matched control mono-
clonal antibodies. Alternatively, transfected cells were pre-
pared for immunostaining by plating in chamber slides to a
concentration of 5 � 104 cells/well, allowed to grow 48
hours after transfection to �70% confluence, rinsed in warm
PBS, fixed in 10% formalin in PBS for 10 minutes, and
washed three times in PBS.

Phosphoinositide Hydrolysis

Activation of PARs results in increases in intracellular
calcium and causes a concomitant stimulation of phos-
phoinositide hydrolysis.15 The latter response can be
measured as the accumulation of phosphorylated inositi-
des over time, thus providing a sensitive indicator of PAR
activation. To assess PAR subtype-specific activation,
EVTs were loaded overnight with 4 �Ci/ml of [3H] myoi-
nositol in complete growth medium. Cells were washed
once and then serum-starved for 2 hours in DMEM. Fif-
teen minutes before treatments were administered, 20
mmol/L of LiCl2 was added to the cultures, followed by
the addition of PBS alone (buffer control), thrombin (20
nmol/L), or SLIGKV peptide (50 �mol/L). Before agonist
addition, some samples were preincubated for 10 min-
utes with either the anti-PAR-1 antibody mix (WEDE 15 �
ATAP2) or isotype-matched control antibodies before ag-
onist addition.26 Cells were incubated for 45 minutes at
37°C, then extracted in perchloric acid/ethylenediami-
netetraacetic acid, and neutralized. Total inositol phos-
phates were measured by ion exchange chromatography
on Dowex columns followed by scintillation counting.19,42

Measurement of Cellular Proliferation

Cell viability and proliferation was measured using the
WST-1 reagent (Promega, Madison, WI), a tetrazolium
dye that is cleaved to formazan by cellular enzymes,
according to the manufacturer’s recommendations.
Briefly, early passage EVTs were seeded at 10,000 cells
per well in 96-well tissue-culture dishes in DMEM supple-
mented with 2% Nutridoma-SP (Roche Molecular Bio-
chemicals, Indianapolis, IN) with agonist or buffer as
described in the figure legend. Cells were treated as
described, incubated 16 hours, and WST-1 was added to
each well and incubated for 3 hours according to the
manufacturer’s recommendations. The conversion of
WST-1 to formazan was measured spectrophotometri-
cally on a 96-well plate reader. Inhibition of PAR1-in-
duced responses using PAR1 antibodies was performed
as described previously.26–28

Invasion Assays

Early passage EVTs (n � 50,000) were seeded onto
Matrigel-coated 8-�m filter chambers (Becton Dickinson,
Fullerton, CA) in DMEM/Nutridoma as above, supple-
mented with agonist or buffer as described above.
DMEM supplemented with 2% fetal calf serum was
added to the lower cell as a chemoattractant, and agonist
was added at equal concentrations to both the upper and
lower chambers. After 16 hours at 5% CO2 and 37°C, the
Matrigel was removed with a cotton swab, and the filters
were fixed in 4% paraformaldehyde and stained with
hematoxylin. Cells that had traversed the Matrigel and
passed through the pores of the filter were counted by
two observers who were blinded to the nature of agonist
treatments.

Statistical Analysis

Phosphoinositide data were analyzed by one-way analy-
sis of variance for independent samples and pairwise
comparisons were made using Tukey’s honestly signifi-
cantly different (HSD) test. Proliferation data were ln
transformed to normalize for heterogeneous variance,
then analyzed by one-way analysis of variance for three
independent samples and Tukey’s honestly significantly
different test.

Results

PAR mRNA Expression in Cultured EVTs

To determine the complement of PARs expressed in
cultured EVTs, we first analyzed the abundance of
transcripts encoding the known PARs. Northern analy-
sis for PAR1, PAR2, and PAR3 mRNA expression in
cultured EVTs indicated the presence of all three tran-
scripts (Figure 1A). The transcript sizes agree with
previously published reports.26,32,34 PAR1 was de-
tected in the EVTs, but was not present in the BeWo
and JEG3 choriocarcinoma cell lines. A single tran-
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script was detected for PAR2 in EVT, BeWo, and JEG3
cells. Consistent with the initial characterization of
PAR3 mRNA expression in human tissues34,43 two
PAR3 transcripts were detected by Northern blot in the
EVTs. BeWo and JEG3 cells exhibited only the lower
band (Figure 1A). The absence of PAR4 transcripts in
these blots was confirmed using RT-PCR (Figure 1B).
Using primers specific for PAR1 and the PAR4 amino-
terminus, we were able to detect PAR1 and PAR4
transcripts in Dami cells (positive control). This
megakaryoblastic line was previously shown to ex-
press PAR1, PAR3, and PAR4.44 As with EVTs, no
PAR4 mRNA was detected in human umbilical vein
endothelial cells, previously reported to express PAR1,
PAR2, and PAR3 but not PAR4 mRNA.26,31,43 Con-
versely, PAR1 (RNA loading control) was detected in
both EVT and human umbilical vein endothelial cells.
From these experiments, we conclude that cultured
EVTs express mRNA encoding PAR1, PAR2, and
PAR3, but not PAR4.

Immunohistochemical Analysis of PAR1, PAR2,
and PAR3 in 18- to 20-Week Placental Tissue

Based on the results presented above we conclude that
PAR1, PAR2, and PAR3 are expressed in cultured EVTs.
We sought to confirm these results at the protein level in
placental tissues. Using previously developed monoclo-
nal antibodies to PAR1 and PAR2, and a thrombin cleav-
age-insensitive PAR3-specific antibody developed for
these experiments, we examined first and second trimes-
ter placental tissues. Figure 2 shows that EVTs within 18-
to 20-weeks of gestational age placental tissue stained
positively for PAR1, PAR2, and PAR3. Cytokeratin 18
staining confirmed the identity of these cells as EVTs
(Figure 2G). Figure 2 also shows that syncytiotrophoblast
stained positively for PAR1, PAR2, and PAR3, whereas
stromal cells within the villi showed only modest staining
for these receptors. Consistent with previous reports of
endothelial cell PAR expression, capillaries within the villi
also stained positively for PAR1, PAR2, and PAR3 (for

Figure 1. Cultured EVTs (8 to 10 weeks of gestation) express PAR1, PAR2, and PAR3 mRNA. A: Northern blot analysis of cultured EVTs, and the choriocarcinoma
cell lines, BeWo and JEG3, was performed to detect PAR mRNAs as described in Materials and Methods. For PAR3, note the appearance of the �2.0-kb transcript
in all lanes and the �4.0-kb band in only the EVT lane. PAR4 blots were negative in all cells (not shown). 18S rRNA serves as a control for sample loading. B:
RT-PCR confirms the absence of PAR4 in EVTs. Total RNA from megakaryoblastic Dami cells (D, bottom) that express PAR1 and PAR4, pooled primary human
umbilical vein endothelial cells (H) that express PAR1 and not PAR4, and EVTs (E) was reverse-transcribed and PAR4 and PAR1 transcripts were amplified by
PCR as described in Materials and Methods. Primer pairs for PAR1 and PAR4 are indicated in the top row of text, below which is an indication of the inclusion
(�) or omission (�) of reverse transcriptase (RT) in the amplification reaction. PAR4 transcripts appear as a faint band in the Dami RT� lane only, while all three
cell types expressed PAR1 mRNA. This figure is representative of results obtained in two identical experiments.

PARs and Human Placental Invasion 1249
AJP October 2003, Vol. 163, No. 4



Figure 2. Immunoreactivity of the PAR1, PAR2, PAR3, and cytokeratin 18
in placental tissues derived from elective terminations of pregnancy at 18
to 20 weeks of gestation. Tissue sections obtained from three patients were
probed with specific monoclonal antibodies as described in Materials and
Methods. PAR1 immunoreactivity is shown in A and B, PAR3 staining in C
and D, PAR2 in E preabsorbed PARZ antibody in F, and cytokeratin 18
staining in G. Representative EVTs are denoted with arrows (A, C, E, and
G) and the syncytiotrophoblast is marked with arrowheads (B, D, and E).
Note the cytoplasmic staining of PARs (top insets in A, C, and E) and the
staining of the capillary endothelium (denoted with E) within the villi
(examples in B and D). The bottom insets in A and C are representative
staining reactions in which the PAR1-specific antibody was preincubated
with excess immunizing peptide (A, bottom inset) or with only the
secondary detection antibody (C, bottom inset). Results in the bottom
inset of C were comparable when an isotype-matched primary antibody
was used (data not shown). F: A representative staining reaction in which
the PAR2-specific antibody was preincubated with excess immunizing
peptide. The scale bars in A, C, and E and their insets represent 100 and
10 �m, respectively, and are consistent across all similarly sized panels in
this figure.
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examples see Figure 2, B and D).26,31,43 In the case of
PAR1 and PAR2, preabsorption of each antibody with its
respective immunizing peptide caused an almost com-
plete loss of signal, indicating that the staining was spe-
cific [Figure 2, A (bottom inset) and F]. Both substitution
of the PAR3 antibody with an isotype-matched control
antibody and omission of the primary antibody yielded no
staining (Figure 2C, bottom inset). PAR1, PAR2, and
PAR3 immunoreactivity included substantial cytoplasmic
staining (see magnified insets).

Functional PAR in EVT Cells: Cell Signaling
Cascades Induced by PAR Activation

We next examined EVT responses to PAR agonists to
determine whether our mRNA profiling correlated with the
expression of functional PARs. Figure 3 shows that cul-
tured EVTs respond to PAR agonists with increased
phosphoinositide hydrolysis indicative of increased
phospholipase C activity, a hallmark of PAR activation.15

Because thrombin cleaves and activates PAR1 and
PAR3, and because both mRNA species were detected
in EVTs, we used antibodies that block PAR1 cleavage
and tested for a residual thrombin response. EVTs re-
sponded equally to thrombin alone or in the presence or
absence of 50 �g/ml of IgG1 control antibody, consistent
with previous results in fibroblasts and human umbilical
vein endothelial cells (data not shown).26,28,37 Figure 3
shows that when EVTs were pretreated with IgG1 control
antibody, followed by 20 nmol/L of thrombin, phospho-
inositide hydrolysis increased more than sixfold over
basal levels (P � 0.0001). In contrast, when EVTs were
first incubated with PAR1-blocking antibodies and then
treated with thrombin, thrombin-induced phosphoinosi-
tide hydrolysis was reduced by 94 � 3%, a level not
significantly different from buffer or IgG1 treatment (P �

0.01), and indicative of an absence of an independent
functional PAR3 response by these cells. Because pre-
vious studies demonstrated that, in cells expressing
PAR1 and PAR4, residual thrombin-induced increases in
intracellular calcium and phosphoinositide hydrolysis are
detectable in the presence of PAR1-blocking antibodies,
the data presented here also support the conclusion that
cultured EVTs do not express PAR4.37

Proliferation of EVTs in Response to PAR
Stimulation

The presence of functional PAR1 and PAR2 in cultured
EVTs suggests that these receptors may mediate pro-
cesses in EVTs that are critical to placentation. We used
WST-1, a tetrazolium dye, to assess EVT viability in cul-
ture as an indirect indicator of EVT proliferation, one such
characteristic process.45 EVT proliferation was examined
after stimulation with thrombin or the PAR2-activating
peptide SLIGKV at concentrations above the EC50 for
activation of their respective receptors.29,32 Figure 4
shows that EVT proliferation in culture is inhibited �54%
by thrombin stimulation, but is unaffected by treatment
with SLIGKV under the conditions tested (P � 0.05). This
thrombin effect was completely prevented if the cells
were first pretreated with antibodies that block PAR1
cleavage, whereas isotype-matched control antibodies
had no effect on cell proliferation (P � 0.05). Measures of
cellular proliferation obtained with the WST-1 reagent
agree with visual cell counts of selected samples, and no
evidence for thrombin- or PAR2 agonist peptide-induced
cell death or toxicity was observed as monitored by
trypan blue exclusion (data not shown).

Thrombin and the PAR-2 Agonist Peptide
SLIGKV Stimulate EVT Invasion

Invasive activity is central to EVT function in vivo. In cul-
ture, EVTs retain their invasive phenotype, as seen by

Figure 3. PAR1 and PAR2 signal via phospholipase C in EVTs. Phosphoino-
sitide hydrolysis in response to thrombin or the PAR2 agonist peptide
SLIGKV was measured as described in the Materials and Methods. Adherent
EVTs (n � 3, three different preparations/patients) were pretreated with
buffer (line), an isotype control monoclonal antibody (IgG1), or PAR1-
blocking antibodies (anti-PAR1). Cells were then exposed to thrombin (20
nmol/L) or SLIGKV peptide (50 �mol/L) for 45 minutes before harvesting
and measurement of phosphoinositide hydrolysis. The results shown are
mean � SEM of three studies of triplicate samples expressed as the fold
increase in total [3H] inositol phosphate formation compared with the results
obtained in each experiment in which cells were pretreated and stimulated
with buffer. a,b, Means � SEM with different superscripts are different
(P � 0.05).

Figure 4. Thrombin treatment inhibits EVT proliferation. Cell proliferation
was determined with the WST-1 reagent as described in Materials and
Methods. Adherent EVTs (n � 3 or 4/treatment) were stimulated with buffer
(line), an isotype control monoclonal antibody or anti-PAR1 antibody
(IgG1), 10 nmol/L thrombin, thrombin in the presence of either IgG1 or the
anti-PAR1-blocking antibodies, or 50 �mol/L SLIGKV peptide for 20 hours.
Cells were then exposed to WST-1 reagent for 4 hours before absorbance
levels were determined. The data are expressed as the fold increase in
absorbance compared to buffer-treated cells. a,b, Means � SEM with different
superscripts are significantly different (P � 0.05).
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their ability to invade artificial extracellular matrix barri-
ers.46 We examined the invasive capacity of EVTs cul-
tured on Matrigel barriers under the same conditions
used for the proliferation experiments described above.
Figure 5 shows that both agonists stimulated EVT inva-
sion above basal levels (Figure 5, compare B and C with
control panel A), with thrombin causing a 3.4-fold in-
crease in EVT invasion, and SLIGKV stimulating a 3.2-fold
increase (P � 0.05, Figure 5D).

Discussion

Successful hemochorial placentation, which occurs in
rodents and primates, depends in large part on the exe-
cution of an invasive developmental program to establish
the placental circulation. We used immunohistochemical
methods to describe PAR protein distribution in the de-
veloping placenta, showing PAR expression in EVTs and
in the syncytiotrophoblasts, suggesting a role for PARs in
both the establishment and maintenance of pregnancy.
These studies are complemented by in vitro assays, dem-
onstrating an influence of PAR activation on EVT re-
sponses related to their invasive phenotype. These re-
sults support and expand on the initial observations
implicating PARs in placentation.9 We present here the
novel finding that PAR1, PAR2, and PAR3 proteins are
co-expressed in EVTs in normal placentae as well as in
cultured EVTs. This result was obtained for tissues from
both waves of placental invasion, including EVTs in pla-
cental biopsies collected during the first wave of invasion
(ie, 8 to 10 weeks of gestation; data not shown). We also
found that PAR1, PAR2, and PAR3 are expressed in the
syncytiotrophoblast, although their role in this tissue re-

mains undefined. PAR1 mRNA expression has been de-
scribed in human placenta,9 but PAR3 expression has
not been described. Work by other groups examining
multiple tissue Northern blots showed moderate amounts
of PAR4 mRNA, but not PAR2 mRNA in the human pla-
centa and uterus.29,30,47 In contrast, we found abundant
PAR2 in EVTs and syncytiotrophoblasts, but neither PAR4
mRNA nor PAR1-independent thrombin responses were
detected in cultured EVTs. In the absence of evidence for
its expression in cultured EVTs, we did not examine pla-
cental tissues for PAR4. It remains possible that PAR4
expression occurs in invasive EVTs in situ, but not in
explanted EVTs.

Other results presented here complement our distribu-
tion studies. We show functional responses to thrombin
and PAR2 agonist peptides, both of which activate phos-
pholipase C in cultured 8- to 10-week EVTs. Despite the
expression of PAR3 transcripts in EVTs, the thrombin
response is apparently mediated by PAR1, suggesting
that if PAR3 is expressed on the EVT cell surface, it is not
able to respond to thrombin with this prototypical PAR
response. This result is consistent with previous reports in
which human cells express PAR3 mRNA but have no
obvious thrombin response attributable to that receptor,
suggesting significant complexity in the proteolytic acti-
vation of this receptor.26,27,48 PAR1 activation elicits EVT
responses typical of invasive placental EVTs. EVT prolif-
eration was significantly retarded after exposure to
thrombin, whereas invasion through Matrigel barriers in-
creased. This pattern is consistent with previous studies
of EVTs in placentation, in which an uneven distribution of
proliferation markers among different trophoblast popu-
lations in first trimester villi and a cessation of EVT prolif-

Figure 5. Thrombin and PAR2 agonist peptide stimulate EVT invasion across
Matrigel barriers. EVTs were grown in Boyden chambers, stimulated with
thrombin (20 nmol/L) or SLIGKV (50 �mol/L) and invasion was quantified as
described in Materials and Methods. A–C: EVTs that have traversed the
Matrigel barrier and emerged on the underside of the transwell membrane
after buffer (A), thrombin (B), or SLIGKV (C) treatment. Note the greater
number of cells visible in the thrombin-treated (B) and PAR2 agonist-treated
(C) wells compared to the buffer control well (A). D: Quantification of EVT
invasion after treatment with thrombin (n � 4) or SLIGKV (n � 3) compared
to control (buffer alone, n � 4). Treatments were completed in triplicate for
each experiment (ie, different EVT preparations) and average cell counts for
each experiment was determined by two independent observers blinded to
the agonist treatment and these values were used to create the mean � SEM
shown. a,b, Means � SEM with different superscripts are significantly differ-
ent (P � 0.05).
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eration during invasion of the maternal deciduas was
seen.45 This description of EVTs emerging from the prox-
imal proliferative zone of anchoring villi suggests that a
suppression of proliferation accompanies the acquisition
of an invasive phenotype. Our in vitro results are consis-
tent with such a scenario, and with other studies of pro-
liferation in invasive EVTs, including cells cultured on
Matrigel.45,49–52 Taken together, these observations offer
further support for the hypothesis that PAR1 stimulation
leads to increased placental invasion.

Considering the range of PAR-cleaving proteases in-
volved in these and other protease-dependent pro-
cesses, determining the proteases that activate and in-
activate PARs in placentation will require substantial
effort. Trophoblast interactions with maternal tissues in-
fluence the immune response at the maternal-fetal inter-
face.53 In turn, maternal inflammatory responses at sites
of placental invasion can have dramatic effects on coag-
ulation. A recent report by Isermann and colleagues54

suggests that circulating maternal proteases may acti-
vate PARs to modulate EVT proliferation and invasion,
thus serving as a signal to EVTs that the maternal circu-
lation has been breached. In mice, the thrombomodulin-
protein C system was found to support early pregnancy,
perhaps by moderating the effects of tissue factor on
placental development and preventing PAR cleavage by
thrombin. The authors hypothesize that the thrombo-
modulin-protein C system thus influences an autocrine
loop that enhances placental growth as trophoblasts en-
counter maternal blood. Our data are not inconsistent
with this hypothesis, but the pattern of PAR expression
we describe in human EVTs suggests that such an auto-
crine system in humans would likely use PARs differently.

Our study adds to the understanding of cellular inva-
sion in ways that cannot be replicated in inherently vari-
able transformed cells or animal models of placentation.
Although animal models of placentation have highlighted
factors that are critical across species, abundant func-
tional redundancies and significant differences in placen-
tal anatomy between rodents and humans have been
described, making it difficult to extrapolate from rodent
models to humans.12 Primary cultures of normal invasive
EVTs surmount many of these complications, because
their functional programs are by necessity resistant to
perturbations that give rise to many transformed cell
lines.55 In vitro models of trophoblast invasion still suffer
from several drawbacks, including the necessity for the
removal of cytotrophoblasts or villi from their native envi-
ronments and the limitations inherent to in vitro assays.56

Despite these potential limitations, the apparent differ-
ences in EVT responses to PAR1 and PAR2 stimulation
and the absence of PAR3 responses to thrombin we
report here suggest a greater complexity in protease-
mediated invasion than previous hypotheses predict.

From these studies we conclude first that, based on
their location and function in key placental cell types,
both PAR1 and PAR2 are likely to play an important role
in the establishment and maintenance of the placental
circulation. In addition, we describe the distribution of a
second thrombin receptor, PAR3 in the developing pla-
centa. Although PAR3 makes no apparent contribution to

thrombin responses in cultured invasive trophoblasts, at
least when PAR1 cleavage is blocked, its expression in
these tissues provides an intriguing area for further re-
search. Further characterization of PAR expression in
failed pregnancies, pre-eclampsia, and in cases of ex-
cessive invasion including placenta acreta and chorio-
carcinoma will ultimately refine our understanding of PAR
function in these processes.
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