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Endocrine gland derived vascular endothelial growth factor (EG-VEGF) also called prokineticin (PK1), has been identified
and linked to several biological processes including angiogenesis. EG-VEGF is abundantly expressed in the highest
vascularized organ, the human placenta. Here we characterized its angiogenic effect using different experimental
procedures. Immunohistochemistry was used to localize EG-VEGF receptors (PROKR1 and PROKR2) in placental and
umbilical cord tissue. Primary microvascular placental endothelial cell (HPEC) and umbilical vein-derived macrovascular
EC (HUVEC) were used to assess its effects on proliferation, migration, cell survival, pseudovascular organization,
spheroid sprouting, permeability and paracellular transport. siRNA and neutralizing antibody strategies were used to
differentiate PROKR1- from PROKR2-mediated effects. Our results show that 1) HPEC and HUVEC express both types
of receptors 2) EG-VEGF stimulates HPEC’s proliferation, migration and survival, but increases only survival in HUVECs.
and 3) EG-VEGF was more potent than VEGF in stimulating HPEC sprout formation, pseudovascular organization, and
it significantly increases HPEC permeability and paracellular transport. More importantly, we demonstrated that PROKR1
mediates EG-VEGF angiogenic effects, whereas PROKR2 mediates cellular permeability. Altogether, these data charac-
terized angiogenic processes mediated by EG-VEGF, depicted a new angiogenic factor in the placenta, and suggest a novel
view of the regulation of angiogenesis in placental pathologies.

INTRODUCTION

The human placenta is a highly vascularized organ. By the
end of gestation, it has developed a capillary network that is
�550 km in length and 15 m2 in surface (Burton and Jau-
niaux, 1995). This network is essential for efficient materno-
fetal exchange, but also plays a key mechanistic role in the
elaboration of the placental villous tree. Vasculogenesis, and
subsequent angiogenesis, are the pivotal processes for the
enlargement of the placental vascular tree and placental
development (Charnock-Jones and Burton, 2000; Leach et al.,
2002; Charnock-Jones et al., 2004; Demir et al., 2004, 2007).
Failure in these processes can lead to preeclampia (PE), early
pregnancy loss, and intrauterine growth restriction (IUGR).
It is now well established that a close relationship exists
between embryonic development and the degree of vascu-

larization of the chorionic villi, and that normal chorionic
villous vascularization is essential for undisturbed develop-
ment of pregnancy (te Velde et al., 1997).

Angiogenic growth factors are considered to be the main
mediators of placental angiogenesis. Mouse models have dem-
onstrated the importance of two families of ligands, namely
vascular endothelial growth factors (VEGFs) and angiopoi-
etins, and their respective tyrosine kinase receptors in fetal and
placental angiogenesis (Risau, 1997; Neufeld et al., 1999; Sibai et
al., 2005). Although VEGF-A and the angiopoietins are essen-
tially selective for endothelial cells, they are widely expressed.
Thus, it has been difficult to reconcile endothelial cell pheno-
typic diversity with the action of ubiquitous factors. Different
studies have provided evidence for certain vascular bed-spe-
cific responses to VEGF (Palade et al., 1979; Dellian et al., 1996).
In the placenta, VEGF acts differentially on the two types of
endothelial cells that form this organ: the human placental
microvascular endothelial cells (HPECs) that lie in the fetal
capillaries of chorionic villi and the human umbilical vein
macrovascular endothelial cells (HUVECs). Hence, it is likely
that morphological and functional diversity among endothelia
is achieved by several mechanisms, including vascular bed–
specific response to ubiquitous mediators and the existence of
unique mitogenic/differentiating factors with a tissue-restr-
icted expression pattern.
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The existence of organ-specific angiogenic factors has
been postulated for many years (Stewart and Wiley, 1981;
Roberts et al., 1998), but only recently received confirmation
when such a factor, named endocrine gland–derived vascu-
lar endothelial growth factor (EG-VEGF), was characterized
and sequenced (LeCouter et al., 2001). This new factor was
found to be expressed in testis, adrenal gland, ovary, and
placenta (LeCouter et al., 2001). More importantly, its angio-
genic action appeared to be restricted to endothelial cells
derived from endocrine tissues (LeCouter et al., 2001).
In endothelial cells isolated from steroidogenic tissues,
EG-VEGF was shown to promote proliferation, survival, and
chemotaxis (LeCouter et al., 2001; Lin et al., 2002b). More
importantly, in vivo delivery of adenoviruses encoding
EG-VEGF resulted in endocrine tissue-specific angiogenesis
(LeCouter et al., 2001). EG-VEGF, also known as prokineti-
cin-1 is a member of a class of proteins that includes Bv8, a
frog peptide purified from the skin secretion of the yellow-
bellied toad Bombina variegata, also known as prokineticin-2
(PROK2) in mammals. Human EG-VEGF and Bv8 proteins
present 83% identity and share the same G protein–coupled
receptors, termed PROKR1 and PROKR2 (Lin et al., 2002a).

EG-VEGF expression in the placenta was briefly described
in the initial report by LeCouter et al. (2001). In three recent
publications from our group, we have shown that EG-VEGF
and its receptors, but not PROK2, are highly abundant in
human placenta during the first trimester of pregnancy, with
the highest expression of EG-VEGF found in the syncytiotro-
phoblast layer; that their expression is up-regulated by hyp-
oxia; that EG-VEGF controls trophoblast invasion; and that
its circulating levels were significantly higher in PE patients
(Hoffmann et al., 2006, 2007, 2009). The specificity and the
magnitude of EG-VEGF expression in endocrine glands, its
similarity of action with VEGF, its up-regulation by hypoxia
and deregulation in PE, suggested to us that this new factor
might play important role in placental angiogenesis. Here,
we sought to characterize the angiogenic processes medi-
ated by EG-VEGF in a highly vascularized organ, the human
placenta and compare its effects to the well studied angio-
genic factor, VEGF. Both microvascular (HPEC) and macro-
vascular (HUVEC) cells were studied.

MATERIALS AND METHODS

Tissues Collection
Collection and processing of human placentas were approved by the district
and local hospital ethical committees, and collection was performed accord-
ing to the Grenoble Hospital and University Joseph Fourier code of practice.
Informed patient consent was obtained in all cases. Human term placentas
were obtained from uncomplicated pregnancies after elective caesarean sec-
tion delivery between 38 and 40 wk of gestation (wg) of gestation. For each

placenta both the placental disk and the attached umbilical cord were used for
the isolation of HPEC and HUVEC cells, respectively.

Endothelial Cell Isolation

HPEC Cell Isolation. Primary HPECs were isolated from fetal vessels of
human term placenta, as described elsewhere (Jinga et al., 2000). Term trimes-
ter placentas were used for technical reasons, as the large size of the placenta at
this gestational age allows the isolation of a sufficient number of endothelial cells.
At this gestational age, EG-VEGF receptors are both expressed (Hoffmann et al.,
2007; Denison et al., 2008). In brief, HPECs were isolated from term placental villi
by enzymatic perfusion of the vasculature followed by separation of the resulting
cells on a Percoll density gradient. The cells were further purified by a two-step
selection procedure, based on differential trypsinization (Jinga et al., 2000).
HPECs were used in our experiments between passage 3 and 5. Cells were
cultured at 37°C in 5% CO2 in air (vol/vol) and relative humidity greater than
95%. HPECs were maintained in endothelial cell basal medium (MCDB131,
Invitrogen, Cergy Pontoise, France) supplemented with fetal bovine serum (FBS,
15%, Invitrogen, Cergy Pontoise, France), EGM 2MV endothelial med single
quotkit (Lonza, Basel, Switzerland), and antibiotics (1%) and were passaged
upon reaching confluence, typically every 3–4 d.

HPEC Characterization. Isolated HPEC cells were tested for their expression
of endothelial cell markers CD31 (PECAM) and von Willebrand factor, for
binding of Ulex europaeus lectin (UEA-I) and for their DiI-Ac-LDL uptake, and
for smooth muscle cell contamination was assessed by immunostaining of
smooth muscle actin, according to the following methods.
von Willebrand factor antigen, UEA-I lectin, and CD31. For the three anti-
bodies the following protocol was used: HPECs were cultured on glass
coverslips, rinsed three times with DMEM, fixed in cold acetone (20°C) for 5
min, and air-dried at room temperature (RT). Anti-human IgGs against von
Willebrand factor antigen was used at 1/1000 dilution (rabbit IgG, Dako,
France), UEA-I (Ulex lectin binding) was used at 1/10 (Sigma-Aldrich, St.
Quentin Fallavier, France) and CD31 was used at 1/100 (mouse IgG, Dako).
All antibodies were diluted in PBS. The glass coverslips with cultured cells
(upside down) were exposed to antibodies in a moisture chamber, at 37°C, for
1 h. After extensive washing with PBS, the cells were incubated in the same
conditions, with their specific secondary antibodies labeled with Cy2 (1/1000;
Molecular Probes, Eugene, OR) for the vW*** or with FITC for CD31. Lectin
UEA-1 was TRITC labeled. After 1 h, at 37°C, the coverslips were washed
thoroughly with PBS (three times for 15 min), fixed in 2% paraformaldehyde
for 10 min, and mounted in a drop of Vectashield (Dako), and placed under
coverslips. Preparations were observed under a Leica confocal microscope
(TCS-SP2; Deerfield, IL). Incubation in buffer without primary antibodies was
used as negative control. The same protocol as for the staining for endothelial
cell markers was also used to stain smooth muscle actin (1/70, mouse IgG,
clone A14 from Dako).

Uptake of acetylated low-density lipoproteins (AcLDL). AcLDL coupled
with fluorescent 1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanide per-
chlorate (Molecular Probes, Eugene, OR; AcLDL-DiI) was prepared as de-
scribed by Voyta et al. (1984). Confluent HPEC on glass coverslips were
washed with PBS containing 1.2 mM CaCl2 and 0.5 mM MgCl2 (Sigma-
Aldrich), incubated with AcLDL-DiI (10 �g/ml) for 1 h, and examined with
the fluorescence microscope. Controls consisted of similarly processed cul-
tures, except that AcLDL-DiI was omitted from the incubation medium.

HUVEC Isolation. HUVEC were isolated from human umbilical cord veins as
described before (Hebert et al., 1990). The isolated cells were cultured in EGM-2
endothelial medium bullet kit (Lonza) fetal calf serum at 37°C under 5% CO2.

RNA Isolation and RT-PCR Analysis
Total RNA was extracted from HPECs and HUVEC as previously described
using a rapid RNA isolation system (Qiagen RNeasy, Courtaboeuf, France).

Table 1. Primers used in this study

Gene Forward primer Reverse primer T (°C) for qPCR

PROKR1 5�-GTCCTCGTCATTGTCAAGAGCC-3� 5�-AAACACGGTGGGGAAGAAGTCG-3� 58
PROKR2 5�-CATCCCATCGCCTTACTTTGC-3� 5�-CTTTTCCTTCACGAACACAGTGG-3� 58
GAPDH 5�-ACCCAGAAGACTGTGGATGG-3� 5�- TTCTAGACGGCAGGTCAGGT-3� 60
Galpha12 5�- ATGGTCTCCTCCAGCGAGTA-3� 5�-CTTGATGCTCACGGTCTTCA-3� 60
Galpha13 5�-GGAGATCGACAAATGCCTGT-3 5�-CAACCAGCACCCTCATACCT-3 60
Galpha 11 5�-TGAGCGATGAGGTGAAGGAGTC-3� 5�-CGGTGAAGATGTTCTGGTAGACG-3� 60
Galpha i1 5�-CGGTGCTGGTGAATCTGGTAAAAG-3� 5�-ACCTCCCCATAGCCCTAATGATAG-3� 60
Galpha i2 5�-TGTCTACAGCAACACCATCCAGTC-3� 5�-CAATACGCTCCAGGTCGTTCAG-3� 60

qPCR, quantitative PCR.
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Reverse transcription was performed on 1 �g total RNA with Superscript
II-RnaseH reverse transcriptase (Invitrogen).

Real-Time PCR Analysis
GAPDH, and G proteins (G�11, G�12, G�13, G�i1, G�i2) mRNA expressions
were quantified by real-time RT-PCR using a Light Cycler apparatus (Roche
Diagnostics, Meylan, France). The PCR was performed using the primers
shown in Table 1 and SYBR green PCR core reagents (Light Cycler-FastStart
Master SYBR Green I, Roche Diagnostics, Meylan, France). For negative
controls, we used a complete DNA amplification mix, where the target cDNA
template was replaced by water. PCR conditions were as follows: step 1, 94°C
for 10 min; and step 2, 45 cycles consisting of 95°C for 15 s, temperature
indicated in Table 1 for 5 s and 72°C for 10 s. The results were normalized to
GAPDH mRNA expression level.

RNA Interference
Expression of PROKR1 and PROKR2 mRNAs was inhibited by transfection of
small interfering RNAs (siRNAs). Briefly, 1 d after plating, HPEC cells were
transfected with or without 10–50 nM siRNA duplexes for PROKR1 or R2 genes,
using RNA interference (RNAi) Max (Ambion, Austin, TX). siRNA duplexes
(21-nucleotide) were purchased from Ambion. PROKR1 siRNA oligonucleotide
templates were the following (5�-3�): antisense: GGCUUCUUACAAUGGCG-

GUtt; sense: ACCGCCAUUGUAAGAAGCCtt, and PROKR2 siRNA oligonucle-
otide templates were the following (5�-3�): antisense: GUUAUGGUGAUUAU-
GACCUtt; sense: AGGUCAUAAUCACCAUAACtg. Scrambled siRNA dup-
lexes of these targeting sequences served as nonspecific control siRNA.

Immunohistochemistry
Placental tissues were collected from first trimester termination of pregnancy
between 9 and 10 wg. Umbilical cords were collected at term from caesarean
deliveries. Immunohistochemistry was processed as described previously
(Hoffmann et al., 2009) .

Western Blotting Analysis
Western blotting was used to demonstrate the effect of EG-VEGF on mitogen-
activated protein (MAP) kinase and AKT activation, to verify the loss of
PROKR1 and PROKR2 mRNAs in HPECs treated with specific siRNAs to
these proteins and to demonstrate the blocking effect of neutralizing antibod-
ies to PROKR1 and PROKR2. Western blotting was processed as previously
described (Hoffmann et al., 2009). The rabbit antibodies against MAP kinase
was (1/40,000, Sigma-Aldrich), phospho-MAP-kinase (1/5000, Promega,
Madison, WI), Akt (1/1000, Cell Signaling, Beverly, MA), phosphor-AKT
(1/1000, Cell Signaling), PROKR1 (0.84 �g/ml, in house antibody), and
PROKR2 (0.84 �g/ml, in house antibody). Mouse anti-human ß-actin anti-

Figure 1. PROKR1 and PROKR2 protein ex-
pression in placental-tissue, umbilical cord
and in isolated HPECs and HUVECs. (A)
Chorionic villi and umbilical cord sections
immunostained with anti-PROKR1 and anti-
PROKR2 antibodies. The undersized photo-
graphs on the right show tissue sections incu-
bated with the respective preimmune sera.
Subset photographs in each panel represent
higher magnifications for the staining in en-
dothelial cells. CT, cytotrophoblast; Ho, Hof-
bauer cells; St, syncytiotrophoblast; Ec, endo-
thelial cells; bv, blood vessels. Scale bar, 50
�m. (B) A representative Western blot analy-
sis of PROKR1 and PROKR2 expression in
HPECs and HUVECs. (C) A quantification of
levels PROKR1 and PROKR2 protein expres-
sion in HPEC and HUVEC cells. *p � 0.05.
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body (1/8000, Sigma-Aldrich) was used as an internal control for protein
loading.

Assessment of HPEC and HUVEC Proliferation
Both [3H]thymidine incorporation and Ki67 staining were used. The effect of
EG-VEGF on cellular proliferation was examined using recombinant human
EG-VEGF (Tebu, Le Perray-en-Yvelines, France). Cells were placed in 48-well
plates (7 � 104 cell/well) and cultured overnight (37°C, 5% CO2). The cells
were serum-starved for 24 h and then incubated for 24 h in serum-free media
containing 10–50 ng/ml EG-VEGF, which corresponds to 1–5 nM. The choice
of these concentrations was based on the IC50 of EG-VEGF for its receptors
(2.7 nM; Lin et al., 2002a; Maldonado-Perez et al., 2007). For [3H]thymidine,
cells were labeled with 0.5 �Ci/ml [3H]thymidine (Amersham, Les Ulis,
France). The cells were subsequently washed in HBSS and incubated in 2 ml
ice-cold 5% trichloroacetic acid for 20 min at RT. After washing, 0.4 ml of 0.1
M NaOH and 0.1% SDS was added; the lysates were transferred to Eppendorf
tubes and counted in a liquid scintillation counter (Beckman, Krefeld, Ger-
many; LS 6500). For Ki67 staining the cells were incubated for 24 h in
serum-free media containing 10–50 ng/ml EG-VEGF, fixed in paraformalde-
hyde for 20 min, and then stained for Ki67 antibody (Dako).

Assessment of HPEC and HUVEC Migration
Wound healing assay was performed to examine the effect of EG-VEGF on
HPEC and HUVEC cell motility. Cells were seeded in equal number into
six-well plates and processed as previously described (Hoffmann et al., 2009).
To further characterize the signaling pathway of EG-VEGF, inhibitors of MAP
kinases and phosphatidylinositol 3�-kinase (PI3K) kinases (PD98059 and
LY294002) have been used at 20 and 10 �M, respectively.

Apoptosis Detection
HPEC cells were serum-starved for 24 h and then incubated for an extra 24 h
in the absence or presence of EG-VEGF at different concentrations (10, 25, 50
ng/ml). The percentage of apoptotic HPEC cells was determined using
caspase 3 staining. After a challenge with EG-VEGF the cells were fixed for 5
min in cold acetone and stained with anti-human caspase 3 IgGs at 1/2500
dilution (rabbit IgG, Cell Signaling). The same protocol used for HPEC
characterization was applied for the caspase staining. For each slide, three
randomly selected microscopic fields were observed, and �200 cells/field
were evaluated.

Pseudovascular Morphogenesis Assay
Approximately 150 �l of ice-cold Matrigel (BD Biosciences, Grenoble, France)
was layered into each well of 24-well plates. The Matrigel was allowed to
solidify completely at 37°C for 1 h. HPECs (105 cells per well) and HUVEC
(105 cells per well) were added and incubated at 37°C in an atmosphere of
humidified 95% air/5% CO2 for 12 h. EG-VEGF treatment was applied at the
same time as plating. Hourly observations were made under an inverted
photomicroscope to document the developmental stages. Quantification of
branching was performed after 10 h of culture by calculating the number of
branching point formed in each well.

Generation of Endothelial Spheroids
Confluent monolayers of HPECs and HUVECs were trypsinized. Cells were
suspended in a mixture of 1 volume of 1.2% (wt/wt) methylcellulose and 4
volumes of culture medium containing 15% FCS and antibiotics. In these
experiments, 3000 cells were suspended in culture medium/methylcellulose
and seeded in nonadherent round-bottom 96-well plates (Greiner, Fricken-
hausen, Germany). Under these conditions all suspended cells contribute to
the formation of a single endothelial cell spheroid. The spheroids were
harvested within 24 h and transferred into a collagen gel (3.54 mg/ml, BD
Biosciences) and different concentrations of EG-VEGF were added. Sprout
formation was measured and compared with those induced by fibroblast
growth factor 2 (FGF-2; 20 ng/ml) or VEGF (100 ng/ml). Sprouting of sphe-
roids starts as early as 1 h of culture. Quantification of the sprouting was done
using ImageJ software (http://rsb.info.nih.gov/ij/) after 12 h of culture by
image analysis of microphotographs. At least three replicates were included
within each experiment, and three different preparations of HPEC and
HUVEC were analyzed. To differentiate between PROKR1- and PROKR2-
mediated effects in HPEC cells, we performed two different sets of experi-
ments. In the first one, the follow-up of sprouting was assessed in spheroids
that had been formed from HPEC invalidated for PROKR1 or PROKR2 using
siRNAs as described in this section. In the second set, the follow-up of
sprouting was performed in spheroids that had been preincubated with
PROKR1- or PROKR2-blocking antibodies (Covalab, Lyon, France) at 0.5
�g/ml final concentration and then challenged with EG-VEGF. Control rabbit
IgGs were also used in the set of experiment where blocking antibodies were
used. See Figure S3 for siRNA and blocking peptide strategies.

Measurement of Endothelial Monolayer Permeability

Transendothelial Electrical Resistance. HPEC were seeded onto Vitrogen-
coated Transwell polystyrene filters (Corning, Dutsher, France) and grown to
confluence for 10–11 d. Growth medium was replaced every other day.
Twenty-four hours before the experiment, confluent endothelial monolayers
were serum-starved. Experiments were initiated by washing the upper and
lower compartments with warmed (37°C) 20 mM Tris-buffered saline, pH 7.4,
supplemented with 25 mM glucose and 0.1% BSA (150 �l/upper and 600
�l/lower compartments). The inserts were allowed to equilibrate for 30 min
at 37°C before initiating the experiments. After equilibration, the buffer was
removed from the inserts, and fresh buffer containing various treatments was
added to the upper compartment (70 U/ml thrombin, 25 ng/ml EG-VEGF).
EG-VEGF and thrombin-induced changes in the resistance of the endothelial
monolayers were measured using MilliCell ERS (Millipore, Bedford, MA) at
0, 5, 10, 15, 20, 25, and 35 min after adding the treatments. In this set of
experiment, thrombin was used as a positive control for endothelial cell
permeability (Rabiet et al., 1996). Assays were performed in triplicate, and
changes in resistance were normalized to their respective controls. In a
different set of experiments, electrical resistance was determined in HPECs
that were invalidated for PROKR1 or PROKR2 using specific siRNAs and in
HPEC cells that were treated with PROKR1- or PROKR2-blocking antibodies
(Covalab) before the challenge with EG-VEGF.

[3H]Mannitol Transport (Papp). HPEC were grown and treated as described
in the previous section. After the addition of the treatments, the tracer

Figure 2. EG-VEGF increases HPEC but not HUVEC proliferation
and migration. (A) [3H]Thymidine incorporation into HPEC and
HUVEC cells, in the absence or presence of EG-VEGF. A significant
increase of HPEC proliferation was observed with 25 and 50 ng/ml
EG-VEGF (*p � 0.05). No significant effect was observed on
HUVEC cells. (B and C) Photographs of wounded HPEC and
HUVEC monolayers, respectively, at 0, and 12 h after wounding.
The plots show percentages of wound closure after 12 h of
treatment with EG-VEGF in the absence or presence of PD98059
and the LY294002, the inhibitors of MAP kinases and PI3K,
respectively. Bars with different letters are significantly different
from each other (p � 0.05).
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([3H]mannitol, 125 nCi/well) was added. Samples (20 �l) of medium from the
abluminal side were removed at 5, 10, 15, 20, 25 and 35 min and replaced with
warm buffer. The assay was performed in triplicates. Radioactivity was mea-
sured using a scintillation counter. Papp (cm/s) was calculated using the
following equation: Papp � dQ/dt � 1/Ax Co, where dQ/dt is the slope of
the linear curve describing the cumulative amount of tracer transported (i.e.,
detected in the abluminal side) versus time [sec], A, the surface area of the
filter (cm2), and Co (units/ml) the initial concentration in the donor compart-
ment (luminal side).

Statistical Analysis
Statistical comparisons were made using one-way ANOVA analysis and
tested for homogeneity of variance and normality (p � 0.05). Student’s t test
was also used when appropriate. Calculations were performed using SigmaS-
tat (Jandel Scientific Software, San Rafael, CA).

RESULTS

Characterization of HPEC Cells
After seeding, HPECs reached confluence in 10–12 d and
presented an epithelial-like morphology as described before
(Jinga et al., 2000). As shown in Figure S1 of supplementary
data, all cultured HPECs were strongly labeled for vWf,
UEA lectin, and CD31 and were able to internalize LDL-DiI.
Immunofluorescence staining for anti-smooth muscle actin
was 98% negative, indicating that the HPEC culture was not
contaminated with myofibroblastic cells. The cultured cells
were highly positive for endothelial cell markers, suggesting
the presence of mainly HPEC cells. Cell viability, assessed
by trypan staining, was 95% before and after treatments.

Expression of EG-VEGF Receptors, PROKR1 and
PROKR2, in Micro- and Macrovascular Placental Cells
The first series of experiments were conducted to determine
the types of prokineticin receptors expressed in HPEC and
in HUVEC cells. PROKR expression was analyzed by im-
munohistochemistry on human placental tissue and hu-
man umbilical cord sections. Comparison of PROKR1 and
PROKR2 expression levels was performed by Western blot-
ting in isolated HPEC and HUVEC cells. As shown in Figure
1A, both PROKR1 and PROKR2 are expressed by endothe-
lial cells within the placental villi. In the umbilical cord vein,
both receptors were also detected in endothelial cells. Figure
1B illustrates a representative Western blot that shows dif-
ferential expression of PROKR1 and PROKR2 in HPEC and
HUVEC cells. Quantification of PROKR1 and PROKR2 pro-
tein levels in three independent experiments shows that
both receptors are more abundant in HPEC than in HUVEC
cells (Figure 1C).

EG-VEGF Effect on HPEC and HUVEC Proliferation
In a previous report from the group of Ferrara (LeCouter et
al., 2001), it has been shown that EG-VEGF does not affect
the proliferation of HUVECs. However, no data are avail-
able on its effect on HPEC proliferation. Here, we investi-
gated the effect of EG-VEGF on the proliferation of both cell
types. Proliferation was assessed using two different tech-
niques: [3H]thymidine incorporation (Figure 2A) and Ki67
staining (Figure S2). Our results show that EG-VEGF signif-
icantly increased HPEC cell proliferation in a dose-depen-

Figure 3. EG-VEGF is a survival factor for
HPEC and HUVEC cells. (A) Representative
Western blots of MAP kinase and AKT phos-
phorylations after treatment with EG-VEGF
in HPEC and HUVEC cells. Standardization
of the protein signals was done with antibod-
ies against dephospho-MAP kinases and
-AKT. (B) shows the effect of EG-VEGF on
caspase 3 expression in HPEC and HUVEC
cells after serum starvation and challenging
with EG-VEGF (25 ng/ml). (C) The percent-
age of caspase 3–positive cells. Three ran-
domly selected microscopic fields were ob-
served, and �200 cells/field were evaluated.
(**p � 0.01, *p � 0.05). Bar, 20 �m.
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dent manner. However, no effect was observed on HUVEC
proliferation. These results were confirmed by the observed
increase in Ki67 staining in HPECs but not in HUVECs.

EG-VEGF Effect on HPEC and HUVEC Migration
Because both HPEC and HUVEC cells expressed prokineti-
cin receptors, we sought to investigate the effect of EG-VEGF
on their migration using the monolayer wound assay. Figure
2, B and C, shows representative photographs of HPEC and
HUVEC monolayers, at 0 and 6 h after their wounding with
a pipette tip and subsequent incubation in the absence or
presence of EG-VEGF. At 6 h of culture, the wound in HPEC
was almost closed in the presence of EG-VEGF but not in the
control condition. In HUVECs, EG-VEGF did not affect
wound closure and therefore cell migration. Quantification
of four independent experiments showed that treatment
with EG-VEGF significantly increased the migration of
HPECs. The closure of the wound reached 70% in the EG-
VEGF condition versus only 40% in the control (Figure 2, D
and E). These figures also show the effects of MAP kinases
and PI3K inhibitors on the migratory process of HPECs and
HUVECs in the absence or presence of EG-VEGF. Both
inhibitors significantly decreased the response of HPEC to
EG-VEGF without affecting their basal migration; however
in HUVEC cells these inhibitors decreased the migratory
process even at the basal state. These results suggest that
HPEC and HUVEC respond differentially to promigratory
stimuli, and this might in part explain their opposite re-
sponse to EG-VEGF. To further investigate the differential
response of HPECs and HUVECs to EG-VEGF, we com-
pared the expression levels of the main G proteins reported
to be associated to the activation of PROKR1 and PROKR2,
i.e., G�11, G�12, G�13, G�i1, and G�i2 (Chen et al., 2005;
Ngan et al., 2008). Our data show that HPECs and HUVECs
did not show any differences in their G�12 and G�13 levels;
however, there was a slight difference in the expression level
of G�11, and threefold differences in those of G�i1 and G�i2
(Figure S4). G�i1 was significantly more abundant in
HUVEC compared with HPECs, and G�i2 was significantly
more abundant in HPECs than in HUVECs.

EG-VEGF Effect on HPEC and HUVEC Survival
It is well documented that mitogenic and survival effects of
EG-VEGF on endothelial cells involve the induction of
MAPK and PI3K phosphorylation (Kisliouk et al., 2003). We
examined whether EG-VEGF activated these signaling path-
ways in HPECs and HUVECs. Cells were serum-starved for
24 h and then examined for the phosphorylation of p42/44
MAPKs and AKT in response to EG-VEGF treatment. Figure
3A shows the Western blot analysis of phospho-MAPKs and
phospho-AKT after EG-VEGF treatment. Strong phosphor-
ylation of p44/42 MAPKs and AKT proteins in response to
EG-VEGF were observed after only 5 min in HPECs. In
HUVECs, there was a slight increase in MAPK and AKT
phosphorylation. EG-VEGF effect on AKT phosphorylation
suggested to us that this factor might be a survival factor for
both types of cells. This was confirmed by the measurement
of HPEC and HUVEC survival after 24 h of serum starvation
and a 24-h challenge with EG-VEGF (10, 25, 50, and 100
ng/ml). Caspase 3 staining was used to detect apoptotic
cells. Figure 3B shows that serum starvation of HPEC and
HUVEC resulted in 9.6 � 1.23 and 11.7 � 1.5% of cells
becoming apoptotic in both cells types, respectively, and
that the presence of EG-VEGF significantly decreased this
proportion to 3.25 � 0.23 and 7.6 � 1.03%, respectively.

EG-VEGF Effect on Angiogenic Responses of HPEC and
HUVEC Cells

Pseudovascular Organization. Endothelial cells are well
known to self-organize as networks of vascular-like struc-
tures when grown on Matrigel (Murray, 2003). Here, we
investigated the effect of EG-VEGF on pseudovascular orga-
nization of HPECs and HUVECs, with photographs taken
every hour. Figure 4A shows representative photographs of
HPEC and HUVEC cells at 0 and 10 h of culture on Matrigel
and under different treatments. In the control condition,
HPEC start to organize into tube-like structures by 3 h. By
10 h of culture only half of the plate was organized in a
network of tubular structures. In the EG-VEGF treatment
condition, this process was increased with an organization
starting as early as after 1 h of culture, and the plate was
completely organized by 10 h of culture. In contrast, EG-
VEGF did not affect HUVEC organization. Quantification of
four independent experiments shows that EG-VEGF signif-
icantly increased HPEC but not HUVEC organization as
compared with the control condition, (Figure 4B).

Figure 4. EG-VEGF increases HPEC but not HUVEC cord-like
organization. (A) Photographs of HPEC and HUVEC cells cultured
on Matrigel for 0 and 10 h in the absence or the presence of
EG-VEGF (25 ng/ml). Note that EG-VEGF increased HPEC but not
HUVEC organization into cord-like structures compared with the
control condition. (B) Measurements of the number of branches
formed by the cells after 10 h of culture in the absence or presence
of EG-VEGF. *p � 0.05.
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Endothelial Cell Sprouting. A three-dimensional in vitro
angiogenesis system was used to study the role of EG-VEGF
on HPEC and HUVEC sprouting. A 12-h incubation of
HPECs with EG-VEGF (25 ng/ml) resulted in a dose-depen-
dent increase in sprout formation. No effect of EG-VEGF was
observed on HUVEC sprouting. Figure 5, A and C, show
representative photographs of HPEC and HUVEC spheroids
at the time of their incubation with EG-VEGF and 12 h later.
To control the response of the cells, we examined the effect
of two potent angiogenic factors, FGF-2 and VEGF, on the
sprouting. As expected, both FGF-2 and VEGF induced sig-
nificant sprouting of the spheroids compared with the con-
trol conditions. Quantification of four independent experi-
ments show that EG-VEGF treatment has a stronger effect
than VEGF in HPEC cells. In HUVEC, no effect of EG-VEGF
was observed (Figure 5, B and C).

In the aforementioned experiments, we have shown that
HPEC express both type 1 and type 2 receptors for EG-VEGF
(PROKR1 and PROKR2). To determine which type of recep-
tor was involved in EG-VEGF effect on HPEC sprouting, we
examined the effect of EG-VEGF on HPECs in which
PROKR1 or PROKR2 mRNA expression was silenced by
specific siRNAs, (see Figure S3 for siRNA strategy). In ad-
dition, the strategy of receptors blockade by specific neutral-
izing antibodies was also used (see Figure S3 for antibody
strategy). Our results show that treatment with PROKR2
siRNA (Figure 6A) or antibody (Figure 6B) did not affect
EG-VEGF stimulation of sprouting. However, PROKR1
siRNA or antibody reversed its effect. To measure the effect
of EG-VEGF on HPEC sprouting, we quantified the number
of sprouts formed under all conditions. The graphs in Figure
6, C and D, shows that EG-VEGF significantly increased the
number of sprouts and that EG-VEGF effect was specifically

reversed by the PROKR1 siRNA treatment and by PROKR1
antibody blockade.

EG-VEGF Effect on HPEC Permeability
In the placenta, the microvascular endothelium is known to
participate in angiogenesis and maintenance of blood fluid-
ity (Rodgers, 1988; Murray, 2003) and is also a discriminat-
ing layer in materno-fetal transports of solutes and nutri-
ents. Therefore, maintenance of a semipermeable barrier by
the endothelium is critically important in endothelial cell
function. Both permeability and paracellular transport of
HPEC monolayers were assessed. HPEC permeability was
measured in response to EG-VEGF and thrombin, an en-
hancer of electrolyte transport.

The endothelial barrier was evaluated by transendothelial
electrical resistance (TEER). Figure 7A shows the percentage of
increase in the permeability of a monolayer of HPEC in re-
sponse to thrombin (70 U/ml), EG-VEGF (25 ng/ml), or VEGF
(25 ng/ml). TEER was recorded every 5 min for 35 min. As
expected, thrombin significantly increased HPEC permeability
up to 35 min. Under EG-VEGF treatment, HPEC permeability
increased as early as 5 min and was maintained for up to 20
min. VEGF showed a different profile from that of EG-VEGF
with a significant increase at 5 min and a quick decline there-
after.

The effect of EG-VEGF on the paracellular transport was
measured using [3H]mannitol. The data summarizing the
permeability coefficients for [3H]mannitol transport (Papp)
in response to thrombin and EG-VEGF are presented in
Figure 7B. The basal permeability Coefficient (Papp) in
HPEC was 1.7 � 10�5 cm/s (Figure 7C). Thrombin almost
doubled [3H]mannitol transport through HPECs, and EG-

Figure 5. EG-VEGF, FGF, and VEGF effects
on sprouting of HPEC spheroids. (A) Repre-
sentative photographs of spheroids formed
from HPEC cells and cultured in collagen gel
for 0 or 12 h in the absence or presence of
EG-VEGF (25 ng/ml), FGF-2 (25 ng/ml), and
VEGF (100 ng/ml). Note that EG-VEGF in-
creased HPEC spheroid sprouting compared
with the control, FGF2, and VEGF conditions.
(B) Quantification of the number of sprouts
formed after 12 h in four independent exper-
iments. (C) Representative photographs of
spheroids formed from HUVEC cells and cul-
tured in collagen gel for 0 and 12 h in the
absence or the presence of EG-VEGF or VEGF
(100 ng/ml). Note that EG-VEGF did not af-
fect HUVEC spheroid sprouting compared
with the control and VEGF conditions. Data
represent the mean � SEM (*p � 0.05, ***p �
0.001). Bar, 150 �m.
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VEGF increased this transport to almost the same levels
achieved by thrombin.

As for the sprouting experiments, we also sought to de-
termine the type of receptor that mediates EG-VEGF effects
on permeability. Both, siRNA and antibody strategies were
used to differentiate between the two receptor types. As
expected, EG-VEGF significantly increased HPEC perme-
ability in the absence of any other treatment. Scramble
siRNA, siRNA PROKR1, or siRNA PROKR2 alone did not
affect basal HPEC permeability. However, invalidation of
PROKR2 significantly abolished the response to EG-VEGF.
Under PROKR1 mRNA invalidation EG-VEGF effect was
maintained (Figure 8A). These results were substantiated

with the antibody strategy, showing that only PROKR2
blockade affects EG-VEGF effects on HPEC permeability.
Altogether these results demonstrate that EG-VEGF medi-
ates its effect on the permeability via the activation of
PROKR2 and not PROKR1 receptor (Figure 8B).

DISCUSSION

Using a multifaceted strategy that included molecular,
immunochemical, and functional approaches, we have
characterized the angiogenic processes mediated by the
new factor, EG-VEGF, in a highly vascularized organ, the

Figure 6. EG-VEGF angiogenic effects are mediated by PROKR1 and not PROKR2. (A and B) EG-VEGF (25 ng/ml) effect on spheroid
sprouting of HPEC cells that had been silenced for PROKR1 and PROKR2 mRNA using siRNA (siRNA strategy), or treated with PROKR1
and R2 blocking antibodies (antibody strategy), respectively. (C and D) Quantifications of the number of sprouts in three independent
experiments for both strategies. In the two sets of experiments, EG-VEGF significantly increased the number of sprouts. Both siRNA to
PROKR1 and its blocking antibody inhibited EG-VEGF effect. However, nor siRNA to PROKR2, neither its blocking antibody did affect the
spheroid sprouting. Data represent the mean � SEM (***p � 0.001, **p � 0.01, ns, not significant). Bar, 100 �m.
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human placenta. We showed that EG-VEGF controls di-
verse angiogenic processes including proliferation, migra-
tion, tube organization, sprouting, endothelial permeabil-
ity, and paracellular transport.

In previous reports, it has been shown that EG-VEGF
induced phosphorylation of the mitogen-activated protein
kinases, ERK1/2, and the Akt serine/threonine kinase of the
PI3K cell survival pathway (Lin et al., 2002b; Kisliouk et al.,
2003). Here, we showed that EG-VEGF activated both path-
ways in HPECs and HUVECs. These data suggest that EG-
VEGF is a new mitogenic and prosurvival factor in the
placenta.

In a previous report from the group of Ferrara, no effect of
EG-VEGF was observed on HUVEC cell proliferation (Le-
Couter et al., 2001). Here, we confirmed their findings by
demonstrating that EG-VEGF has no effect on HUVEC pro-
liferation and further showed its lack of effect on HUVEC
migration, pseudovascular organization, and sprouting.
Moreover, we observed that EG-VEGF is a potent angio-
genic factor in the placenta by demonstrating its selective
effect on HPEC, the microvascular cells that cover the fetal
capillaries of chorionic villi and govern placental angiogen-
esis and growth.

Much of our knowledge on the control of placental angio-
genesis comes from model systems, and particularly from
HUVEC. These cells have been used as a model for endo-
thelial cells in many studies describing the regulation of
endothelial specific growth factors (Roberts et al., 1998;
Murthi et al., 2007), and although they have proven to be a
useful model, HUVECs are macrovascular endothelial cells

exposed to oxygenated blood and thereby atypical endothe-
lial cells in their physiological context. Nowadays, growing
literature in this field shows that the placental microvascular
endothelial cells differ in phenotype, gene expression, and
physiology from macrovascular endothelial cells (Lang et al.,
2001, 2003; Lang et al., 2003). Therefore, our findings add a
new differentiating parameter between micro- and macro-
vascular cells in the placenta, and support a differential
angiogenic potential for EG-VEGF in the two endothelial
environments. The differential response of HUVEC and
HPEC to EG-VEGF might be explained by their differential
levels of G�11, G�i1, and G�i2 expression. In fact, HPEC
cells express three times more G�i2 and three times less
G�i1 compared with HUVECs. The higher levels of G�i1
over G�i2 has been previously reported at the protein levels
in HUVEC cells (Masri et al., 2006). Moreover, our results are
completely in line with studies that showed that the degree
of inhibition of adenylyl cyclase was higher in cells express-
ing G�i2 than in cells expressing G�i1 (Massotte et al., 2002;
Masri et al., 2006). In HPEC cells we have also demonstrated
(data not shown) that EG-VEGF effect was abolished in the
presence of pertussis toxin, indicating the direct involve-
ment of Gi proteins in the signaling pathway of EG-VEGF in
these cells.

In previous reports from our lab, we showed that
PROKR1 and PROKR2 are strongly expressed in the pla-
centa during the first trimester of pregnancy (Hoffmann et
al., 2006, 2007, 2009). Here, we substantiate these results and
further show that PROKRs are significantly more abundant
in HPEC than in HUVEC cells. This difference in EG-VEGF

Figure 7. Effects of EG-VEGF, VEGF, and
thrombin on the transendothelial electrical re-
sistance (TEER) across HPEC monolayers. (A)
The decrease in the TEER of HPEC cells after
their incubation with EG-VEGF (25 ng/ml),
VEGF (25 ng/ml), or thrombin (70 U/ml).
Changes in resistance were measured at the
time points 0, 5, 10, 15, 20, 25, and 35 min. Data
represent the means � SEM from three inde-
pendent experiments. The results were normal-
ized to the respective control. (*p � 0.05). (B).
Effects of EG-VEGF and thrombin on the para-
cellular transport of [3H]mannitol in HPEC
cells. The graph represents the plot of [3H]man-
nitol accumulation in the abluminal chamber of
HPECs. (C) The permeability coefficient of EG-
VEGF and thrombin that was calculated as de-
scribed in Materials and Methods. Data represent
the mean � SEM from three independent ex-
periments (*p � 0.05).
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receptor levels might also explain the differential response of
these cells to EG-VEGF.

Using siRNA and blocking antibody strategies in HPEC,
we could differentiate the effects mediated by PROKR1 from
those mediated by PROKR2. We showed that PROKR1 is
associated with EG-VEGF angiogenic effects, whereas
PROKR2 is rather associated with it effects on cell perme-
ability, results that are fully in line with those recently
published by the group of Nebigil who showed that the
same differential role exists for these receptors in cardiomy-
ocytes (Guilini et al., 2010; Urayama et al., 2008, 2009) and
that PROKR1 overexpression in cardiomyocytes was associ-
ated with an increase in their survival (Urayama et al., 2008).

Therefore, one can speculate that EG-VEGF effects on
HUVEC cell survival might well be mediated by PROKR1
and not PROKR2.

PROKR1 and PROKR2 receptors share 87% homology
in their amino acid sequence, which may suppose similar
activation mechanisms for the two receptors; however a
difference in the final cellular response in a cell type that
expresses both PROKRs, might also depend on the reper-
toires of G proteins present in each cell type. It is now well
documented that the selectivity of coupling depends on
the G-protein concentration in a given cell (Slessareva et
al., 2003). This suggests that in living cells the expression
levels of specific G-protein subunits may regulate recep-
tor-coupling preferences. In addition, we observed that
HPEC and HUVEC cells express different G�i proteins.
This may allow these cells to perform different physio-
logical functions in response to stimulation by the same
ligand.

Transendothelial permeability is one of the specialized
functions of the vascular endothelium. Here, we show
that EG-VEGF increases the permeability and the paracel-
lular transport of the placental microvascular endothe-
lium, suggesting that this factor controls not only placen-
tal angiogenesis, but also some aspects of its physiological
features such as, permeability and transport involved in
the maternofetal exchanges. The endothelial cells of the
human placenta are nonfenestrated, and adjacent cells are
linked by junctional complexes comprising both tight and
adherent junctions (Metz et al., 1976; Palade et al., 1979;
Burton and Jauniaux, 1995). Recently, it has been shown
that in hepatic sinusoidal cells (HHSECs), an endothelial
cell that exclusively expresses PROKR2, which stimulates
the internalization of ZO-1, the main protein involved in
junctional complexes and cell– cell adhesion (Guilini et al.,
2010). These findings suggest that prokineticin effects on
endothelial permeability may well involve a regulation of
tight junction proteins. The mechanism by which EG-
VEGF increases the permeability in HPEC, is, however,
still to be investigated.

Various factors have been reported to stimulate placen-
tal angiogenesis and vasculogenesis in an autocrine or
paracrine manner, as well as directly or indirectly by
stimulating proliferation and differentiation of endothe-
lial precursor cells (Gallery et al., 1991). However, a spe-
cific factor for the placenta was still to be discovered. Here
we show that EG-VEGF might be one of these tissue-
specific factors that could control angiogenesis both dur-
ing the first trimester and at term, as in term placentas, an
increase in angiogenesis has been proposed to insure
appropriate blood distribution for a successful delivery.
One can therefore speculate that EG-VEGF might be in-
volved in that process too.

The observation that EG-VEGF increases sprouting, vas-
cular organization, and permeability of HPECs to an extent
similar to those of VEGF and FGF-2, suggests that EG-VEGF
is important in the development of the placental vascular
bed. In the ovary, the angiogenic response induced by EG-
VEGF is indistinguishable from that induced by VEGF (Lin
et al., 2002b), which indicates that EG-VEGF plays comple-
mentary or overlapping roles with VEGF in vascular devel-
opment.

Recent data from our group have shown that EG-VEGF
produced by the syncytiotrophoblast layer acts on the
extravillous trophoblast cells outside the villi. However,
an autocrine and/or paracrine effect of this cytokine is
still to be investigated inside the villi. Here we bring
evidence that EG-VEGF is a new factor that controls en-

Figure 8. EG-VEGF effects on HPEC permeability are mediated by
PROKR2 and not PROKR1: Panels (A) and (B) show EG-VEGF (25
ng/ml) effect on the permeability of HPEC cells that had been
silenced for PROKR1 and PROKR2 mRNA using siRNA (siRNA
strategy), or treated with PROKR1 and R2 blocking antibodies (an-
tibody strategy), respectively. In the two sets of experiments, EG-
VEGF significantly increased HPEC permeability. Both siRNA to
PROKR2 and its blocking antibody inhibited EG-VEGF effect. How-
ever, nor siRNA to PROKR1, neither its blocking antibody did affect
the permeability. Data represent the mean � SEM. Bars with dif-
ferent letters are significantly different from each other (p � 0.05).
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dothelial growth within the placental villi and therefore
participates to the development of the vascular tree, a
process that drives the whole growth of the placenta.

In conclusion, our data characterized the molecular angio-
genic processes mediated by EG-VEGF and suggest that this
peptide should be ranked among the important regulators of
human placental angiogenesis.
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