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ABSTRACT

Previous studies suggest that human pregnancy specific beta-
1-glycoproteins (PSGs) play immunomodulatory roles during
pregnancy; however, other possible functions of PSGs have yet
to be explored. We have observed that PSGs induce transform-
ing growth factor beta 1 (TGFB1), which among its other diverse
functions inhibits T-cell function and has proangiogenic proper-
ties. The present study investigates a potential role for PSG1, the
most abundant PSG in maternal serum, as a possible inducer of
proangiogenic growth factors known to play an important role in
establishment of the vasculature at the maternal-fetal interface.
To this end, we measured TGFB1, vascular endothelial growth
factors (VEGFs) A and C, and placental growth factor (PGF)
protein levels in several cell types after PSG1 treatment. In
addition, tube formation and wound healing assays were
performed to investigate a possible direct interaction between
PSG1 and endothelial cells. PSG1 induced up-regulation of both
TGFB1 and VEGFA in human monocytes, macrophages, and two
human extravillous trophoblast cell lines. We did not observe
induction of VEGFC or PGF by PSG1 in any of the cells tested.
PSG1 treatment resulted in endothelial tube formation in the
presence and absence of VEGFA. Site-directed mutagenesis was
performed to map the essential regions within the N-domain of
PSG1 required for functional activity. We found that the aspartic
acid at position 95, previously believed to be required for
binding of PSGs to cells, is not required for PSG1 activity but
that the amino acids implicated in the formation of a salt bridge
within the N-domain are essential for PSG1 function.

angiogenesis, growth factors, placenta, placental angiogenesis,
pregnancy, pregnancy-specific glycoprotein 1, syncytiotrophoblast,
transforming growth factor beta 1, vascular endothelial growth
factor

INTRODUCTION

Pregnancy specific beta-1-glycoproteins (PSGs)—previous-
ly known as SP1—are members of the carcinoembryonic
antigen (CEA) family and are highly glycosylated proteins
secreted by the placenta [1]. Human PSGs have been detected

in the maternal serum as early as 3 days postfertilization,
coinciding with the attachment of the blastocyst to the uterine
wall [2]. Previous studies have reported abnormal levels of
PSGs in complicated pregnancies and have shown their
importance for the maintenance of a successful pregnancy [3].

Eleven human PSG genes are clustered on chromosome
19q13.1–13.3 [4]. The human PSGs are comprised of a leader
peptide followed by one N-terminal immunoglobulin (Ig)
variable region-like domain (N-domain) and two or three Ig
constant region-like domains [5]. PSG homologues have been
identified in species with hemochorial placentation, including
nonhuman primates, rats, and mice, all of which are species
having several PSG genes that result in expression of several
PSG proteins because of alternative splicing [6]. The function
of human and murine PSGs is believed to be that of
immunomodulators, as one of many reported mechanisms that
prevent rejection of the allogeneic fetus by the maternal
immune system. This proposed role of PSGs has been
suggested by several investigators and is supported by different
experimental findings, including the ability of PSGs to induce
transforming growth factor beta 1 (TGFB1) [2, 7–10].

One of the best-known functions of TGFB1 is that of
immunoregulation, but during pregnancy, TGFB1 has been
suggested to play a role in several other processes, including
implantation, trophoblast differentiation, and in the activation
and resolution phases of angiogenesis [11, 12]. The recognized
importance of TGFB1 during the angiogenic process has been
strengthened by its ability to regulate the vascular endothelial
growth factor (VEGF) family, which includes VEGFs A, B, C,
and D as well as placental growth factor (PGF) [13–16].
Therefore, we hypothesized that PSGs may induce TGFB1 to
promote immune tolerance, affect trophoblast function, and
promote angiogenesis in the pregnant uterus. We explored this
possibility by examining the effect of PSG1 in cell types
involved with development of the placental blood supply,
including primary monocyte/macrophages, low-passage prima-
ry endothelial cells, and two extravillous trophoblast cell lines.

Previous studies from our laboratory showed that the N-
domain of PSGs is sufficient for their activity in target cells [9,
17]. The N-terminal domain of human PSG1 contains a Gly-
Asp-Asp (GDD) motif on a solvent-exposed loop [18] in a
region believed to be important for receptor binding and
activity [19, 20]. The studies reported here indicate that amino
acids G93 and D95, corresponding to the first and third amino
acids in this potential receptor binding region, respectively, are
not essential for the PSG1 functions we have described,
whereas mutations in the salt bridge of the N-domain and
elimination of two potential N-linked glycosylation sites render
a protein without activity.

A better understanding of the molecules that control the
process of angiogenesis and trophoblast-mediated vascular
remodeling during pregnancy is important, because disturbanc-

1Supported by grant R01HD035832 from the National Institutes of
Health.
2Correspondence: Gabriela S. Dveksler, Department of Pathology,
Room B3096, USUHS, 4301 Jones Bridge Road, Bethesda, Maryland,
20814. FAX: 301 295 1640; e-mail: gdveksler@usuhs.mil

Received: 10 November 2009.
First decision: 11 December 2009.
Accepted: 3 March 2010.
� 2010 by the Society for the Study of Reproduction, Inc.
This is an Open Access article, freely available through Biology of
Reproduction’s Authors’ Choice option.
eISSN: 1529-7268 http://www.biolreprod.org
ISSN: 0006-3363

27

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



es in placental blood flow and vascular development impair
fetal growth [21]. Angiogenesis occurs at all stages during
pregnancy to ensure that the embryo will be supplied with
sufficient nutrients and oxygen [22, 23]. The results presented
here suggest that PSGs could contribute to the process of
establishing the maternal-fetal vasculature in two ways. First,
PSG1 has the ability to induce TGFB1 and VEGFA by
different cell types, including monocytes/macrophages and
extravillous trophoblasts. Second, PSG1 has the capacity to
interact with endothelial cells, inducing tube formation, as well
as to enhance vascular morphogenetic processes induced by
VEGFA.

MATERIALS AND METHODS

Antibodies and Reagents

For immunoblotting, anti-FLAG M2 antibody (Sigma), the anti-PSG
monoclonal antibody BAP1 (Genovac), and the anti-human Fc antibody (KPL)
were employed. Neutralization of TGFB1 was performed by adding 10 lg/ml
of the anti-human TGFB1 neutralizing antibody (R&D Systems) to the cells 10
min before PSG1 addition. Normal chicken Ig antibody, also obtained from
R&D Systems, was used as the control. Recombinant human VEGFA was
obtained from Immunotools.

Protein Production and Purification

The cDNA encoding the PSG1 leader peptide (L), N, A2, and B2 domains
followed by a FLAG tag (Sigma) without the stop codon was synthesized by
GenScript Corporation. The cDNA was subcloned into the BglII and NotI sites
of the pEF1/V5-His vector (Invitrogen), resulting in the in-frame addition of the
nucleotide coding for the V5 and histidine (His) tags at the C-terminus. The
final construct, designated here as PSG1-FLAG, codes for a secreted PSG1
protein composed of the N, A2, and B2 domains followed by three tags—
FLAG, V5, and His—at the C-terminus. To generate PSG1-Fc, the PSG1
cDNA encoding the L, N, A2, and B2 domains of PSG1 was subcloned in-
frame into the EcoRI–BglII sites of pFuse-IgG1 e3-Fc1 (InvivoGen), resulting
in the addition of the hinge region, CH2 and CH3 domains, of the IgG heavy
chain at the C-terminus.

We transfected each of the PSG1-encoding plasmids described above into
dihydrofolate reductase-negative (DHFR�) CHO cells along with pDCHIP,
which encodes the Dhfr minigene, in a 1:10 molar ratio using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recommendations. Positive
transformants were obtained by methotrexate selection until maximum levels of
protein were obtained from the cells, as determined by ELISA of the collected
supernatants. Stably transfected cells were seeded into 5-kDa molecular weight
cutoff hollow-fiber cartridges (FiberCell Systems, Inc.) and grown in Dulbecco
modified Eagle medium supplemented with 2% fetal bovine serum (FBS; low
IgG for PSG1-Fc production), 10 mM Hepes, 50 IU/ml of penicillin, and 50 lg/
ml of streptomycin. The supernatants from the cartridges were harvested daily,
centrifuged at 5000 3 g for 10 min to remove cell debris, and then kept frozen
until processed as described below. The control protein, FLAG-Fc, was
harvested from the supernatant of DHFR� CHO cells that were a kind gift from
Dr. Gerardo Kaplan (Center of Biologics Evaluation and Research, U.S. Food
and Drug Administration, Bethesda, MD).

Recombinant proteins were purified by affinity chromatography using the
ÄKTAprime Plus system (GE Healthcare). PSG1-FLAG was dialyzed into 20
mM sodium phosphate buffer (pH 7.4) containing 20 mM imidazole (EMD
Chemicals, Inc.) and purified using a HisTrap column (GE Healthcare). The
obtained fractions were pooled, buffer-exchanged into PBS, applied to a
column packed with anti-FLAG M2 agarose (Sigma), and eluted with 33
FLAG peptide (Sigma). PSG1-Fc and the FLAG-Fc were dialyzed into 20 mM
sodium phosphate buffer (pH 7.4) and purified using a HiTrap protein A
column (GE Healthcare). The proteins were eluted with 0.1 M glycine (pH 2.7)
and collected into tubes containing 100 ll of 1 M Tris-HCl (pH 8.0). Fractions
containing the purified PSG from the anti-FLAG agarose or protein A columns
were identified by Western blot analysis with the anti-PSG1 MAb BAP1 and
were pooled. The pooled fractions were concentrated and buffer-exchanged
with PBS using Amicon Ultra-15 10-kDa MWCO centrifugal filter units
(Millipore Corp.). The purified proteins were run on a SDS-PAGE gel, stained
with GelCode Blue Stain Reagent (Pierce), and quantitated against bovine
serum albumin standards. In addition, the recombinant PSG1 proteins were
immunoblotted with anti-FLAG (for PSG1-FLAG and FLAG-Fc) and anti-
human Fc (for PSG-1Fc, the PSG1 mutants, and FLAG-Fc) after separation
using SDS-PAGE. In all cases, 500 ng of protein were loaded per lane, and the

antibodies were used at a concentration of 1 lg/ml overnight in 5% milk in
Tris-buffered saline Tween-20 and were followed by a 1:10 000 dilution of the
horseradish peroxidase-labeled secondary antibody (Bio-Rad).

Generation of the PSG1GDD!SDL

and PSG1RNN!AAA Mutants

To mutate selected amino acids in the N-domain of PSG1, we designed a
PSG1 cDNA containing an Acc65I and an XhoI restriction site recognition
sequence as silent mutations and cloned the cDNA into pFuse-IgG1 e3-Fc1
vector (InvivoGen). A 406-bp cDNA fragment was synthesized by Genscript
Corporation in which the nucleotides coding for amino acids G and D—in
positions 93 and 95, respectively, of the N-domain of the mature PSG1—were
replaced for nucleotides coding for amino acids S and L, respectively. The
fragment containing the mutations had an EcoRI site at the 5 0 end and an
Acc65I site at the 30 end. To generate the mutant, we replaced the EcoRI–
Acc65I fragment in PSG1 cloned into pFuse-IgG1 e3-Fc1 for the fragment
containing the mutations. The successful exchange, resulting in PSG1 G93D95-
S93L95, was confirmed by sequencing both strands of the cDNA.

The same strategy as described above was utilized to generate the R64,
N79, and N77 mutant, in which all three amino acids were replaced for
alanines. Briefly, a fragment with the mutated nucleotides with a 50 EcoRI site
and a 30 XhoI site was synthesized by Genscript Corporation and replaced in the
wild-type PSG1cDNA cloned into pFuse-IgG1 e3-Fc, previously digested with
the same enzymes. The plasmids encoding the mutated PSG1s were transfected
into CHO-K1 cells with Lipofectamine LTX (Invitrogen) according to the
manufacturer’s recommendations. Five hours posttransfection, the medium was
aspirated, and the cells were kept in OPTI-MEM I (Invitrogen) for 72 h. The
recombinant PSG1 G93D95-SL mutant, designated PSG1GDD!SDL, and the
PSG1 R64N70N77-AAA mutant, designated PSG1RNN!AAA, were purified
from the media using a protein A column as described above for wild-type
PSG1-Fc. All proteins were determined to be endotoxin-free by their inability
to induce tumor necrosis factor (TNF) in macrophages and with the HEK-Blue
lipoplysaccharide (LPS) detection system (InvivoGen). The endotoxin levels in
the proteins employed during these studies were tested, because LPS has been
shown to induce VEGFA in some cell types.

Cell Lines

All cells—both primary and established cell lines—employed for these
studies were cultured in 5% CO

2
/95% air in a 378C humidified incubator. The

RAW 264.7, CHO-K1, CHO DHFR�, and BeWo cells were obtained from
American Type Culture Collection and cultured in the media and cell densities
recommended. Because FBS contains high levels of TGFB1, we used 5% or
10% fetal clone III serum alternative (Hyclone) for culturing cells in the
experiments in which TGFB1 was to be measured. The human invasive
trophoblast HTR-8/SVneo cell line was provided to us by Dr. Charles Graham
(Queen’s University, Kingston, ON, Canada) and was cultured in HyQ RPMI
1640-RS (Hyclone) or RPMI 1640 (Gibco) with 5% fetal clone III or FBS, 13
normocin (InvivoGen), and 100 U/ml of penicillin/streptomycin (Gibco) [24].
The trophoblast cell line SGHPL-4 was a kind gift or Dr. G.S. Whitley
(Division of Basic Medical Sciences, St. George’s University of London, U.K.)
and was cultured in Ham F-12 nutrient mix supplemented with either 10% fetal
clone III or 10% FBS, 2 mM L-glutamine, and 103 penicillin/streptomycin. The
human endometrial endothelial cell line (HEEC) was a gift from Dr. Gil Mor
(Yale University School of Medicine, New Haven, CT). HEEC was cultured as
described by Aldo et al. [25] and Krikun et al. [26].

Primary Cells

Human monocytes were isolated from the peripheral blood of healthy adult
donors and purified by centrifugal elutriation as previously described [9]. The
experiments employing monocytes were repeated six times, each time with
cells from a different donor. Monocytes were maintained in RPMI 1640
(Invitrogen) supplemented with 2 mM glutamine and 50 lg/ml of gentamicin.
Samples were obtained in accordance with National Institutes of Health
Institutional Review Board approved protocols. Macrophages were derived
from blood monocytes by culturing the adherent cells for 7 days in RPMI 1640
supplemented with 2 mM glutamine, 50 lg/ml of gentamicin, and 2% human
type AB serum (Sigma). Human monocyte-derived dendritic cells were
generated by culturing blood monocytes in RPMI 1640 supplemented with 2
mM glutamine, 10 ng/ml of CSF2 (granulocyte macrophage colony-stimulating
factor; R&D Systems), and 20 ng/ml of interleukin 4 (R&D Systems) for 7
days; the day before PSG1 treatment, 100 ng/ml of LPS (Sigma) were added to
the cells.

Uterine microvascular endothelial cells (UtMVECs) and human umbilical
vein endothelial cells (HUVECs) were obtained from Lonza and utilized before
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passage 7. These cells were cultured in the basal media supplied by the
company, supplemented with the recommended kit of media additives (EGM2
SingleQuots—hydrocortisone, human epidermal growth factor [hEGF], FBS,
VEGF, human fibroblast growth factor beta [hFGFb], E3R-insulin-like growth
factor 1 [R3-IGF], ascorbic acid, heparin, and gentamicin/amphotericin-B).
Human dermal microvascular endothelial cells (HDMECs; Promocell) were
cultured on gelatin-coated dishes in endothelial cell growth medium MV
(Promocell) supplemented with 5% fetal calf serum. HDMECs were used at
passage 3 or 4.

Enzyme-Linked Immunosorbant Assays

For ELISAs, cells were plated in triplicate wells the day before treatment in
tissue culture, treated in 24-, 48-, or 96-well plate formats (BD Biosciences)
and incubated in a 378C humidified incubator with 5% CO

2
. Cells treated in 24-

well plates were seeded as follows: RAW 264.7 cells at a density of 1 3 106

cells/well, HTR-8/SVneo cells at 0.4 3 106 cells/well, human monocytes at 1.2
3 106 cells/well, and endothelial cells (UtMVECs, HEEC, and HUVECs) at 0.4
3 106 cells/well. When the experiments were performed in 48-well plates, the
cells indicated above were seeded at half the density as that used in the 24-well
plates. BeWo cells and, in some experiments, human monocytes and HEEC
were seeded in 96-well plates at a density of 1 3 105, 4 3 105, or 2 3 105 cells/
well, respectively. Human macrophages and human monocyte-derived
dendritic cells were seeded in 96-well plates at a density of 0.3 3 106 cells/
well. SGHPL-4 cells were seeded at a density of 5 3 105 cells/well in a 96-well
plate.

Cells seeded in 24- or 48-well plates were treated with recombinant proteins
in 300 ll of media for treatment times of less than 6 h or in 1 ml of media for
treatment times of greater than 6 h. Cells treated in 96-well plates were treated
in 200 ll of media for 24 or 48 h. When primary endothelial cells were used in
experiments designed to measure VEGFA, the cells were incubated in
supplement-free EGM medium (Lonza) 2 h before treatment because of the
presence of VEGFA in the complete media. Treatment of HEEC was performed
in OPTI-MEM I (Invitrogen).

After treatment, the supernatants were collected and centrifuged at 5000
rpm for 5 min and used immediately for measurement of the specific factor by
ELISA or stored at �808C. For measuring TGFB1 secretion by ELISA,
supernatant or medium alone was activated according to the manufacturer’s
instructions (R&D Systems). VEGFA, VEGFC, and PGF ELISA kits were
purchased from R&D Systems. TNF in the supernatants was determined using
the OptEIA TNF (Mono/Mono) ELISA Set (BD Biosciences). At least three
different protein preparations were tested, and experiments were repeated a
minimum of three times.

Endothelial Tube Formation Assay and Wound
Healing Assay

The endothelial tube formation assay was carried out using Purecol, a three-
dimensional type I collagen gel (Nutacon) prepared in 48-well cluster tissue
culture dishes as previously described [27]. After polymerization of the gel at
378C, wild-type HDMECs were seeded onto solidified gels at a concentration
of 6 3 104 cells/well in 300 ll of endothelial growth medium MV containing
5% fetal calf serum and SupplementMix (containing heparin, epidermal growth
factor, and hydrocortisone; Promocell). At confluence, the medium was
replaced by basal medium containing 5% heat-inactivated fetal calf serum
without further supplements. After 24 h, cells were treated with PSG1-Fc or
FLAG-Fc (100 and 500 ng/ml) alone or in combination with VEGFA (25 ng/
ml). This treatment was repeated every 3 days, and photographs were taken
with a phase-contrast microscope (Carl Zeiss, Inc.) equipped with a digital
camera (ProgRes C10plus; Jenoptik AG).

For wound healing assays, HDMECs were seeded in a 48-well tissue
culture plate until they reached confluence. In the middle of each well, a wound
line was induced using a pipette as previously described [28]. Each well was
treated with VEGF alone (25 ng/ml), PSG1-Fc alone (100 and 500 ng/ml),
FLAG-Fc alone (100 and 500 ng/ml), PSG1-Fc (100 and 500 ng/ml) plus
VEGF (25 ng/ml), and FLAG-Fc (100 and 500 ng/ml) plus VEGF (25 ng/ml).
Basal medium alone was used as a negative control. The wounding area of each
well was observed by phase-contrast microscopy (Leica). These areas were
observed daily and photographed using a digital camera mounted on the phase-
contrast microscope. The wounding distance was measured using the
morphometric program Optimas (Optimast).

Statistics

SPSS (SPSS, Inc.) and Microsoft Excel were used for statistical analysis of
data. The two-tailed Student t-test was used to determine statistical significance

in experiments comparing protein-treated cells versus untreated cells, with a P-
value of less than 0.05 as a cutoff. One-way ANOVA was used to determine
statistical significance of dose-response assays, with a P-value of less than 0.01
as a cutoff. All data are representative of at least three independent experiments.

RESULTS

Generation of Recombinant PSG1, PSG1 Mutants,
and the Control Protein FLAG-Fc

The human PSG family has 11 members, and PSG1 is the
most abundant family member [29]. We generated recombinant
PSG1-FLAG, which consists of the leader peptide, followed by
the N, A2, and B2 domains of PSG1 and then a FLAG, V5, and
six His tags. The recombinant protein has an approximate
molecular mass of 55 kDa and was harvested from the
supernatant of stably transfected CHO cells, as described in
Materials and Methods. Recombinant PSG1-FLAG protein
was sequentially purified on a HisTrap column followed by an
anti-FLAG affinity column. These two purification steps
rendered a glycoprotein that was more than 90% pure based
on Coomassie blue staining (Fig. 1, lane 1).

We generated recombinant PSG1-Fc, which contains the
same PSG1 domains as PSG1-FLAG but has a different tag at
the C-terminus. The FLAG, V5, and His tags of PSG1-FLAG
were replaced by the Fc tag, which consists of the mutated
human IgG hinge domains, CH2 and CH3, from the pFuse-
hIgG1e3-Fc1 vector. The recombinant protein has an approx-
imate molecular mass of 70 kDa (Fig. 1, lane 2). The FLAG-Fc
protein (Fig. 1, lane 3) secreted from CHO was used as the
control protein, as described in Materials and Methods.

Two different PSG1 mutants were generated. We mutated
two residues at positions 93 and 95 within the N-domain of
PSG1 to generate PSG1GDD!SDL-FC and three amino acids in
positions 64, 70, and 77 to generate PSG1RNN!AAA-FC (see
Fig. 6A, lanes 2 and 3, respectively). The level of purity
achieved after protein A purification of all proteins was more
than 90%.

Recombinant PSG1 Induces VEGFA in Monocytes
and Macrophages

We have previously reported that recombinant GST-PSG1
purified from insect cells induces TGFB1 in human monocytes
and in murine macrophages [9]. Human monocytes secreted

FIG. 1. Recombinant PSG1 produced in CHO cells. PSG1-FLAG
secreted by CHO cells was purified using two rounds of purification—
first a HisTrap column, followed by an anti-FLAG affinity column (lane 1).
PSG1-Fc and control protein (FLAG-Fc) were purified on a protein A
column (lanes 2 and 3, respectively). Purified proteins were run on SDS-
PAGE and stained with GelCode Blue.
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TGFB1 in response to PSG1-Fc treatment, starting at a
concentration of 10 lg/ml and up to the highest concentration
tested (50 lg/ml) compared to FLAG-Fc-treated cells (Fig.
2A). We also observed a significant induction of TGFB1 in
human monocytes (between two- and threefold the amount of
TGFB1 secreted over the control protein-treated cells,
depending on the donor) at a PSG1-FLAG concentration of
10 lg/ml.

In macrophages, TGFB1 has been shown to induce the
proangiogenic factor VEGFA [14]. Therefore, we investigated
the possibility that in addition to inducing TGFB1, PSG1 might
regulate VEGFA expression in monocytes and macrophages.
Human monocytes were treated with PSG1-Fc or control
protein starting at a concentration of 10 lg/ml. Induction of
VEGFA was seen in human monocytes at 50 lg/ml of PSG1-
Fc over FLAG-Fc control (Fig. 2B). In some experiments,
significance was observed at PSG1 concentrations of 30 lg/ml
(data not shown). When PSG1-FLAG was used to treat a
mouse macrophage cell line (RAW 264.7), concentrations of
30 lg/ml were sufficient to observe induction of VEGFA over
controls (data not shown).

Treatment of human macrophages derived from blood
monocytes required concentrations of PSG1-Fc of 50 lg/ml to
observe a significant induction of VEGF-A over FLAG-Fc
(data not shown). While we found that monocyte-derived
dendritic cells secreted TGFB1 in response to PSG1 treatment,
VEGFA secretion was not induced by PSG1-Fc even at the
highest concentration tested (80 lg/ml; data not shown).

Human Trophoblasts as Novel Targets for PSG1

Based on our recent observations that murine PSG23
induces TGFB1 and VEGFA in mouse and human trophoblast
cell lines [30], we explored the possibility that human
trophoblasts could also respond to PSG1 treatment. Because
we cannot obtain material to perform these experiments with
primary first-trimester human trophoblast cells, we relied on
the well-characterized, first-trimester extravillous trophoblast
(EVT) cell lines HTR-8/SVneo [24] and SGHPL-4 [31]. These
cell lines were derived from first-trimester chorionic villous
tissue and, after immortalization, have been shown to retain
many features of normal EVT and to behave in the same
manner as primary cells [32, 33]. HTR-8/SVneo and SGHPL-4
cells were treated with increasing concentrations of PSG1,
starting at 1 lg/ml and increasing up to 50 lg/ml. Up-
regulation of TGFB1 was observed at 10 lg/ml for both cell
lines (Fig. 3, A and D). Significant up-regulation of VEGFA

was observed at 30 lg/ml in HTR-8/SVneo (Fig. 3B) and 10
lg/ml in SGHPL-4 cells (Fig. 3E).

Chung et al. [13] showed that culturing HTR-8/SVneo cells
in the presence of TGFB1 resulted in an increase in the
expression of VEGFA. Figure 3C shows that neutralization of
TGFB1 affected the increase in VEGFA expression by HTR-8/
SVneo cells after treatment with PSG1. Therefore, the
induction of VEGFA was TGFB1 dependent.

Human PSG1 Targets Endothelial Cells

To investigate the possible interaction of PSG1 with
endothelial cells, we treated primary human myometrial
UtMVECs, which have been previously used in coculture
experiments to mimic the uterine endothelial lining [34], with
1, 10, 25, and 50 lg/ml of PSG1 or control protein. In addition,
PSG1 and FLAG-Fc were added at the same concentrations to
HUVECs and HEEC, immortalized by telomerase-mediated
transformation. Significant PSG1-induced secretion of TGFB1
in UtMVECs (Fig. 4A), HEEC (Fig. 4B), and HUVEC (not
shown) was observed starting at concentrations of 25 lg/ml.
When testing the ability of PSG1 to induce VEGFA in these
cells, we did not observe a significant induction of VEGFA
with concentrations of PSG1 from 1 to 80 lg/ml (data not
shown).

PSG1 Induces Endothelial Tube Formation

The experiments described above strongly suggest that at
least some endothelial cells express receptors for PSG1.
Therefore, we hypothesized that PSG1 could play a role in
uterine angiogenesis and capillary morphogenesis. To investi-
gate this further, we performed in vitro endothelial tube
formation assays. HDMECs were cultured and seeded onto a
collagen gel at passage 3 or 4 and then cultured until
confluence. Afterward, they were stimulated with PSG1-Fc
or the control protein (FLAG-Fc) alone or in combination with
VEGFA. HDMECs exposed only to VEGFA were used as a
positive control and formed tubes as expected (Fig. 5A). Cells
cultured in basal medium, the negative control, showed no tube
formation (Fig. 5B). PSG1 alone, applied at concentrations of
100 and 500 ng/ml, induced tube formation as shown in Figure
5C (100 ng/ml of PSG1). Simultaneous application of PSG1 at
25 and 100 ng/ml of VEGFA increased the network of
VEGFA-induced endothelial tubes (Fig. 5D) as assessed
semiquantitatively under microscopic evaluation. When the
control protein FLAG-Fc was used instead of PSG1, we could
not observe the formation of tubes or the increase in VEGFA-
mediated tube formation (data not shown).

FIG. 2. PSG1 induces TGFB1 and VEGFA
in human monocytes. Human monocytes
were treated with increasing concentrations
of PSG1-Fc or FLAG-Fc for 24 h. TGFB1 (A)
and VEGFA (B) in the supernatants were
analyzed by ELISA. All cells were treated in
triplicate, and data are representative of at
least three independent experiments. Sta-
tistical significance was determined by one-
way ANOVA (*P , 0.01). Error bars the
SEM.
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Neither PSG1-Fc nor FLAG-Fc applied at concentrations
100 and 500 ng/ml had an effect on wound distance in
comparison to the negative control, in which the cells were
exposed to basal medium only (data not shown). In contrast,
VEGFA treatment of the cells, which was used as positive
control, reduced the wounding distance within 12 h after
wound induction (not shown).

Recombinant PSG1 Did Not Induce PGF and VEGFC

Two other members of the VEGF family, VEGFC and PGF,
have been shown to be important for normal placental

development [35–38]. We tested whether PSG1 induced
VEGFC and PGF in different cell types. Expression of PGF
has previously been reported in trophoblasts and endothelial
cells [39]. Our results showed that PSG1 did not induce PGF in
HEEC (Fig. 6A), HUVECs (Fig. 6B), and UtMVECs (data not
shown). The choriocarcinoma cell line BeWo secreted high
basal levels of PGF, and no significant difference in control
protein and PSG1-treated wells was found (Fig. 6C). On the
other hand, the basal level of PGF secretion by HTR-8 SVneo
cells was low—at the level of the lowest ELISA standard—but
as for BeWo cells, no induction by PSG1 could be detected
(data not shown).

The major source of VEGFC during pregnancy has been
postulated to be the uterine natural killer (uNK) cells, but some
positive staining for VEGFC in the extravillous trophoblast has
also been observed [40]. We saw significant induction of
VEGFC by PSG1 in HTR-8/SVneo cells, which express high
basal levels of this growth factor, but this was not reproducible
in four other independent experiments (Fig. 6D).

Induction of TGFB1 by PSG1 Mutants

The availability of the crystal structure of the murine CEA-
related cell adhesion molecule CEACAM1 has made it possible
to model the structure of other members of the CEA family
[41]. The N-terminal domain of most human PSGs, with the
exception of PSG1, PSG4, and PSG8, contain an Arg-Gly-Asp
(RGD) motif [18]. This motif is on the FG loop, which is
solvent exposed and considered to be a biologically important
element in CEACAM1. PSG1 has the sequence GDD rather
than RGD, but the importance of this region for receptor
binding and activity for all PSGs has been frequently cited [19,
20]. To investigate the possible importance of this region of the
PSG1 protein, we mutated the G at position 93 and the D at
position 95 to S and L, respectively. We selected the amino
acids S and L based on their presence in the corresponding
position in human CEACAM3. These changes are not expected
to affect the folding of the protein while being substantially
different from the amino acids present in wild-type PSG1. Like
wild-type PSG1-Fc, the resulting protein has an approximate
molecular mass of 70 kDa (Fig. 7A). The PSG1GDD!SDL

mutant was compared to the wild-type protein for its ability to
induce TGFB1 in HTR-8/SVneo, monocytes, and HEEC. Our

FIG. 3. PSG1 induces TGFB1 and VEGFA in human extravillous
trophoblast cell lines. HTR-8/SVneo and SGHPL-4 cells were treated
with different concentrations of PSG1-Fc (A and C–E) or PSG1-FLAG (B)
for 24 h. TGFB1 and VEGFA in the supernatants were analyzed by ELISA.
In C, HTR-8/SVneo cells were pre-treated with 10 lg/ml of anti-TGFB1
antibody or isotype-matched control antibody (IM) 1 h before addition of
50 lg/ml of PSG1-Fc or FLAG-Fc. After 24 h, VEGFA in the supernatants
was analyzed by ELISA. All cells were treated in triplicate, and data are
representative of at least three independent experiments. For A, B, D, and
E, statistical significance was determined by one-way ANOVA, and the P-
value between doses was less than 0.01. For C, statistical significance
between the PSG1-Fc-treated and FLAG-Fc-treated samples was deter-
mined by two-tailed Student t-test (*P , 0.05). Error bars represent the
SEM.

FIG. 4. PSG1 induces TGFB1 in human endothelial cells. UtMVECs (A)
and HEEC (B) were treated with different concentrations of PSG1-Fc or
FLAG-Fc. TGFB1 in the supernatants was measured by ELISA. All cells
were treated in triplicate, and data are representative of at least three
independent experiments. Statistical significance was determined by one-
way ANOVA (*P , 0.01). Error bars represent the SEM.
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results show that the PSG1GDD!SDL mutant induced TGFB1
over control protein (Fig. 7B).

Comparison of the PSG family members in human, baboon,
mouse, and rat show some conserved elements. For example,
an arginine at position 64 and an aspartic acid at position 82 are
believed to form a salt bridge [18]. Between the amino acids
forming the putative salt bridge are two (out of a total of three)
potential N-linked glycosylation sites in the N-domain of all
human PSGs. These potential N-linked glycosylation sites are
also conserved in all mouse PSGs and in the majority of
baboon and rat PSGs. Because the importance of N-linked
glycosylation and the putative salt bridge has never been
explored, we introduced three mutations that render a protein
without the conserved N-linked glycosylation sites and the
ability to form the salt bridge. As expected, this protein has a
lower molecular weight than wild-type PSG1 (Fig. 7A, lane 3).
The PSG1RNN!AAA mutant did not induce TGFB1 in any of the
cells tested, as shown in Figure 7B for HTR-8/SVneo cells.

DISCUSSION

Angiogenesis is required for embryonic development and
growth for successful hemochorial placentation (for recent
reviews, see [23, 42]). Distinct vascular processes occur during
pregnancy, starting with adaptations of the endometrial
vasculature to support blastocyst implantation, followed by
expansion and de novo formation of blood vessels to support
embryo growth and development. Even at later stages of
pregnancy, the placental vasculature continues to be remodeled
to enable blood flow to the increasing metabolic demands of
the fetus. Sufficient uteroplacental blood flow requires
remodeling of the spiral arteries by the extravillous tropho-
blasts [43]. Failure of spiral artery remodeling has been
associated with complications of pregnancy, such as pre-
eclampsia and fetal growth restriction [44–46]. Therefore, a
better understanding of the stimuli needed for cell production
of angiogenic growth factors during the processes of

uteroplacental vascular remodeling and the generation of the
placental vascular network is of major clinical interest.

Trophoblasts play an important role in the physiological
changes of the spiral arteries as well in other processes during
establishment of the placental vasculature, but together with
trophoblasts, other cell types clearly are involved in the
regulation of angiogenesis during pregnancy. Among them are
decidual and placental macrophages as well as dendritic,
endothelial, uNK, and mesenchymal cells. Many of these cells
secrete or respond to angiogenic factors, such as members of
the VEGF family [40, 47–50].

Besides its well known role in angiogenesis, VEGFA has
been suggested to regulate trophoblast behavior in an autocrine
manner [51]. Other members of the VEGF family, such as PGF
and VEGFC, promote endothelial survival and vascular
remodeling [38]. In addition, PGF was shown to play an
important role in successful uNK cell proliferation and/or
differentiation [37] and VEGFC to facilitate immune tolerance
and endovascular activity of uNK cells [35]. Therefore, we
decided to investigate whether PSG1 induces the expression of
different members of the VEGF family. When exploring the
possible induction by PSG1 of VEGFC in HTR-8/SVneo cells
and of PGF in BeWo cells, we found that these cells express
very high basal levels of these growth factors and that whereas
we saw significant induction in some experiments, this
induction was not reproducible in others. Therefore, at this
time, we are unable to reach a definite conclusion.

Expression of VEGFA by placental macrophages has been
documented [52], and whereas macrophages have been shown
to be involved in angiogenesis, they require stimulation by
activating factors [53]. We observed that PSG1 induced
significant secretion of VEGFA and TGFB1 in primary
monocyte/macrophages, with a small variation in the concen-
tration of PSG1 required depending on the donor. The cells
used in our in vitro studies most likely do not exactly replicate
the phenotype of placental macrophages, but we propose that
PSGs could be one of the placental products, which increases

FIG. 5. In vitro endothelial tube formation
assay on three-dimensional collagen gel in
the presence or absence of PSG1 and
VEGFA. Human dermal microvascular en-
dothelial cells were seeded on the top of
polymerized collagen gel and cultured until
they achieved subconfluence. The cells
were then stimulated with PSG1 alone or in
combination with VEGF. VEGF induces
endothelial tubes (A, arrows) as expected,
whereas no tubes were seen in the control
when the cells were exposed to basal
medium only (B). Addition of PSG1-Fc to
basal media induces endothelial tubes (C,
arrows) and also supports VEGF-induced
tube formation (D, arrows). Original mag-
nification 3450.
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the secretion of VEGFA by these cells. Whereas we found that
monocyte-derived dendritic cells secreted TGFB1 in response
to PSG1 treatment, VEGFA secretion was not induced. Recent
reports indicate that uterine dendritic cells fine-tune decidual
angiogenesis by producing TGFB1 and secreted FLT1 and that
they have an important role in vascular development [49, 54].
Interestingly, only alternative activation—not TGFB1 treat-
ment—was reported to lead to VEGFA production by dendritic
cells [55]. Therefore, it remains to be investigated whether, in
the decidual microenvironment, PSG1 may induce dendritic
cells to secrete VEGFA.

When exploring the potential interaction of PSG1 with
nonimmune cells, we found that PSG1 induced the proangio-
genic factor TGFB1 in different primary endothelial cells,
HEEC, the choriocarcinoma cell line BeWo, and two first-
trimester extravillous trophoblast cell lines, HTR-8/SVneo and
SGHPL-4. Of the cells listed above, VEGFA induction was
only observed in the HTR-8/SVneo and SGHPL-4. Therefore,
PSG1 could potentially play a role in trophoblast invasion,
migration, and differentiation through its ability to regulate
VEGFA secretion in EVT.

Our data show that PSG1 is involved in capillary
morphogenesis and that it also influences vascular morphoge-
netic processes induced by VEGFA. PSG1 induced endothelial
cell tube formation in the presence and absence of VEGFA.
When VEGFA was added to the cells together with PSG1, we
observed that the network was enhanced over the cells in which
PSG1 or VEGFA was added alone. Further experiments are
required to determine the molecular and signaling mechanisms
by which PSG1 induces endothelial tube formation. Tube

formation likely is not the result of induction of VEGFA by
PSG1, because we did not observe significant PSG1-mediated
VEGFA secretion in endothelial cells at PSG1 concentrations
employed in the tube assays. Additionally, we did not observe
an increase in endothelial cell migration upon PSG1 treatment,
which would be expected as a result of up-regulation of
VEGFA. Therefore, while PSG1 may increase the availability
of VEGFA in the placenta, the effect on endothelial cells,
because of its ability to induce VEGFA secretion from other
cell types, may be of a paracrine nature or could be mediated
by the observed up-regulation of TGFB1. PSGs belong to the
CEA family, and it is interesting to note that other members of
this family, which are membrane bound, have been implicated
in the processes of immunoregulation, human trophoblast
invasion, and angiogenesis [27, 56–61].

The PSG concentration increases progressively to reach a
plateau in the last 4 wk of pregnancy. At 200 lg/ml, PSGs are
the most abundant fetal proteins in the maternal bloodstream
during late pregnancy [62]. At this time, and to our knowledge,
no specific antibodies can distinguish the different members of
the human PSG family, but splice variants for most of them
have been reported to be expressed, with most of these
including the N-domain [19]. Recently, transcripts for PSG1
were found in sperm, and PSG1 protein was detected during
zygotic development, suggesting a possible role for this protein

FIG. 7. The GDD residues of PSG1 are not required for activity while N-
linked glycosylation of the N-domain is essential. A) PSG1-Fc (lane 1),
PSG1GDD!SDL Fc (lane 2), and PSG1RNN!AAA (lane 3) secreted by CHO
cells were purified on a protein A column, separated on SDS-PAGE, and
stained with GelCode Blue. B) HTR-8/SVneo cells were treated with 30
lg/ml of PSG1-Fc, PSG1GDD!SDL Fc, PSG1RNN!AAA, and FLAG-Fc for 24
h. TGFB1 in the supernatants was analyzed by ELISA. All cells were
treated in triplicate, and data are representative of at least three
independent experiments. Statistical significance between the protein-
treated and control-treated samples was determined by two-tailed Student
t-test (*P , 0.05). Error bars represent the SEM.

FIG. 6. PSG1 does not induce PGF or VEGFC. The human endometrial
endothelial cell line (A), HUVEC (B), the BeWo cell line (C), and HTR-8
SVneo cells (D) were treated with the indicated concentrations of PSG1-Fc
or FLAG-Fc. Twenty-four hours posttreatment, PGF in the supernatant (A–
C) or VEGFC (D) were measured with the specific ELISA. All cells were
treated in triplicate, and data are representative of three independent
experiments. Error bars represent the SEM. No statistical significance was
found between treatments as determined by one-way ANOVA or two-
tailed Student t-test.
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in the early stages of embryogenesis and/or implantation [63].
Within the N-domain, most PSGs have an RGD or an RGD-
like sequence. The RGD motif forms the minimal functional
binding unit in some integrin ligands [64], and its presence in
one of the solvent-exposed loops of most PSGs was assumed to
be required for PSG function [20]. Within this sequence, the
conservation of the aspartic acid (D) at position 95 has been
cited as essential for function [18, 19]. Our results indicate that
at least for some functions of PSGs, the G in position 93 and
the D at position 95 are not essential. Binding assays showed
that although the PSG1GDD!SDL mutant binds to target cells,
such as HTR-8/SVneo, significantly over the control protein,
the binding (measured as mean fluorescence intensity) was
approximately half that of the wild-type protein. Whether
other, as-yet-unknown functions of this protein could be
mediated by these amino acids, or how the mutation affects the
affinity of the interaction with the receptor, remains to be
determined.

Mutations of the two conserved potential N-linked glyco-
sylation sites and of one of the amino acids (R64) involved in
the formation of a salt bridge rendered a protein with no
activity. The introduced mutations very likely resulted in major
conformational changes in the protein. Preliminary data from
our laboratory indicates that enzymatic removal of N-linked
carbohydrates with peptide-N-glycosidase F results in a
significant reduction of the activity of the protein. In addition,
we have previously established that N-linked glycosylation is
required for interaction of murine PSG17 with CD9 [65]. It
remains to be determined whether the removal of the
carbohydrates just in the N-domain is enough to destroy the
activity of the protein.

At present, the receptor for human PSGs remains unknown.
Because human PSGs share 80% identity at the amino acid
level, it is worth exploring whether all 11 members of the
family bind to the same receptor to perform these functions.
We performed our studies with two recombinant PSG1
proteins, which differ in the nature of the tag at the C-
terminus. Both proteins had the same activity in target cells
with small variations in the concentration of protein required to
observe the effects reported.

In the present study, we show that different cell types can
respond to PSG1, secreting growth factors known to regulate
vascular development and trophoblast behavior. In addition,
the in vitro studies described here indicate that the interaction
of PSG1 with endothelial cells can have functional conse-
quences. Therefore, we propose that besides their ability to
regulate the immune response, PSGs may have the previously
unrecognized ability to contribute to the establishment of the
vasculature during pregnancy. The precise processes during
angiogenesis in the maternal-fetal unit that could be modulated
by this family of proteins require further investigation.
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