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Abstract

Pregnancy-associated glycoproteins (PAGs) constitute a multigenic family of aspartic proteinases expressed in the trophoblast of

the ruminant placenta. In Bos taurus, this family comprises 21 members segregated into ancient and modern phylogenetic groups.

Ancient PAGs have been reported to be synthesized throughout the trophoblastic cell layer whereas modern PAGs are produced by

binucleate cells of cotyledons. The aim of this study was to investigate modern and ancient PAGs during gestation in cotyledonary

and intercotyledonary tissues. To obtain convincing and innovative results despite the high sequence identity shared between PAGs,

we designed specific tools such as amplification primers and antibodies. Using real-time RT-PCR, we described the transcript expression

of 16 bovine PAGs. Overall, PAGs are characterized by an increase in their expression during gestation. However, we demonstrated a

segregation of modern PAGs in cotyledons and of ancient PAGs in the intercotyledonary chorion, except for the ancient PAG2 expressed

in cotyledons. By raising specific antibodies against the modern PAG1 and ancient PAG11 and PAG2, we established the expression

kinetics of the proteins using western blotting. Immunohistochemistry showed that PAGs were produced by specific cellular populations:

PAG1 by binucleate cells in the whole trophoblastic layer, PAG11 was localized in binucleate cells of the intercotyledonary trophoblast

and the chorionic plate of the cotyledon, while PAG2 was produced in mononucleate cells of the internal villi of the cotyledon. These

results revealed a highly specific regulation of PAG expression and cell localization as a function of their phylogenetic status, suggesting

distinct biological functions within placental tissues.
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Introduction

The ruminant placenta is characterized by specific
structural and functional features: the placentomes.
These structures are discrete areas of massive interdigita-
tions between the maternal endometrium and the foetal
chorioallantois, which facilitate communication and
exchanges between the foetal and maternal compart-
ments. The placentome combines embryonic and
maternal villi called cotyledon and caruncle respect-
ively. The external surface of the placenta is a single-cell
layer, the trophoblast, which covers the cotyledonary
and intercotyledonary areas. The trophoblast is made up
of two different cell types: mononucleate cells that
account for 80% of the total trophoblastic population
and binucleate cells (Wooding & Wathes 1980,
Wooding 1983). Mononucleate cells play a fundamental
role in the maternal recognition of pregnancy via the
secretion of interferon-t and in foetal nutrition via the
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absorption of uterine histotroph. Binucleate cells have
been suspected as being involved in conceptus implan-
tation and are essential to the maintenance of pregnancy
via their endocrine function (Igwebuike 2006). Among
the molecules produced by trophoblastic cells, the
pregnancy-associated glycoprotein (PAG) multigenic
family represents a set of proteins that is synthesized in
the whole cellular layer (Zoli et al. 1992, Xie et al. 1994,
Green et al. 2000). In Bos taurus, 21 PAG genes and
20 PAG-like genes have been identified in GENBANK
(http://www.ncbi.nlm.nih.gov/nuccore/). PAGs are
proteins whose molecular weights range from 37 to
90 kDa (Butler et al. 1982, Xie et al. 1991, 1994, Zoli
et al. 1991, Szafranska et al. 2006). They belong to
the large family of aspartic proteinases. However,
the function of PAG remains unknown. Hypotheses
concerning the modulation of immune activity
(Dosogne et al. 1999, 2000) and the maintenance of
DOI: 10.1530/REP-13-0143
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pregnancy (Weems et al. 1998, 1999, 2001, Bridges
et al. 1999, Thompson et al. 2012) have been
investigated to date.

Phylogenetic studies have shown that PAGs segregate
into one ancient group and a more recent group (Green
et al. 2000, Hughes et al. 2000). The latter refers to
modern molecules that appeared about 52 millions years
ago, whereas the ancient group includes members that
have probably existed for about 87 millions years.
Modern PAGs, typified by PAG1, have been extensively
characterized and are known to be synthesized in
binucleate cells of the cotyledon (Xie et al. 1991, Zoli
et al. 1992, Green et al. 1998, Wooding et al. 2005). In
contrast, ancient PAGs (PAG2, PAG8, PAG10, PAG11,
PAG12 and PAG13) have been poorly described.
According to earlier studies, ancient PAGs were reported
to be expressed throughout the trophoblastic cell layer
(Xie et al. 1994, Green et al. 2000) or at the junction
between the cotyledonary trophoblast and caruncular
endometrium (Wooding et al. 2005). Doubt remains
regarding the reliability and accuracy of the data
available on the location and expression of PAGs in the
ancient group. Because modern PAGs have been widely
used as pregnancy markers to detect gravid cows,
considerable attention has been paid to describing
PAGs in the maternal circulation (Sasser et al. 1986,
Mialon et al. 1993). Many other studies have focused on
the characterization of PAGs in the cotyledon (Xie et al.
1991, Klisch & Leiser 2003, Wooding et al. 2005, Telugu
et al. 2009) as the principal placental region that
produces modern PAGs for delivery into the maternal
blood flow. There is relevant evidence in favour of PAG
expression in the intercotyledonary chorion (Patel et al.
2004b, Wooding et al. 2005). However, no exhaustive
analysis has been made of most PAGs in the two
phylogenetic groups and taking account the two regions
of the placenta. Moreover, the focus of most studies has
been at the mRNA level. With the exception of PAG1,
the problems encountered in trying to purify the different
PAGs from placental extracts without cross-contami-
nation have not enabled the generation of strictly
specific antibodies (Butler et al. 1982, Xie et al. 1991,
Wooding et al. 2005).

The aim of this study was therefore to exhaustively
characterize bovine PAG expression in both the villous
areas of cotyledons and the intercotyledonary chorion,
at both the mRNA and protein levels. In an attempt to
produce convincing and reliable results, we developed
specific tools such as RT-PCR primers and antibodies.
Immunohistochemistry analyses were also performed in
order to determine the regional and cellular expression
of PAG proteins. We investigated the expression and
localization patterns of PAG in placental tissues from
day 60 of gestation (when secondary and tertiary villi
are established) resulting in a differentiated and
visible cotyledon.
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Materials and methods

Animals and sample collection

All procedures relating to the care and use of animals were
carried out in accordance with the International Guiding
Principles for Biomedical Research Involving Animals, as
promulgated by the Society for the Study of Reproduction, and
with the European Convention on Animals approved by the
French Ministry of Agriculture under French regulations
(86/609/EEC, updated on 04/19/1988). The experiments were
approved by the local ethics committee (Comethea registration
numbers: 12/082 for cows and 12/061 for rabbits). The cows
were housed at the Union Nationale des Coopératives d’Elevage
et d’Insémination Animale (UNCEIA) experimental facilities
(Chateauvilain, France). Oestrus cycles were synchronized using
the Crestar method on Holstein breed cows, and artificial
insemination was performed as described previously (Constant
et al. 2011). Six to eight cows per stage of gestation were killed at
a local slaughterhouse. The cotyledons and intercotyledonary
chorion were collected at 60, 80, 100 or 220 days post
insemination (dpi). One half of the tissue was snap frozen in
liquid nitrogen and stored at K80 8C until analysis and the other
half was fixed for immunochemistry analyses.

Design and validation of gene-specific PCR primers

Transcript sequences for bovine PAG were retrieved with the
ENTREZ Nucleotide using the Reference Sequence database
from GENBANK (http://www.ncbi.nlm.nih.gov/nuccore/). When
RefSeq data were not available (PAG3, PAG13 and PAG14), we
used predicted mRNA sequences. Pseudogenes were excluded
from this study. As previously shown (Telugu et al. 2009), we
determined that PAG22 (AY911498) was PAG2 (NM_176614).
Transcript-specific PCR primer couples were designed using the
eprimer3 program of EMBOSS 6.3.1 software using the ‘Primer3
mispriming library’section (Rice et al. 2000). We included in this
library all PAG nucleotide sequences for which we wanted to
exclude the non-specific crossing of primers. Primer specificity
was verified by sequencing the amplicon produced after the
amplification of cDNA from extra-embryonic tissues collected at
60 and 100 dpi. The PCR cycling conditions were as follows:
single denaturation step at 94 8C for 60 s, then DNA denaturation
step at 94 8C for 30 s, primer annealing step at 60 8C for 30 s and a
polymerase extension step at 72 8C for 30 s. PCR was performed
on a BIOMETRA apparatus for 35 cycles. A final elongation step
was performed at 72 8C for 15 min. Amplicons were purified and
cloned into pGEM-T Easy vector (Promega) in subcloning DH5a
competent cells (Invitrogen). Purified PCR fragments were
sequenced by Beckman Coulter Genomics (Takeley, Essex, UK)
and their identity was investigated in GENBANK using the NCBI
Basic Local Alignment Search Tool (http://blast.ncbi.nlm.nih.gov/)
for nucleic acid sequences. PCR primer couples corresponding
with authenticated fragments were validated and used for the
amplification experiments (see Table 1).

Evaluation of PAG gene expression between
60 and 220 dpi

Total RNA was extracted from tissues using the phenol-
based method described by Chomczynski & Sacchi (1987). The
www.reproduction-online.org
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Table 1 Sequence of primers for real-time quantitative PCR.

Oligonucleotide primer sequence 5 0–3 0

Product size
(bp)Gene name Accession number Forward Reverse

PAG1 M73962 GGTACCCCTGATCCAAGC TATGGCACCGATGAGCCTAT 172
PAG2 L06151 GTATCCTGGGCTTGGCTTTT CCCTCTGGCTTGTTTGTGTT 183
PAG3 variant 1 XM_002699276 GGGCAGAGCTTATTATGATGG TCTTGGGCCTTCTATTGCTG 340
PAG4 AF020506 CCACCAAGGTGTGAATGCTT CAGGCTTCTGTCCATGTGATT 202
PAG5 AF020507 CAGGCAGGTGAGTGGAGTCT GGCAGGGATATGACAGCAAA 209
PAG6 AF020508 TGGGTCCTCAGTACTTCGTTT TCAGCACCCGTTAAGTGAAA 412
PAG7 variant 2 AF020509 TCGATCGATTGCAACAGTACA TTGTGCGCAAACCCATATT 215
PAG8 BC133476 CCTGTGCCCCCTGACTACTA GTAGCAGCCCGAATTTATGC 206
PAG10 AF020512 GCCCAAGCTTACATCCAAAG ATTCCTGAAGTAGCCCAGCA 192
PAG11 AF020513 AGTGATTGGCTGTGAACACG CACGAGGCACTGAGTAATCG 206
PAG12 AF020514 CACCAGGGTTCGGAGTATGT GGCAGAAGTTTTGAGCCTTG 130
PAG15 AF192332 ACGGATCTGGGACAATGG ATACCCCGGTGTCAACAA 426
PAG16 AF192333 ATTCGAGCAGGTGACTG TGTAGATCTCCTCACTCTTTGCTC 333
PAG17 AF192334 CGGCATACCCAAAAGGTCT ACCGTCAAACCCAACTTCTG 144
PAG19 AF192336 AGAATACGGGCTTGAGCATA TTTCCCCTGTAATAGCGATG 210
PAG20 AF192337 CCGGGTCATCAAATATCCAA GACAACAGAGGGCAGAGCAC 128
PAG21 AF192338 TCGAGGATTTGATGTACGTG TGCCATCATAAGCTCTGTCC 327
ACTB BC102948 GACTACCTCATGAAGATCCTC CGGATGTCCACGTCACACTTC 320
RPL19 BC102223 CCCCAATGAGACCAATGAAATC CAGCCCATCTTTGATCAGCTT 73
GAPDH BC102589 GCTGACGCTCCCATGTTTGT TCATAAGTCCCTCCACGATGC 151
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concentration and purity of RNA samples were determined by
spectrophotometry at 260 and 280 nm. To estimate RNA
integrity, 2 mg of the extract were separated by 0.8% agarose
gel electrophoresis under neutral conditions and stained with
ethidium bromide. One microgram of total RNA was reverse
transcribed into cDNA using 100 IU of Moloney murine
leukaemia virus enzyme and 0.5 mg/ml oligo-dT 12–18 primers
(Invitrogen), in a total volume of 20 ml at 37 8C for 1 h. Gene
expression analysis was performed using real-time quantitative
PCR with the SYBRGreen detection assay. The primer pairs are
listed in Table 1. The expression of PAG genes was analysed using
previously designed primers. b-Actin (ACTB), glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and ribosomal protein
L19 (RPL19) were selected as the bovine reference genes for
normalization (Table 1). Each amplified PCR fragment was
sequenced to assess the amplification of the correct gene. The
calculation of amplification efficiency was based on the
generation of standard curves using serial dilutions of known
concentrations of cloned target amplicons, thus enabling the
determination of copy numbers. Two measurements of each
sample were performed as technical replicates. Briefly, 5% of the
cDNAwas added as the PCR template to 12.5 ml 2! SYBRGreen
PCR Master Mix (Applied Biosystems), with 300 nM of each
forward and reverse primer in a final volume of 25 ml. PCR was
performed on the StepOnePlus Real-Time PCR apparatus
(Applied Biosystems) using universal cycling conditions: 95 8C
for 10 min, then 40 cycles at 95 8C for 15 s and 60 8C for 1 min,
followed by a melting curve verification step. The data were
analysed using StepOne Software v2.2.2 (Applied Biosystems).
Peptide design for protein-specific polyclonal
antibodies and immunoglobulin purification

The ‘Antigenic’ program of the EMBOSS 6.3.1 software
(Kolaskar & Tongaonkar 1990) was used to identify antigenic
determinants (epitopes) from the amino acid sequences of
PAG2 (NP_788787) and PAG11 (NP_788796). Epitopes were
www.reproduction-online.org
selected according to their capacity to generate antibodies.
This capacity was calculated in relation to the physicochemical
properties of the amino acid residues and their frequencies of
occurrence. Identified sequences were compared with the
complete peptidic sequences of all other PAGs using the NCBI
Basic Local Alignment Search Tool and the EBI ClustalW2
multiple sequence alignment tool (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) to preserve only specific sequences and
prevent any inconvenient crossovers. Epitope sequences were
used as templates by Proteogenix (Schiltigheim, France) to
synthesized corresponding peptide and keyhole limpet hemo-
cyanin (KLH)-conjugated peptides. The PAG1 protein was
purified as previously described (INRA patent n8 FR-88 03590
and Camous et al. (1988)) with minor modifications. The
monitoring of PAG in all steps of the purification process was
performed using a RIA previously developed (Mialon et al.
1993). Briefly, day 150–200 bovine placental cotyledons were
homogenized in 0.05 M phosphate buffer at pH 8.6 containing
0.1 M KCl and 20 mM phenylmethanesulfonyl fluoride at 4 8C,
using an Ultra-Turrax homogenizer. The total protein extract
was acid precipitated at pH 4.3. After centrifugation, the
supernatant was fractionated by precipitation with ammonium
sulphate at pH 5.2. The 40–65% saturated ammonium sulphate
fraction was extensively dialysed against 0.05 M Tris/HCl buffer
at pH 8.6. The protein preparation was chromatographed onto
a DEAE Sephadex A50 (GE Healthcare Life Sciences, Velizy-
Villacoublay, France) column and the protein fractions were
eluted by increasing ionic strength using a stepwise gradient of
KCl in 0.05 M Tris/HCl buffer at pH 8.6. The 0.3 M KCl fraction
was dialysed and concentrated by ultrafiltration and then
submitted to cation exchange HPLC chromatography using a
TSK-SP 5PW column (21.5!150 mm; Tosoh Bioscience
GmbH, Stuttgart, Germany). Proteins were eluted at a flow
rate of 4 ml/min by a linear gradient of KCl in the Tris buffer and
the protein elution was monitored by u.v. at 280 nm. Finally,
the PAG1/PSP60-positive fractions were collected and con-
centrated by ultrafiltration and next chromatographed onto
Reproduction (2013) 146 347–362
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a size exclusion TSK-G3000 PW column (7.8!600 mm; Tosoh
Bioscience GmbH). These chromatographic processes enabled
the purification of a single PAG1/PSP60 protein eluting as a
discrete peak. The protein appeared at a unique band around
65 kDa in SDS–PAGE. The N-terminal protein sequence of the
first 40 residues (NGSNLTTHPLRNIKDLVYMGNITIGTPP-
QEFQVVFDTASS-) identified this protein originally called
PSP-60 in our laboratory (Camous et al. 1988, Mialon et al.
1993) at the referred polypeptide chain of bovine PAG1
(UniProtKB accession number: Q29432; Genbank accession
number: AAB35845). PAG2 peptides, PAG11 peptides and
native PAG1 protein were used to raise anti-PAG2, anti-PAG11
and anti-PAG1 polyclonal antibodies. Antibodies were gener-
ated using two New Zealand White rabbits per antigen. The
rabbits were primed with an intradermal injection of 80 mg
PAG1 or 80 mg KLH-conjugated peptide emulsified in complete
Freund’s adjuvant (Sigma–Aldrich), followed by several booster
immunizations at 3-week intervals with 40 mg protein or
KLH-conjugated peptides in incomplete Freund’s adjuvant
(Sigma–Aldrich). Blood samples were collected 10 days after
each injection, starting from the second month after the first
antigen injection. Immune sera were separated from whole
blood samples after centrifugation for 30 min at 3500 g and
at 4 8C and then stored at K20 8C. Immunoglobulins were
purified from anti-PAG1 (L520), anti-PAG2 (L390) and anti-
PAG11 (L349) immune sera by affinity chromatography onto an
Hitrap NHS-activated HP pre-packed column (GE Healthcare).
The protein or peptides were first immobilized on the column
according the manufacturer’s instructions. The columns were
equilibrated with 20 mM phosphate buffer at pH 7.1.
Immunoglobulins were eluted with 0.2 M glycine/HCl at pH
2.8 and then dialysed and concentrated against a neutral
phosphate buffer using an Amicon ultrafiltration unit with a
YM10 membrane (Millipore, Guyancourt, France).
Western blot analysis

Placental proteins were extracted from small pieces
of tissue by sonication in a cold lysis buffer at pH 7.4
containing 50 mM HEPES, 150 mM NaCl, 5 mM EDTA,
16 mM 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-
1-propanesulfonate, 1 mM benzamidine HCl, 1 mM phenyl-
methylsulfonyl fluoride, 10 mg/ml soybean trypsin inhibitor,
10 mg/ml leupeptin and 10 mg/ml aprotinin. Protein quantifi-
cation was performed with the Bio-Rad protein assay (Bio-Rad)
using BSA as the standard (Sigma–Aldrich). Twenty micrograms
of each sample were separated by 10% SDS–PAGE and
electro-transferred onto a Hybond-P PVDF membrane (GE
Healthcare). Protein molecular weight markers (ProSieve Color
Protein Markers, Lonza, Levallois-Perret, France) and samples
were run simultaneously. After washing in Tris-buffered saline
containing Tween 20 (TBST) (50 mM Tris at pH 7.5, 137 mM
NaCl and 0.1% Tween 20), the membranes were blocked in 2%
TBST BSA and 0.2% Tween 20 overnight at 4 8C. Dedicated
blots were probed for 2 h at room temperature with
immunoglobulin anti-PAG1, anti-PAG11 and anti-PAG2 diluted
in 2% TBST BSA 0.2% Tween 20 used at a final concentration of
0.5, 0.4 and 1.7 mg/ml respectively. Peroxidase-conjugated
donkey anti-rabbit IgG (Jackson ImmunoResearch, Interchim,
Reproduction (2013) 146 347–362
Montluçon, France) was used as the secondary antibody, diluted
to 1:20 000 (vol/vol) and incubated for 1 h 30 min at room
temperature. Two negative control experiments were also
performed: in the first case the primary antibodies were omitted
and in the second the primary antibody was neutralized with the
peptide or protein used as the immunogen. Antibodies were
pre-incubated for 30 min at 38 8C with 10 mg of the respective
protein or peptide per microgram of immunoglobulin. To
control for variations in extraction and loading, each blot was
probed with rabbit polyclonal anti-GAPDH (diluted 1:1000;
Santa Cruz) after stripping the membranes for 30 min at 56 8C in
50 mM Tris/HCl, 2% SDS and 100 mM b-mercaptoethanol. The
antibodies were examined for cross-reactions in slot blot assays.
Proteins and peptides were diluted in 50 mM Tris/HCl at pH 7.5
containing 0.005% bromophenol blue. Different loading
volumes were used to increase the quantity range of the
peptides and protein. Samples were blotted onto a PDVF
membrane using a Manifold II SRC 072/00 blotter (Schleicher &
Schuell, Dassel, Germany). The membranes were probed as for
western blot. Immunoreactive signals were revealed with the
Pierce western blot signal enhancer reagent system (Thermo-
fisher, Illkirch, France) and chemiluminescence was visualized
using a CCD camera (LAS1000, Fujifilm, Düsseldorf, Germany).
The data were analysed with Advanced Image Data Analyser
Software (Raytest, La Defense, France).
Enzymatic N-deglycosylation

Protein extracts from the cotyledon and intercotyledonary
chorion harvested at 220 dpi were subjected to enzymatic
digestion to remove oligosaccharides using peptide N-glyco-
sidase F (New England Biolabs, Evry, France) according to the
supplier’s instructions. Briefly, 20 mg of the total protein extract
were denatured for 10 min at 100 8C in glycoprotein-
denaturing buffer at a final volume of 10 ml. After cooling, the
samples were treated with 100 IU PNGase-F for 2, 5, 15, 30, 90
and 360 min at 37 8C. Mock-treated protein extracts were
incubated without the enzyme as controls. The reaction was
terminated by PNGase-F inactivation under incubation at 75 8C
for 10 min. The samples were then frozen in liquid nitrogen
until western blot analysis as described earlier.
Immunohistochemical investigations

After 4-h fixation in 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.5, at 4 8C and a wash in the same buffer, all samples
were embedded in paraffin (Paraplast plus, Sigma–Aldrich) in an
automated system (Shandon Citadel Tissue Processor; Thermo-
fisher) and stored at 4 8C. Sections of tissue were cut at
microtome settings of 5 or 8 mm with an RM2245 apparatus
(Leica Microsystems SAS) and recovered on Super Frost Plus
slides (Thermofisher). The tissue sections were deparaffinized in
xylene and rehydrated stepwise in ethanol (100, 95, 70 and
30%) followed by a final rehydration in 0.1 M phosphate buffer
at pH 7.5. Individual sections were enclosed in a hydrophobic
barrier using an ImmEdge pen (Vector Laboratories, Clini-
sciences, Nanterre, France) and treated successively for antigen
unmasking in 0.01 M trisodium citrate at pH 6.0 for 5 min at
room temperature and then 10 min at 80 8C. To quench
www.reproduction-online.org
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endogenous peroxidase activity, the slides were treated for
30 min with 0.1% hydrogen peroxide (by volume). The primary
antibody was used as a purified immunoglobulin at 0.05, 0.4
and 1.7 mg/ml for PAG1, PAG11 and PAG2 respectively.
Antibodies were diluted in 0.1 M phosphate buffer at pH 7.5
containing 2% BSA (wt/vol) and donkey serum diluted 1:100
(vol/vol). The slides were incubated overnight at 4 8C with
the primary antibody. After two washes in 0.1 M phosphate
buffer at pH 7.5 containing 0.2% BSA, the slides were incubated
for 1 h at room temperature with the secondary biotinylated
donkey anti-rabbit antibody (Jackson ImmunoResearch) diluted
1:1000 (vol/vol) in 0.1 M phosphate buffer at pH 7.5 with 2%
BSA. As for western blotting, two negative control experiments
were carried out. The primary antibody was either omitted
or immunoneutralized by an excess of the protein or peptide.
The slides were then incubated for 1 h with Vectastain Elite
ABC-HRP reagent (Vector Laboratories) in 50 mM Tris/HCl
buffer at pH 7.6 to activate the avidin–biotin peroxidase
complex. After washing in the same buffer, the peroxidase
was visualized with nickel-enhanced diaminobenzidine tetra-
hydrochloride chromogen (5 mg/ml ammonium nickel (II)
sulphate; 0.5 mg/ml diaminobenzidine tetrahydrochloride).
Incubation was performed at 25 8C for 5 min to achieve purple
staining. Finally, the sections were fixed in 2% paraformalde-
hyde for 5 min and gradually dehydrated in successive baths of
90% ethanol, 100% ethanol, 50% ethanol–50% Neo-Clear
(vol/vol) (Merck) and 100% Neo-Clear. The tissue sections were
mounted using permanent Neo-Mount medium (Merck).

The simultaneous immunodetection of PAG1 and PAG11 on
the one hand and of PAG1 and PAG2 on the other hand was
performed using double immunoenzymatic labelling. PAG2 and
PAG11 were first located according to the protocol described
earlier. However, to enable compatibility between the chromo-
gens, the bound antibodies were visualized using ImmPACt
Novared peroxidase substrate (Vector Laboratories) according to
the supplier’s instructions. After peroxidase detection, the tissue
sections were washed twice for 5 min in 0.1 M phosphate buffer
at pH 7.5 containing 0.2% BSA and incubated for 30 min at
38 8C in 0.2 mg/ml alkaline phosphatase-conjugated anti-PAG1
immunoglobulin. The anti-PAG1 immunoglobulin had pre-
viously been covalently bonded to alkaline phosphatase using
the lightning-link AP conjugation kit (Innova Biosciences,
Interchim, Montluçon, France). After two washes in 0.1 M
phosphate buffer at pH 7.5, the slides were incubated for
30 min with Vector Blue alkaline phosphatase substrate (Vector
Laboratories) in 0.1 M Tris/HCl at pH 8.2 containing 0.1% Tween
20 according to the supplier’s instructions. The slides were then
rinsed, dehydrated and mounted as described earlier. Photo-
microscopies were captured using the NanoZoomer Digital
Pathology System and images were visualized with NDPview
(NanoZoomer Digital Pathology Virtual Slide Viewer Software,
Hamamatsu, Massy, France). The experiments were repeated on
three different placental sections from two 220 dpi cows.
Statistical analyses

Quantitative results were analysed using SYSTAT software v11
(Systat Software, Inc., Erkrath, Germany). The data were
subjected to two-way ANOVA with the day of gestation and
www.reproduction-online.org
the type of placental tissues (cotyledonary and intercotyledon-
ary chorion) as the main categories and day-by-tissue
interactions. If a day-by-tissue interaction was evidenced,
one-way ANOVA was performed and followed by pairwise
comparisons using the Bonferroni adjustment. Data are
expressed as least squares meansGS.E.M.
Results

Design and validation of gene-specific PCR primers

Specific amplification primers were successfully
designed for 16 of the 21 PAGs. PCR was thus performed
on extra-embryonic tissues at two stages of gestation
(days 60 and 100) with amplification of a single
fragment. A BLAST search indicated 100% identity of
the generated amplicons with the targeted PAGs.
Expression of PAG genes in the cotyledon and
intercotyledonary chorion during gestation

ANOVA indicated that PAG mRNAs could be assigned to
three different sets as a function of their distribution
between different placental zones (Figs 1, 2 and 3). The
first set included PAG1, PAG2, PAG3, PAG15, PAG17 and
PAG21, which were twice to four times more expressed in
the cotyledonary tissue than in the intercotyledonary
chorion (P!0.001) where they remained at low levels
(Fig. 1). For all these genes, two-way ANOVA highlighted
an interaction between tissue distribution and the day of
gestation (P!0.001). This illustrated a marked increase in
gene expression in the cotyledon as a function of the day
of gestation but few changes in the intercotyledonary
chorion. One-way ANOVA indicated that PAG1 was
increasingly expressed in the cotyledon (P!0.001).
Pairwise comparisons revealed that PAG1, which was at
its lowest levels on day 60, increased significantly from
days 60 to 80 (P!0.001), remained at steady-state levels
between days 80 and 100 (P!0.01) and was expressed at
its highest levels on day 220 (P!0.001). In the
intercotyledonary chorion, PAG1 slightly increased
during gestation (P!0.01) with the most significant
difference between days 60 and 100 (P!0.05). In the
cotyledon, PAG2, which was at its lowest levels on day
60, increased significantly from days 60 to 80 (P!0.001),
decreased by day 100 (P!0.01) and became expressed at
its highest levels by day 220 (P!0.001). In the
intercotyledonary chorion, the expression of PAG2
progressively decreased (P!0.01) with the most signi-
ficant difference between days 60 and 220 (P!0.001). In
the cotyledon, PAG3 exhibited a similar profile to PAG1,
with the highest levels of expression on day 220
compared with day 60 (P!0.001), day 80 (P!0.001)
and day 100 (P!0.001). No difference was observed
between days 80 and 100 of gestation. In the inter-
cotyledonary chorion, PAG3 was expressed at low levels
on day 80 compared with day 220 (P!0.01). In the
Reproduction (2013) 146 347–362
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Figure 1 Expression of modern PAG1, PAG3, PAG15, PAG17 and
PAG21 and ancient PAG2 in the placental chorion from 60 to 220 dpi.
This group represents PAGs that are mainly expressed in the cotyledon
(P!0.001 for PAG1, PAG2, PAG3, PAG15, PAG17 and PAG21).
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of mean differences were performed after significant one-way ANOVA:
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cotyledon, PAG15 displayed similar gene expression
profile to PAG1 and PAG3. PAG15 was at its highest
levels on day 220 compared with day 60 (P!0.001),
day 80 (P!0.05) and day 100 (P!0.05). The levels of
expression were similar between days 80 and 100
(PO0.05). No differences in PAG15 expression levels
were observed in the intercotyledonary chorion. In the
cotyledon, PAG17 and PAG21 showed similar patterns of
expression to PAG2 with two maxima on days 80 and 220
and two minima on days 60 and 100. PAG17 and PAG21
were twofold more abundant on days 80 and 220 than
on days 60 and 100 (P!0.01). In the intercotyledonary
chorion, no changes in PAG17 expression were observed
throughout the gestation whereas PAG21 was expressed
at lower levels on day 220 compared with day 60
(P!0.05). The second set comprised PAG8, PAG10,
PAG11 and PAG12 (Fig. 2). These PAGs were strongly
expressed in the intercotyledonary chorion between days
60 and 220 of gestation whereas they only displayed
weak expression in the cotyledon (P!0.001). PAG8,
PAG10, PAG11 and PAG12 were respectively 5-, 21-, 26-
and 4-fold, respectively, more strongly expressed in the
intercotyledonary chorion than in the cotyledon. Accor-
ding to the mRNA copy numbers, PAG8 was the most
strongly expressed transcript in this second set. PAG8,
PAG10 and PAG11 were significantly affected by a
day-by-placental zone interaction (P!0.001). In the
intercotyledonary chorion, PAG8, PAG10 and PAG11
regularly increased during the gestation (P!0.001)
(Fig. 2). However, the increase in gene expression was
more significantly pronounced in late gestation than in
early and middle gestation (day 220 vs day 60: PAG8
(P!0.001), PAG10 (P!0.001) and PAG11 (P!0.001)).
PAG8 remained nearly unchanged until day 220. PAG10
was significantly augmented on day 100 (day 60 vs day
100: P!0.05) and reached maximum levels on day 220
(day 60 vs day 220: P!0.001). The level of PAG11
increased gradually from days 60 to 100 and was
intensively up-regulated on day 220 (day 60/day 80/day
100 vs day 220: P!0.001). PAG12 was expressed at
constant levels in the two placental zones whatever the
day of gestation. In the cotyledon, PAG8 and PAG11 were
expressed at constant and low levels while PAG10
exhibited a small increase on day 220 compared with
the other periods of gestation (P!0.001). The third set
contained PAG7 and PAG16, which were not differen-
tially expressed between the cotyledon and intercotyle-
donary chorion (PO0.05) (Fig. 3). In the cotyledon, PAG7
was expressed at similar levels throughout the period of
gestation studied. In the intercotyledonary chorion, PAG7
was at its lowest level on day 80 and this was significantly
different to that on day 60 (P!0.01). PAG16 was
differentially expressed between days of gestation in
both placental zones. In the cotyledon, PAG16 expression
was higher on day 220 compared with day 100 (P!0.05)
and day 60 (P!0.01). In the intercotyledonary chorion,
PAG16 expression differed between days 80 and 100
www.reproduction-online.org
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(P!0.01). Finally, the levels of expression of four other
PAG (PAG4, PAG5, PAG6 and PAG19) were determined.
Because they were expressed at low levels close to the
limit of detection of real-time PCR, and because they
displayed no significant variations, the data on them are
not shown. We observed that set-1 comprised modern
www.reproduction-online.org
PAGs whereas set-2 (characterized by expression in the
intercotyledonary chorion) contained exclusively ancient
PAGs. However, PAG2, which was expressed in the
cotyledon but not in the intercotyledonary chorion,
belonged to the ancient group.
PAG expression in the cotyledon and intercotyledonary
chorion during gestation

The partitioning of PAG between the cotyledon and
intercotyledonary chorion as evidenced by the study of
mRNA was also examined at the protein level. This
investigation was performed on three PAGs, two of
which were representative of the two main patterns
revealed by the mRNA study (sets 1 and 2). PAG1 was
selected as the archetype of PAGs primarily expressed
by the cotyledon (set 1), while PAG11 was considered to
be typical of PAGs predominantly expressed in the
intercotyledonary chorion of the placenta. Finally, we
investigated the PAG2 protein that emerged as an
atypical PAG representative of the ancient group.
Characterization of antibodies

Antibodies were purified as IgG using affinity chroma-
tography with the natural protein PAG1 or peptides as
ligands. The antibodies were characterized using protein
Reproduction (2013) 146 347–362
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Figure 4 Validation of antibodies. (A, B and C) Western blot of PAG1,
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chorion at 220 days of gestation. Membranes were incubated in the
presence of anti-PAG1 (L520) (A), anti-PAG2 (L390) (B) and anti-PAG11
(L349) (C) immunoglobulins in the intercotyledonary (a and c) and
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and involved the pre-incubation of antibodies in the presence of
antigens (c and d). The antibodies revealed major bands at 67, 53 and
44 kDa for PAG1, PAG2 and PAG11 respectively. (D) Slot blot of
anti-PAG1, anti-PAG2 and anti-PAG11 against the purified PAG1
protein and PAG2 and PAG11 synthetic peptides. To evaluate cross-
reactivities, the protein and peptides were fixed in increasing quantities
on membranes and incubated in the presence of anti-PAG1 (L520),
anti-PAG2 (L390) or anti-PAG11 (L349). The anti-PAG1 revealed an
immunoreactive signal only against the PAG1 protein, the anti-PAG2
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extracts from the cotyledon and intercotyledonary
chorion at days 100 and 220. Only, data from day 220
were shown. Figure 4A, B and C shows the western blot
results for PAG1, PAG2 and PAG11 respectively. The
anti-PAG1 antibody (L520) revealed a major band at
67 kDa (Fig. 4A lanes a and b) that was suppressed when
the purified native protein was used to immunoneu-
tralize the antibody (Fig. 4A lanes c and d). The anti-
PAG2 antibody (L390) displayed a main band at 53 kDa
and a minor immunoreactive protein at 33 kDa (Fig. 4B,
lanes a and b). These two signals were suppressed when
the PAG2 antigenic peptide was used to immunoneu-
tralize the immunoglobulin (Fig. 4B, lanes c and d). The
PAG2 signal at 53 kDa was eight times stronger than the
33 kDa immunoreactive signal. PAG11 was evidenced
as a unique protein band at 44 kDa (Fig. 4C lanes a and b)
with the anti-PAG11 (L349). Immunoneutralization of
the antibody with the peptide resulted in disappearance
of the protein signal (Fig. 4C lanes c and d). The
antibodies were examined for their cross-reactions in
slot blot assays (Fig. 4D). The anti-PAG2 and anti-PAG11
antibodies did not recognize the purified PAG1 protein
whereas they produced intensive signals against their
respective antigenic peptide. The anti-PAG2 antibody
did not display cross-reactivity with the PAG11 peptide
even in the presence of significant amounts of the
peptide. Similarly, the anti-PAG11 antibody did not
cross-react with the PAG2 peptide. The anti-PAG1
antibody failed to recognize both the PAG2 peptide
and the PAG11 peptide. An additional validation of the
specificity of antibodies was performed using western
blot of protein extracts from day 16 bovine conceptuses
(Fig. 4E). Until day 25 of gestation, bovine conceptuses
were known to not express PAG1 whereas they
expressed PAG2 and PAG11 (Green et al. 2000). The
fact that the anti-PAG1 antibody did not reveal any
protein in the conceptus extract while anti-PAG2 and
anti-PAG11 showed strong signal indicates that the anti-
PAG1 did not cross-react with PAG2 and PAG11
proteins. In the same protein extract, the anti-PAG2
and anti-PAG11 antibodies revealed proteins at different
molecular masses, corresponding to the molecular
masses recorded in Fig. 4B and C. Taken together,
these different lines of evidence, in addition to results
from deglycosylation experiments (see below), validate
the specificity of the three antibodies used and the lack
of cross-reactivity.
Enzymatic N-deglycosylation of PAG1, PAG2 and
PAG11 using PNGase-F

Previous results obtained using SDS–PAGE had indicated
apparent molecular masses of 67, 53 and 44 kDa for
PAG1, PAG2 and PAG11 respectively. The expected
molecular mass of PAG polypeptides was around
37 kDa. PAGs are glycoproteins that are predicted to
have up to six putative N-glycosylation sites (Xie et al.
www.reproduction-online.org
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Figure 5 Enzymatic N-deglycosylation using PNGase-F. Western blot
revealed the enzymatic N-deglycosylation of PAG1 (A), PAG2 (B) and
PAG11 (C). Proteins were extracted from the cotyledonary (A and B)
and intercotyledonary (C) chorion at 220 dpi. Enzymatic N-deglyco-
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glycosylated PAG2 at 53 kDa shifted to 37 kDa after deglycosylation.
A minor anti-PAG2 immunoreactive band at 33 kDa shifted to 21 kDa.
Native PAG11 at 44 kDa produced two deglycosylated proteins at 41
and 38 kDa after the PNGase-F treatment.
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1991, 1995, 1997, Klisch et al. 2005). We decided to
reinforce the capacity of the antibodies generated in
order to identify the different PAGs by examining the
protein during an enzymatic deglycosylation process.
PNGase-F was used to eliminate sugar residues at the
N-amino glycosylation sites of the amino acid structure.
To determine the number of glycosylation sites,
PNGase-F was incubated for between 2 min and 3 h
(Fig. 5). As depicted on the western blot, enzymatic
digestion indicated five protein bands for PAG1 (Fig. 5A).
The protein with the highest molecular mass was the
native protein. The band for the smallest molecular
mass (37 kDa) corresponded to the entirely deglycosy-
lated PAG1. Three bands were interposed between the
www.reproduction-online.org
native protein and the deglycosylated polypeptide,
indicating four N-glycosylation sites for PAG1. Digestion
of the immunoreactive PAG2 protein generated one
band at 37 kDa (Fig. 5B), indicating that PAG2 displayed
only one N-glycosylation site. A minor immunoreactive
protein detected at 33 kDa shifted to 21 kDa, indicating
that this protein was also N-glycosylated. Both glycosy-
lated and deglycosylated forms of this protein were
smaller than the expected size of the PAG2 polypeptide.
We suggest that this protein is a truncated PAG2 resulting
from proteolytic processing that might occur in vivo. The
progressive deglycosylation of PAG11 resolved only one
band at the polypeptide size (38 kDa), suggesting only
two N-glycosylation sites (Fig. 5C). Based on the shifts
observed in western blot, glycan residues differed in size
for the three PAGs examined: 6, 17 and 3 kDa for PAG1,
PAG2 and PAG11 respectively.
PAG profiles during gestation

The antibodies thus characterized were then used to
examine the expression of PAGs in cotyledonary and
intercotyledonary regions in 60- to 220-day-old bovine
placentas. Figures 6, 7 and 8 show typical western blot
profiles and protein quantifications for PAG1, PAG2 and
PAG11 respectively. The experiments were conducted
four times on four different cows. Quantitative analysis
of signal indicated that PAG1 was four times more
concentrated in the cotyledon than in the inter-
cotyledonary chorion (P!0.001) (Fig. 6). A significant
interaction was detected between day of gestation and
placental zones (P!0.01). This reflected the concomi-
tant trend towards an increase in the amount of PAG1 in
the cotyledon and a decrease in the amount of PAG1 in
the intercotyledonary chorion. In the cotyledon,
PAG1 was at a low concentration at day 60 and reached
a maximum as soon as day 80 (day 60 vs day 80:
P!0.01; day 60 vs day 220: P!0.001). In the
intercotyledonary chorion, a progressive threefold
decrease from days 60 to 220 was observed for PAG1
(P!0.01). Similar to PAG1, PAG2 was mainly detected
in the cotyledons (Fig. 7). The protein was four times
more concentrated in the cotyledon than in the
intercotyledonary chorion (P!0.001). The quantities of
PAG2 in the intercotyledonary chorion displayed a
twofold decrease as gestation progressed, detectable as
soon as day 80 (day 60 vs day 80: P!0.001). The
concentration of protein remained unchanged in coty-
ledons (PO0.05). Contrary to PAG1 and PAG2, PAG11
was mostly detected in the intercotyledonary chorion
(Fig. 8). The protein was four times more concentrated in
the intercotyledonary chorion than in the cotyledon
(P!0.001). In the intercotyledonary chorion, PAG11
was consistently expressed at day 60 of gestation and
remained at similar levels at days 80 and 100. The
concentration of the protein increased to reach its
maximum levels at day 220 of gestation (day 60 vs day
Reproduction (2013) 146 347–362
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220: P!0.001). In the cotyledon, no changes in protein
concentration were observed during the periods of
gestation studied.
Day of gestation
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Figure 7 Western blot analyses of PAG2 protein in bovine inter-
cotyledonary (I) and cotyledonary (C) chorion from 60 to 220 days of
gestation. The histogram represents the quantification of 53 kDa PAG2
in four independent blots representing four different cows. After PAG
detection, the membranes were stripped and probed with anti-GAPDH
antibody to confirm the equal loading of samples onto the gel. Two-way
ANOVA indicated that PAG2 was more concentrated in cotyledon than
in intercotyledonary chorion (P!0.001). Pairwise tests of mean
differences were performed if one-way ANOVA showed significance:
***P!0.001.
Cellular localization of PAG1, PAG2 and PAG11

In order to identify the cellular populations responsible
for PAG synthesis, immunohistochemistry was per-
formed on placentomes and intercotyledonary chorion
sections at 60, 80, 100 and 220 days of gestation. Only
the data relative to day 220 are shown. PAG1 was only
detected in the cytoplasm of trophoblastic binucleate
cells that were characterized by their round shape and
large unstained circular nuclei (Fig. 9B, C and E). PAG1-
positive binucleate cells were numerous in placental villi
of the whole placentome and in the interplacentomal
trophoblastic cell layer (Fig. 9A and D). Mononucleate
trophoblastic cells were not stained. Maternal tissues
were unmarked.
Reproduction (2013) 146 347–362
PAG2 was mainly detected in trophoblastic placento-
mal cells (Fig. 10A). Rare cells were weakly labelled in
the intercotyledonary regions (Fig. 10D and E). PAG2
staining was concentrated in the trophoblast cell layer
surrounding binucleate cells that appeared to be
unstained. The anti-PAG2 antibody labelled mononucle-
ate trophoblastic cells that were cuboidal or columnar
(Fig. 10C). PAG2-positive mononuclear cells were not
equally distributed within the placentome. Mononucle-
ate trophoblastic cells from secondary and tertiary villi
were stained (Fig. 10C) whereas no signal was detected
in the stem villi and chorionic plate (Fig. 10B).

The anti-PAG11 antibody labelled trophoblastic cells
from both the placentome and the intercotyledonary
chorion (Fig. 11A and D). In these two regions, PAG11
was only detected in trophoblastic binucleate cells.
Mononucleate cells were unstained (Fig. 11B and E). In
the placentome, only binucleate cells located at the
chorionic plate were labelled (Fig. 11A and B) whereas
binucleate cells in the secondary and tertiary villi were
unstained (Fig. 11A and C). As for PAG1, numerous
www.reproduction-online.org
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of gestation. The histogram represents the quantification of 44 kDa
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binucleate cells in the intercotyledonary chorion were
PAG11 positive (Fig. 11D and E). PAG11 was also
characterized by homogenous cytoplasmic staining
and was not detected in mononucleate cells. PAG1,
PAG2 and PAG11 staining disappeared after immuno-
neutralization of the antibody with purified PAG1
protein or the corresponding peptides specific to PAG2
and PAG11 respectively (Figs 9F, 10F and 11F).

In the chorionic plate of the placentome and in the
intercotyledonary chorion, both PAG1 and PAG11 were
detected in binucleate trophoblastic cells. We tried to
determine whether the antibodies targeted the same
binucleate cells or whether PAG1 and PAG11 were
synthesized by two distinct subpopulations of binucleate
cells. Figure 12 shows the localization of PAG11 and
PAG1 in the intercotyledonary chorion. PAG11 was
revealed by anti-rabbit IgG-peroxidase antibody using
NovaRed as the substrate and appears in red. PAG1 was
www.reproduction-online.org
revealed by anti-PAG IgG conjugated to alkaline
phosphatase using VectorBlue as the chromogen sub-
strate and appears in blue. PAG1-positive cells were
mainly distributed in clusters and exceptionally as single
positive cells throughout the trophoblastic layer of the
chorion (Fig. 12A). No binucleate trophoblastic cells
were recorded as being simultaneously stained with
both PAG1 and PAG11 (Fig. 12B). Double-staining
procedures using anti-PAG1 and anti-PAG2 antibodies
are shown in Fig. 13. PAG1 was revealed in binucleate
cells of the trophoblastic villi (Fig. 13A, B and C). Positive
staining for PAG2 was clearly confined to mononucleate
trophoblastic cells. No PAG2 staining was observed in
binucleate cells expressing PAG1 (Fig. 13B and C).
Discussion

As far as we know, this is the first comparative study to
have focused on the expression of ancient and modern
PAGs in both the cotyledon and the intercotyledonary
chorion of the bovine placenta. The innovative nature
and relevance of our investigation were based on the use
of advanced analytical tools for both transcript and
Reproduction (2013) 146 347–362
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Figure 10 Immunohistochemistry of PAG2 protein in bovine
placentomal (A, B, C and F) and interplacentomal (D and E) tissue
sections at 220 days of gestation with the anti-PAG2 (L390) antibody.
Panel A illustrates a global section of the placentome. Panel B illustrates
the chorionic plate of the placentome. Panel C illustrates the internal
secondary and tertiary villi. Panel F shows immunoneutralization of
the anti-PAG2 antibody with the antigenic peptide. The anti-PAG2
antibody-labelled mononucleate cells of the placentomal villi and
faintly labelled them in the intercotyledonary chorion. PV, primary villi;
SV, secondary villi; TV, tertiary villi; FC, foetal connective tissue;
MT, maternal tissue; T, trophoblast. (Arrows highlight mononucleate
positive cells.) Scale barZ100 mm.
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Figure 11 Immunohistochemistry of PAG11 protein in bovine
placentomal (A, B and C) and interplacentomal (D, E and F) tissue
sections at 220 days of gestation with the anti-PAG11 (L349) antibody.
Panel A illustrates a global section of the placentome. Panel B illustrates
the chorionic plate of the placentome. Panel C illustrates the internal
secondary and tertiary villi. Panel F shows immunoneutralization of the
anti-PAG11 antibody with the antigenic peptide. The anti-PAG11
labelled binucleate cells of the intercotyledonary chorion and
chorionic plate of the placentome. PV, primary villi; SV, secondary villi;
TV, tertiary villi; CP, chorionic plate; FC, foetal connective tissue; MT,
maternal tissue; T, trophoblast. Scale barZ100 mm.
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protein analyses. Highly specific PCR primers were
designed and stringently selected so as to ensure that
only the correct PAG transcript was amplified. Conse-
quently, we deliberately chose not to report data
concerning PAG9, PAG13, PAG14, PAG18 and PAG20
as there remained some doubt about their specific
amplification. Another important objective of this work
was to precisely determine the expression and local-
ization of PAG during gestation at the protein level.
Rabbit polyclonal antibodies were raised against
synthetic peptides conjugated to KLH. During this
study, antibody specificity was evaluated in various
ways. The addition of an excess of blocking peptides or
protein resulted in a loss of signal in both western blot
and immunohistochemistry. No cross-reactivity between
antibodies was reported. The fact that PAG are
glycosylated proteins that could result in a multiple
band pattern when running SDS–PAGE rendered
validation of the antibodies more complex. Deglyco-
sylation experiments demonstrated that antibodies
recognized single bands of the expected molecular
Reproduction (2013) 146 347–362
mass corresponding to the polypeptide chains. A key
element demonstrating antibody specificity was pro-
vided by the correlation between the levels of protein
and mRNA expression. A lack of signal in negative
control tissues known not to express the PAGs (such as
the endometrium) provided an additional line of
evidence for validation of the antibodies.

To our knowledge, no other study has specifically
addressed the expression of numerous PAGs in both the
intercotyledonary areas and cotyledon of the bovine
placenta. Using RNAse protection assays, one study
(Green et al. 2000) reported that different PAG genes
displayed different temporal patterns of expression
during gestation, but it did not provide any information
on the quantitative expression of transcripts and no data
were collected with respect to the intercotyledonary
chorion. Only two previous studies attempted to
characterize and quantify the relative expression of
PAG in the bovine placenta throughout gestation (Patel
et al. 2004b, Telugu et al. 2009). Green’s group (Telugu
et al. 2009) established the differential expression
profiles of PAG transcripts during gestation but solely
www.reproduction-online.org
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Figure 13 Localization of PAG1 and PAG2 proteins in bovine
placentomal tissue sections at 220 days of gestation. Panels B and C are
higher magnifications of the global view shown in panel A. Anti-PAG1
immunoglobulin was conjugated to alkaline phosphatase and visual-
ized using Vector Blue alkaline phosphatase substrate and appeared in
blue. Anti-PAG2 immunoglobulin was detected using a secondary
biotinylated donkey anti-rabbit antibody revealed with an anti-biotin
antibody conjugated to peroxidase. The immune complex was
visualized using ImmPACt Novared peroxidase substrate and appeared
in red. The double labelling identified PAG1 in binucleate cells and
PAG2 in mononucleate cells of the placentome. MT, maternal tissue;
T, trophoblast; MNC, mononucleate cell; BNC, binucleate cell. Scale
barZ50 mm. The arrow indicates a PAG1-positive binucleate cell.
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Figure 12 Localization of PAG1 and PAG11 proteins in bovine
interplacentomal tissue sections at 220 days of gestation. Panel B is a
higher magnification of the global view shown in panel A. Anti-PAG1
immunoglobulin was conjugated to alkaline phosphatase and visual-
ized using Vector Blue alkaline phosphatase substrate and appeared in
blue. Anti-PAG11 immunoglobulin was detected using a secondary
biotinylated donkey anti-rabbit antibody revealed with an anti-biotin
antibody conjugated to peroxidase. The immune complex was
visualized using ImmPACt Novared peroxidase substrate and appeared
in red. The anti-PAG1 and anti-PAG11 immunoglobulins identified
distinct clusters of contiguous binucleate cells in the intercotyledonary
chorion. FC, foetal connective tissue; T, trophoblast. Scale barZ50 mm.
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in the placental cotyledons, and only the ancient group
of PAGs was examined. In our work, we were able to
report that the expression of all PAGs increased as
gestation progressed. PAG transcripts from the ancient
group were more strongly expressed than those from the
modern group. In addition, the most notable contri-
bution of our work was to show that ancient PAGs were
mainly expressed in the chorion of the intercotyledonary
areas and to a lesser extent in the cotyledons. Despite the
fact that the intercotyledonary chorion is considered not
to play an essential role in placental function when
compared with the cotyledon, the fact that ancient PAGs
are expressed increasingly as gestation advances calls
this into question. In the intercotyledonary chorion, the
two most strongly expressed PAG transcripts were PAG8
and PAG10, levels of which increased 30-fold between
days 60 and 220 of gestation. One exception in the
ancient group was PAG2, which was expressed pre-
dominantly in the cotyledon. Regarding PAG2, our
findings were consistent with those of Telugu et al.
(2009). However, because their study was restricted to
the cotyledon, a strict comparison of PAG expression
profiles throughout the gestation between our results and
those from Green’s group (Telugu et al. 2009) would
have been meaningless. With respect to PAG1, our
results were in line with those of a previous report (Patel
et al. 2004b), which showed a regular increase in PAG1
with advancing gestation and a stronger expression in
cotyledonary than in intercotyledonary regions.
However, contrary to our investigation, which examined
more PAGs belonging to both the phylogenetic groups,
the study by Patel et al. (2004b) was restricted to
analysing the expression of two modern PAGs in the
intercotyledonary region.
www.reproduction-online.org
In order to present our results, we classified PAGs into
three groups as a function of the area where they were
mainly expressed, rather than dividing them according
to phylogenetic affiliation. Among the five ancient PAGs
investigated, four were principally expressed in the
intercotyledonary chorion and three of these (PAG8,
PAG10 and PAG11) exhibited increased levels of
expression in line with gestation. As these PAGs were
expressed at low and decreasing levels in the developing
cotyledon, it could be suggested that their potential role
is confined to the nonvillous chorion. The allocation of
modern PAGs was less obvious. Among the modern
PAGs supported by a substantial number of transcripts,
three of them (PAG1, PAG3 and PAG15) were mainly
expressed in the cotyledon. However, it was only at later
stages of gestation that their transcript levels increased
dramatically. The other half of the modern PAGs were
spread equally between the intercotyledonary chorion
and the cotyledon.

In line with previous studies (Xie et al. 1991, 1994,
Zoli et al. 1991, Patel et al. 2004a, Klisch et al. 2006),
anti-PAG1 antibodies showed that the main PAG1
protein has an approximate molecular mass of 67 kDa
and PAG1 has four potential sites for N-linked glycosyla-
tion (Xie et al. 1991, 1995). We demonstrated that the
progressive deglycosylation of native PAG1 resulted in
two deglycosylated intermediates and the fully deglyco-
sylated protein at the molecular size expected for the
polypeptide. Our findings indicated that PAG1 from
placental tissue actually has four N-glysosylated sites.
This was consistent with a previous report (Patel et al.
2004a) on bovine PAG from an explant culture-
conditioned medium. As for PAG11, we demonstrated
experimentally that the two N-glycosylation sites
predicted by the amino acid analysis were actually
glycosylated. The anti-PAG2 antibody revealed only one
Reproduction (2013) 146 347–362
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unambiguous N-glysosylated site. The fact that PAG2
displayed a single N-glycosylated site, although six
potential positions were predicted, could have been
related to folding of the protein (Apweiler et al. 1999).
Moreover, we suggest that PAG2 is weakly glycosylated
because the protein is synthesized by mononucleate
cells (see below) that might lack the specific glycosyla-
tion machinery evidenced in binucleate cells (Klisch &
Leiser 2003). Global changes to PAG glycosylation have
been reported during gestation (Klisch et al. 2006, 2008)
but the precise protein involved has not yet been
identified. As PAGs display different patterns of
expression during gestation, and because we showed
that their glycan residues differ in size, it could be
suggested that PAG might to some extent be involved in
global changes to glycosylation.

It is generally accepted that modern PAGs are only
expressed in binucleate cells of the cotyledonary
trophoblast, whereas the ancient group (exemplified by
PAG2) is expressed in both mononucleate and binucle-
ate trophoblastic cells of the cotyledons. Our results did
not exactly fit this model. We showed that the ancient
PAG2 was exclusively localized in mononucleate
trophoblastic cells whereas PAG11, another ancient
PAG, was exclusively localized in binucleate cells.
Using in situ hybridization, Roberts’ group was the first
to suggest that PAGs from the ancient group are
expressed in both mono- and binucleate cells, while
modern PAG expression is limited to binucleate cells
(Xie et al. 1994). However, when their experiments were
performed, the diversity of the PAG family was unknown
and, as pointed out later (Green et al. 2000), it is likely
that the long probes commonly used for in situ
hybridization lacked specificity and should have cross-
reacted with both modern and ancient PAGs (Xie et al.
1994). Using immunohistochemistry, a more recent
study supported the localization of ancient PAGs in
both mononucleate and binucleate trophoblastic cells
(Wooding et al. 2005). However, as suggested by the
authors themselves, the precise specificity of the
antibodies they used was not rigorously defined
(Wooding et al. 2005). Their antibodies were raised
using a protein fraction from affinity chromatography
eluting at a neutral pH, which supposedly generated
ancient PAGs (Green et al. 2005). However, to our
knowledge, this has never been clearly demonstrated.
Indeed, using mass spectrometry, it had been demon-
strated (Green et al. 2005) that the antibodies raised
against proteins eluting at a neutral pH only recognized
PAGs from the modern group. We claim that the data
inferred from our immunohistochemistry study were
reliable because our antibodies were raised against
specific peptides designed to differentiate PAGs. Both the
two ancient PAGs we examined – PAG11 and PAG2 –
were exclusively expressed in a single cell type. Our
results therefore suggest that each PAG displays a unique
cellular localization in either mononucleate or
Reproduction (2013) 146 347–362
binucleate cells. The question remains as to whether
this pattern applies to all PAGs. Further studies are
needed to examine this issue by including more PAGs
from each phylogenetic group.

PAG1 was localized in binucleate cells of both the
intercotyledonary and the cotyledonary chorion. Mono-
nucleate cells expressing PAG2 were mainly detected in
the cotyledon and only faintly in the intercotyledonary
chorion. PAG11 was detected in binucleate cells of both
the intercotyledonary and the cotyledonary chorion.
However, unlike PAG1, which was detected in binucle-
ate cells of the whole cotyledon, PAG11 was restricted
to binucleate cells situated in the chorionic plate of
the cotyledon. No binucleate cells expressing PAG11
were detected in the primary and secondary villi of
the cotyledon. These results argue in favour of two
populations of binucleate cells. Previous studies
reported that the anatomical localization of binucleate
cells in the ruminant placenta was associated with
substantial differences in glycoprotein content (Lee et al.
1986, Wooding et al. 1996), but no evidence was
provided regarding PAG synthesis. We addressed this
issue by studying PAG1 and PAG11 co-localization. Our
results demonstrated that two distinct cell populations
synthesize PAG1 and PAG11, whereas no binucleate
cells co-expressing the two proteins were detected.
Moreover, in the intercotyledonary chorion, binucleate
cells were observed as clusters of contiguous positive
cells. Clumps of PAG1-positive binucleate cells were
interspersed with those of PAG11-positive cells. These
observations call into question the propagation of similar
phenotypes in adjacent binucleate cells. Local factors
might be suggested to explain differences in the gene
expression pattern. Similar gene expression patterns
would be observed for binucleate cells in the immediate
vicinity while cells at a distant location would display
another expression pattern. The way binucleate cells are
generated should also be considered. It is generally
accepted that binucleate cells originate from mono-
nucleate cells by means of single acytokinetic mitosis
(Wimsatt 1951, Wooding 1992, Wooding et al. 1994).
Our results showing alternating aggregates of cells with
similar phenotypes suggest that all the cells sharing a
similar pattern of expression originated from a single
cell. This is consistent with a previous suggestion
(Wooding & Flint 1994) that any mononucleate tropho-
blastic cell can produce two cells, one of them leading to
a binucleate cell through acytokinetic mitosis while the
other remains as a mononucleate cell. Successive cell
divisions of the latter will result in the generation of
numerous binucleate cells sharing the same phenotype,
as observed in our study.

Our findings highlight the important production of
ancient PAG in the intercotyledonary trophoblast. This
raises questions as to the role of proteins produced in
such large quantities. Moreover, the evidence of PAG11
localization in binucleate cells suggests that it is possible
www.reproduction-online.org
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for an ancient PAG to reach the maternal blood
circulation where none was previously evidenced. This
suggestion is coherent in view of the ability of
intercotyledonary binucleate cells to fuse with maternal
cells as has been described in mouse deer presenting
diffuse placentation (Wooding et al. 2007). This
possibility implies putative functions for ancient PAGs,
either within binucleate cells, during migration of the
cells or in intercotyledonary areas of maternal tissues.

In summary, we have demonstrated that the levels of
most of PAGs rise during gestation. Their expression
patterns segregated into three distinct sets. PAGs from the
ancient phylogenetic group were mainly expressed in
the intercotyledonary chorion whereas modern PAGs
were principally expressed in the cotyledon. One
exception was PAG2, which is an ancient PAG, which
was almost exclusively synthesized in the cotyledon.
Moreover, we determined that PAGs were allocated to
distinct trophoblastic cell populations. PAG2 was
localized in mononucleate cells of the cotyledonary
villi, PAG11 in binucleate cells of both the intercotyle-
donary region and the chorionic plate of the cotyledon
and PAG1 in binucleate cells of both the intercotyle-
donary and the cotyledonary chorion.
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