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REPRODUCTION-DEVELOPMENT

SMAD1/5 Signaling in the Early Equine Placenta
Regulates Trophoblast Differentiation and Chorionic
Gonadotropin Secretion

Victoria Cabrera-Sharp, Jordan E. Read, Stephanie Richardson, Alycia A. Kowalski,
Douglas F. Antczak, Judith E. Cartwright, Abir Mukherjee, and Amanda M. de Mestre

Comparative Biomedical Sciences (V.C-S., J.E.R,, S.R., A AK., AM., A.M.d.M.), The Royal Veterinary
College, London NW1 0TU, United Kingdom; Baker Institute for Animal Health (D.F.A.), College of
Veterinary Medicine, Cornell University, Ithaca, New York 14853; and Biomedical Sciences (J.E.C.),
St George's University of London SW17 ORE, London, United Kingdom

TGFBsuperfamily proteins, acting via SMAD (Sma-and Mad-related protein)2/3 pathways, regulate
placental function; however, the role of SMAD 1/5/8 pathway in the placenta is unknown. This study
investigated the functional role of bone morphogenetic protein (BMP)4 signaling through
SMAD1/5 in terminal differentiation of primary chorionic gonadotropin (CG)-secreting tropho-
blast. Primary equine trophoblast cells or placental tissues were isolated from day 27-34 equine
conceptuses. Detected by microarray, RT-PCR, and quantitative RT-PCR, equine chorionic girdle
trophoblast showed increased gene expression of receptors that bind BMP4. BMP4 mRNA expres-
sion was 20- to 60-fold higher in placental tissues adjacent to the chorionic girdle compared with
chorionic girdle itself, suggesting BMP4 acts primarily in a paracrine manner on the chorionic
girdle. Stimulation of chorionic girdle-trophoblast cells with BMP4 resulted in a dose-dependent
and developmental stage-dependent increase in total number and proportion of terminally dif-
ferentiated binucleate cells. Furthermore, BMP4 treatment induced non-CG-secreting day 31 cho-
rionic girdle trophoblast cells to secrete CG, confirming a specific functional response to BMP4
stimulation. Inhibition of SMAD2/3 signaling combined with BMP4 treatment further enhanced
differentiation of trophoblast cells. Phospho-SMAD1/5, but not phospho-SMAD2, expression as
determined by Western blotting was tightly regulated during chorionic girdle trophoblast differ-
entiation in vivo, with peak expression of phospho-SMAD1/5 in vivo noted at day 31 corresponding
to maximal differentiation response of trophoblast in vitro. Collectively, these experiments dem-
onstrate the involvement of BMP4-dependent pathways in the regulation of equine trophoblast
differentiation in vivo and primary trophoblast differentiation in vitro via activation of SMAD1/5
pathway, a previously unreported mechanism of TGFg signaling in the mammalian placenta.
(Endocrinology 155: 3054-3064, 2014)

lacental trophoblast cells perform nutritional, endo-
Pcrine, and immunomodulatory functions essential to
the survival of the developing fetus. Mammalian tropho-
blast differentiation is tightly regulated through the ex-
pression of transcription factors (intrinsic regulators),
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growth factors (extrinsic regulators), and components of
their associated signaling pathways (1). Chorionic gonad-
otropin (CG) is secreted by both horse and human pla-
centa and is critical to maintenance of early pregnancy.
Production of CG is dependent on the differentiation of
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Abbreviations: ACVR, activin receptor; BAMBI, BMP and activin membrane-bound inhib-
itor; BMP, bone morphogenetic protein; BMPR, BMP receptor; CG, chorionic gonadotro-
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pho-SMAD; SMAD, Sma- and Mad-related protein.
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specialized CG-secreting cells, binucleate (horse) and syn-
cytiotrophoblast (human) (2, 3). These 2 cell types share
the expression of the transcription factor glial cells missing
1 (GCM1), which is rapidly induced in vivo during dif-
ferentiation of both equine and human trophoblast (3, 4).
The extrinsic factors that regulate terminal differentiation
of primary equine binucleate trophoblast cells and CG
secretion remain elusive.

The chorionic girdle is a unique transient structure of
the equine placenta that gives rise to the endometrial cups.
Development of the equine chorionic girdle begins around
day 25 of gestation, at which time the uninucleate tropho-
blast cells undergo a period of rapid proliferation (2). Pre-
vious studies of cell morphology (5) and the kinetics of
equine (e) CG expression (3, 6), indicate that induction of
terminal differentiation of the binucleate trophoblast cells
begins around day 31 of pregnancy. The number of binu-
cleate cells then rapidly increases until around day 36-38
(7-10). Several growth factors including epidermal
growth factor, vascular endothelial growth factor, hepa-
tocyte growth factor-scatter factor, and TGFB1 are ex-
pressed by the equine endometrium and avascular meso-
derm that abut the chorionic girdle (11-16; reviewed by
Reference 17), but the functional role of these growth fac-
torsin differentiation of chorionic girdle trophoblastis not
known.

TGF-B proteins are expressed at the fetal-maternal in-
terface during human pregnancy and are implicated in the
promotion of pre- and postimplantation embryonic de-
velopment (18). Bone morphogenetic protein (BMP)4 is a
member of the TGF-B ligand superfamily, which is a large
family of dimeric proteins with multifunctional roles in-
cluding cellular proliferation, differentiation, migration,
and apoptosis (19). BMP4 functions through binding to
and phosphorylating a type I and II serine/threonine ki-
nase receptor, resulting in the activation of downstream
intracellular signals via phosphorylation of the receptor-
regulated SMAD (Sma- and Mad-related protein)1/5/8
transcription factors, which complex with SMAD4 to ini-
tiate transcription (19, 20). BMP4 signaling can be mod-
ified through a number of regulatory inputs, namely avail-
ability of the ligand (BMP4), restricted expression of
specific type I (BMP receptor, type IA [BMPR1A] and
BMP receptor, type IB [BMPR1B]), and type II (BMP re-
ceptor type I, BMPR2) receptors, and the presence of the
inhibitory pseudoreceptor, BMP and activin membrane-
bound inhibitor (BAMBI) (21). TGF signaling through
SMAD2/3 proteins has been described in a number of
studies in normal and preeclamptic placentas (22-29). In
contrast, little is known about the function of ligands that
signal through SMAD1/5/8 proteins, such as BMP4. Tro-
phoblast lineages have been generated from human em-
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bryonic stem cells (ESCs) derived from human blastocysts
“primed” by BMP4 supplementation alone or in combi-
nation with other factors (30-39). However, the role of
BMP4-dependent SMAD1/5 signaling in differentiation
of primary trophoblast cells in vitro and in vivo is not
known.

Thereisrestricted availability of human placental tissue
during early pregnancy and controversy about the avail-
ability of in vitro systems that can adequately serve as a
model for early events in the human placenta (reviewed by
Reference 40), a period in development when embryonic
losses are high (41). Studies in the horse may also prove
informative to our understanding of the fundamental
mechanisms of human trophoblast differentiation (42).
CG is a hormone critical to the maintenance of pregnancy
thatis secreted uniquely by the horse and human placenta.
Equine binucleate trophoblast cells and human syncy-
tiotrophoblast cells share expression of growth factors,
transcription factors, and components of their associated
signaling pathways (3, 4, 42). Further, we have previously
shown that it is possible to exploit the late implantation of
the equine placenta to isolate pure populations of tropho-
blast cells at multiple stages of binucleate trophoblast de-
velopment from the same stallion/mare combination (3).
These features of equine pregnancy provide us with a
unique resource to dissect molecular events that regulate
differentiation of CG-secreting trophoblast cells in vivo,
and so integrate molecular data with physiological
function.

In this study we investigated the role of BMP-signaling
pathways in equine chorionic girdle trophoblast differen-
tiation in vitro and in vivo. Specifically, we elucidate a role
for BMP4 in the regulation of terminal differentiation of
and subsequent CG secretion from trophoblast cells of the
chorionic girdle via activation of the SMAD1/5/8 path-
way. Furthermore, we show that when the SMAD 2/3
pathway is inhibited, BMP4-induced terminal differenti-
ation of CG-secreting trophoblast cells is further
increased.

Materials and Methods

Animals

Mares aged 3-7 years were maintained at the Royal Veteri-
nary College, and animal care was performed in accordance with
the Animals (Scientific Procedures) Act 1986 guidelines set by the
Home Office and Ethics Committee of the Royal Veterinary Col-
lege. The reproductive cycle was manipulated, and pregnancies
were established as previously described using semen from 3
stallions (3).
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Tissue collection

Conceptuses were recovered by nonsurgical uterine lavage
with established methods (3) between days 27 and 34 of preg-
nancy. Three or four conceptuses per development stage were
collected for each individual experiment. The sex of the concep-
tuses was not determined. Conceptuses were microdissected into
chorionic girdle, allantochorion, chorion, yolk sac, bilaminar
omphalopleure, and fetus. Human first-trimester placental tissue
was obtained as previously described (43) (Wandsworth Local
Research Ethics Committee approval reference 01.96.8).

Culture and stimulation of trophoblast cells

To gain a pure population of trophoblast cells, strips of chori-
onic girdle were placed into DMEM, and the chorionic girdle tro-
phoblast cells were gently removed from basement membrane and
underlying avascular mesodermal cell layer and cultured as per pub-
lished methods (8). Cells were supplemented with 1-100 ng/mL
human recombinant BMP4 (R&D Systems) or an equivalent vol-
ume of PBS/BSA. The A83-01 inhibitor, selective for activin recep-
tor type-1B (ACVR1B), TGEp receptor 1 (TGFBR1) and activin A
receptor type IC (ACVR1C) (Tocris), was used at a final concen-
tration of 1 uM. Media were harvested after 72 hours, and super-
natant was aliquoted and stored at —20°C.

Quantification of binucleate cell differentiation
and eCG secretion

Binucleate differentiation was quantified by measurement of
the number of nuclei per cell using CellTrace BODIPR TR methyl
ester and nuclear stain Hoechst and subsequent fluorescent mi-
croscopy after 72 hours in culture. Using a fluorescent micro-
scope, 5 images per well were captured and analyzed using Image
J to ascertain the total number of binucleate cells within each
image. The concentration of eCG in medium recovered from
cultured chorionic girdle cells after 3 days in culture was deter-
mined using a pregnant mare serum gonadotropin enzyme linked
immunoassay (DRG International), as previously described (44).

RNA isolation and cDNA synthesis

Total RNA was isolated from snap-frozen equine conceptus
tissue, and human placental tissue was stored in RNAlater (In-
vitrogen), following homogenization by QIAshredder (Qiagen,),
using an RNeasy kit (Qiagen) as directed by the manufacturer.
RNA (500 ng) was DNase I treated (Invitrogen), and first-strand
c¢DNA synthesis was performed using Moloney murine leukemia
virus reverse transcriptase (US Biochemical Corp) as per the
manufacturer’s guidelines.

RT-PCR, quantitative RT-PCR, and microarray

PCR was performed using standard methods. Amplification
of 15 ng of cDNA was performed in a 20 wL reaction using 10X
PCR buffer, 0.2 mM each deoxynucleotide triphosphate, 1.5
mM MgCl (Invitrogen), 0.25 uM each primer, and 1.25 uL
recombinant Taq DNA polymerase (Invitrogen). Cycling param-
eters for PCR were as follows for all amplified cDNAs: an initial
denaturation step of 2 minutes at 94°C, followed by 35 cycles of
30 seconds at 94°C, 30 seconds at 59°C, and 1 minute at 72°C,
and a final extension step of 10 minutes at 72°C. Ten microliters
of each PCR were run on a 1% (wt/vol) agarose gel to visualize
PCR products. The PCR products were purified, cloned, and
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sequenced to confirm the specificity of the PCR product. Primer
sequences are shown in Supplemental Table 2.

Real-time RT-PCRs for amplification of equine BMP4,
BMPR2, BMPRIA, BAMBI, RGM domain family member B
(DRAGON), or the housekeeper gene equine Succinate Dehy-
drogenase Complex, Subunit A, Flavoprotein (SDHA) mRNA
were performed using SYBR Green chemistry (KAPA SYBR
FAST Universal gPCR kit; KAPA Biosystems). PCR was carried
out using a C-1000 thermal cycler and CFX-96 Real time system
(Bio-Rad Laboratories) in a total volume of 20 uL. PCRs were
carried out for 38 cycles of 30 seconds at 95°C, 30 seconds at
60°C, and 20 seconds at 72°C. A melting curve was set to run
from 60°C to 95°C. A dissociation curve was performed after each
experiment to confirm that a single product was amplified. For
BMP4 and SDHA, a standard curve was generated using known
copy numbers of purified PCR products for each gene. Each sample
was normalized relative to BMP4 copy number in the chorionic
girdle (spatial assay). For BMPRIA, BMPR2, BAMBI, and
DRAGON, relative gene expression in days 27-34 chorionic girdle
was calculated using the Pfaffl method (45), taking into account the
efficiency of the reaction for each individual gene. Primer sequences
are shown in Supplemental Table 3. Microarray data used in this
study have been previously reported (46).

Western blot analysis

Tissues were ground and lysed on ice in lysis buffer containing
20 mM Tris-HCI (pH 8), 300 mM KCI, 1% NP-40 (volivol), 2.5
mM EDTA, 1 mM VO,, 10% glycerol, with a protease inhibitor
cocktail (Minicomplete protease inhibitor; Roche). Protein concen-
trations were determined using Bradford assay (Bio-Rad Labora-
tories). Protein from mouse spleen (positive control), chorionic gir-
dle, chorion, allantochorion, and yolk sack was diluted with lysis
buffer. A total of 40 ug protein per well was loaded and separated
by SDS-PAGE on a 10% (wt/vol) polyacrylamide gel before being
transferred to a nitrocellulose membrane using a Mini-PROTEAN
Tetra cell wet transfer unit (Bio-Rad Laboratories). The membranes
were incubated overnight at 4°C in a 1:500 dilution of rabbit an-
tihuman Total SMADS, phospho-SMAD (pSMAD)1/5, total
SMAD2 (Cell Signaling Technology), or pSMAD2 (Millipore
Corp) polyclonal antibodies each in Tris-buffered saline-Tween 20
containing 5 % (wt/vol) nonfat milk. Sequence alignment confirmed
that the human peptide sequences against which the SMAD1/5 and
SMAD?2 antibodies were directed shared 99%, 100%, and 100%
amino acid identities with the corresponding regions of equine
SMAD1, SMADS, and SMAD2, respectively. Membranes were incu-
bated with a 1:10 000 dilution of goat antirabbit IgG secondary anti-
body conjugated to horseradish peroxidase (Sigma) in Tris-buffered
saline-Tween 20 containing 5% (wt/vol) nonfat milk. SMAD proteins
were visualized by incubating with ECL plus detection reagents
(PerkinElmer) and exposed onto Hyperfilm ECL. To confirm integrity
of protein transfer, and as a loading control, membranes were stripped
and reprobed for B-actin using a monoclonal mouse B-actin antibody
(Sigma) ata dilution of 1:5000. Densitometry analysis of Western blots
was carried out using Image] 1.47b software.

Statistics

All statistical tests were performed by using GraphPad Prism
4 statistical software, version 6 (GraphPad). Each experiment
was repeated 3—4 times with tissue from a different conceptus on
each occasion. Having confirmed the distribution of each data set,
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the mean (of means) and SEM were calculated for each experimen-
tal condition across the 3—4 biological replicates. Quantification of
BMP4 expression temporally and SMAD protein expression was
compared between the number of days gestation by using one-way
ANOVA with repeated-measures and the post hoc Tukey’s multi-
ple-comparison test. Quantification of BMP4 expression spatially
was compared between tissues and was analyzed by one sample ¢
test. BMPRIA, BMPR2, BAMBIL, DRAGON, and BMP4 expres-
sion in day 27-34 chorionic girdle was compared using Kruskal-
Wallis one-way ANOVA. The total number of binucleate tropho-
blast cells was compared both between the number of days gestation
using one-way ANOVA with repeated measures and the post hoc
Tukey multiple-comparison test, or by both time and treatment,
using repeated measures by 2 factors followed by Tukey or Sidak
multiple-comparison test where appropriate. P < .05 was accepted
as statistically significant in all tests.

Results

Receptors for TGFB superfamily ligands are tightly
regulated in the chorionic girdle

Using data generated with a 44 000 equine gene probe
expression array (46), relative expression of 7 type I, 3 type
I, and 5 accessory TGFB superfamily receptors in gestational
day 34 chorionic girdle tissue was compared to adjacent day
34 chorion tissue (Supplemental Table 1). We searched for
receptors that had increased expression in the chorionic gir-
dle (terminally differentiated trophoblasts that secrete CG)
compared with chorion (undifferentiated trophoblasts that
do not secrete CG). We report that the chorionic girdle pref-
erentially expresses those receptors that are known to bind
BMP2, BMP4, and BMP7 (Supplemental Table 1). We found
no evidence of up-regulated expression of either TGFB1-spe-
cific type 1 receptor (TGFBR1) or its type II receptor
(TGFBR2); neither did we find evidence for the expression of
its SMAD1/5/8-specific pathway type I receptor activin re-
ceptor type-Il-like T (ACVRL1). TGFB receptor III
(TGFBR3) and endoglin, both associated accessory recep-
tors to TGFB1, were down-regulated in the chorionic girdle
(Supplemental Table 1).

Using RT-PCR, we confirmed expression of the type I
receptor BMPR1A and type II receptor BMPR2 in chori-
onic girdle tissue at days 27, 30, 31, and 34 prior to and
during the period of binucleate cell differentiation in vivo
(Figure 1A). BMPR1B was not detected in any of the cho-
rionic girdle tissues tested. These results suggest that in
these chorionic girdle trophoblast cells, BMP may signal
through the BMPR1A and BMPR2 dimer. The BMP4-
specific accessory receptors, Dragon and BAMBI, are also
expressed at days 27, 30, 31, and 34. As expected, GCM1
mRNA expression, a marker of chorionic girdle tropho-
blast cells (3), was confined to the chorionic girdle tissue
and was not observed in positive control tissues. Quanti-
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Figure 1. Temporal mRNA expression of type I, type Il, and accessory
receptors specific for the ligand BMP4 in chorionic girdle tissue from
day 27, 30, 31, and 34 conceptuses. A, Qualitative RT-PCR analysis of
temporal receptor expression in the chorionic girdle. Amplicons were
generated using primers specific for equine BMPRTA, BMPR18B,
BMPR2, BAMBI, DRAGON, GCM1, and BACTIN (as control) mRNA, and
all bands observed in all tissues with each primer set are of the correct
predicted size: 306, 343, 364, 264, 269, 450, and 346 bp,
respectively. The figure shows typical RT-PCR product gels (n = 3) in
which the tissue-specific MRNA expression profile was representative
of 3 independent chorionic girdles. NTC, no template control. Equine
testis and nonpregnant uterus were used as control tissues (lanes
marked +VE). B, Real time quantitative RT-PCR expression of BMPR1A,
BMPR2, DRAGON, and BAMBI mRNA in days 27-34 chorionic girdle.
Data points represent the values for individual conceptuses (n = 4,
except for day 27 [n = 3] because one sample failed to meet control
gene validation parameters and was excluded from the dataset).

tative real time RT-PCR analysis was additionally used to
compare temporal expression of these receptors in the
chorionic girdle. There was no significant difference in
expression levels of BMPR2, BAMBI, and Dragon in the
chorionic girdle (Figure 1B) between days 27 and 34 of
pregnancy. BMPRIA expression was modestly increased
in day 34 chorionic girdle (1.7-fold) when compared with
day 31 chorionic girdle (P < .05).

BMP4 stimulates terminal differentiation of
chorionic girdle trophoblast cells in vitro

Next, the number of binucleate trophoblast cells within
the pure population of chorionic girdle trophoblast cells
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derived from day 30/31 conceptus’ (depicted in Figure 2,  trophoblast cells were treated with 100 ng/mL recombi-
A and B) were quantified following culture in the absence  nant human BMP4 (Figure 2C). To confirm that recom-
or presence of 1, 10, or 100 ng/mL BMP4 for 72 hours  binant human BMP4 treatment was biologically active on
(Figure 2C). We observed a significant increase (P = .01)  the equine chorionic girdle trophoblast cells, we con-
in total binuceate cell number when the chorionic girdle ~ ducted RT-PCR for DNA-binding protein inhibitor ID-1
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Figure 2. Effects of BMP4 stimulation on terminal differentiation of chorionic girdle trophoblast. Pure populations of chorionic girdle cells from 4
different stages of chorionic girdle development were cultured in the presence or absence of 1-100 ng/mL BMP4, over 72 hours. The total number
of binucleated cells was quantified in 5 randomly selected fields for each treatment group; the depicted pooled data represent the mean (of
means) + SEM for 3 individual conceptuses at each development stage. Representative images of vehicle treated (A) and 100 ng/mL BMP4 treated
(B) chorionic girdle trophoblast cells in culture stained with CellTrace and Hoeschst. C, Quantification of binucleate trophoblast cells following
culture in absence or presence of 1, 10, or 100 ng/mL BMP4 for 72 hours. D, DNA-binding protein inhibitor ID-1 (/D7) mRNA expression in day 30
and day 31 trophoblast cells in the absence (V) or presence (BMP4) of 100 ng/mL BMP4. E, Quantification of binucleate cells following culture in
the presence (black bars) or absence (white bars) of 100 ng/mL BMP4 for 72 hours, derived from 3 different stages of chorionic girdle
development on day 34 of pregnancy (positive control). F, Equine CG secretion from chorionic girdle trophoblast cells treated in the absence or
presence of 100 ng/mL BMP4 and measured by equine CG ELISA. Data represents mean + SEM and were analyzed by repeated-measures ANOVA
followed by Tukey multiple-comparison test (**, P < .01) relative to corresponding vehicle cells, or by repeated measures by 2 factors followed by
Tukey or Sidak multiple comparison test (*, P < .05; **, P = .01; ***, P =< .001 relative to corresponding vehicle cells. ", P = .01 (D31 v D32/33);
“, P=.001 (D30 v D31) relative to corresponding 100 ng/mL BMP4-treated cells.
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(ID1), a major transcriptional target of BMP signaling. In
comparison with vehicle-treated cells, BMP4 stimulation
resulted in increased expression of ID1 mRNA in chori-
onic girdle trophoblast cells in vitro (Figure 2D). Subse-
quently we quantified the total number of binucleate cells
following culture in the presence or absence of 100 ng/mL
BMP4 for 72 hours, at 3 different stages of chorionic girdle
development: day 30, 31, and 32/33 of gestation. Termi-
nally differentiated cells derived from a day 34 conceptus
acted as a positive control (Figure 2, E and F). The re-
sponse to BMP4 treatment was dependent on the devel-
opment stage. BMP4 treatment significantly increased to-
tal binucleate cell number at day 30 (P = .05),day 31 (P =
.001), and day 32/33 (P = .01) when compared to corre-
sponding vehicle-treated cells (Figure 2E). Furthermore,
the rate of differentiation in day 31 chorionic girdle tro-
phoblast cells was significantly higher than in BMP4-
treated cells from day 30 (P = .001) and day 32/33 (P =
.01) chorionic girdle (Figure 2E). Compared with vehicle-
treated cells, 100 ng/mL BMP4 induced eCG secretion
from immature non-CG-secreting chorionic girdle cells at
day 31, but not day 30 (Figure 2F), confirming a specific
functional response to BMP4 stimulation. Moreover,
daily treatment of 100 ng/mL BMP4 for 3 days can sig-
nificantly further stimulate differentiation of day 30 cells
compared with vehicle-treated cells (P =< .05), comparable
to the differentiation rate seen in day 31 cells (Figure 3).
However, daily treatment of BMP4 does not serve to fur-
ther increase the total binucleate cell numbers in day 31
chorionic girdle trophoblast cells compared with a single
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Figure 3. Effect of daily treatment of BMP and SMAD2/3 pathway
inhibitor A83-01 on terminal differentiation of chorionic girdle
trophoblast cells from day 30 and day 31 conceptuses. Pure
populations of chorionic girdle cells were treated daily for 3 days in the
presence or absence of 100 ng/mL BMP4, 1 uM A83-01 inhibitor, or
both. The total number of binucleated cells was quantified in 5
randomly selected fields for each treatment group; the depicted
pooled data represent the mean (of means) + SEM for 3 individual
conceptuses at either gestational day 30 or day 31. Data were
analyzed by repeated measures by 2 factors followed by Tukey
multiple-comparison test (*, P < .05; **, P < .01; **** P =< .0001
relative to corresponding vehicle cells. *, P = .05; ™, P = .001; ™™, P =
.0001 relative to corresponding 100 ng/mL BMP4-treated cells. ###,

P = .001 relative to corresponding 100 ng/mL BMP4 plus 1 uM
inhibitor-treated cells.

endo.endojournals.org 3059

dose of 100 ng/mL BMP4 and visualized 72 hours later
(Figures 2E and 3).

Inhibition of SMAD2/3 pathway induces further
increases in terminal differentiation of chorionic
girdle trophoblast cells in vitro

We report that inhibition of the alternative SMAD2/3
signaling pathway with 1 uM A83-01 (47) in combina-
tion with daily treatment of 100 ng/mL BMP4 for 3 days
results in a further increased rate of differentiation of cho-
rionic girdle trophoblast in vitro (Figure 3). In both day 30
and day 31 chorionic girdle trophoblast cells a minimum
of a 5-fold increase in cell differentiation was observed in
cells treated with both BMP4 and A83-01 when com-
pared with the corresponding vehicle-treated cells (P =
.001, P =.001, for both day 30 and day 31). Furthermore,
a 2 fold-increase in the number of binucleate cells treated
with the combination treatment (BMP4 and A83-01) was
observed when compared to the corresponding BMP4
alone-treated cells (P = .001, P = .001, for both day 30
and day 31). There was no significant difference between
the response observed in day 30 and day 31 either with
BMP4 alone or when stimulated with BMP4 and A83-01.

The number of terminally differentiated cells in both
day 30 and day 31 chorionic girdle trophoblast cells was
significantly increased when the cells were treated with
A83-01 alone compared with vehicle (P = .001) and rel-
ative to the corresponding BMP4-treated cells (day 30,
P = .001; and day 31, P = .05) (Figure 3). In addition,
there was no significant difference in the number of ter-
minally differentiated cells in A83-01 alone-stimulated
day 30 cells compared with the combination BMP4/
A83-01 treatment, whereas BMP4 had a significant ad-
ditive effect in the BMP4/A83-01 combination-treated
cells over A83-01 alone-treated day 31 cells (P = .001).

SMAD1/5 signaling is activated during chorionic
girdle development in vivo

Antibodies directed against human phospho-
SMAD1/5, human total SMAD1/5, human phospho-
SMAD2/3, and human total SMAD2/3 were able to detect
a single equine protein of approximately 60 kDa in cho-
rionic girdle of different developmental stages. We subse-
quently report that there is a significant increase in phos-
pho-SMAD1/5 at day 30, from day 27, indicating that
SMAD1/5 signaling is activated during chorionic girdle
development in vivo and peaks at day 31, corresponding
with the initiation of binucleate cell differentiation (Figure
4, A and B). Furthermore, we observed very little total and
phospho-SMAD1/S in the chorion, indicating that regu-
lation of the SMAD1/5 pathway is specific to the chorionic
girdle (Figure 4A). There was no observed regulation of
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confirming that the antibodies directed against the human SMAD1/5
and pSMAD 1/5, SMAD2, and pSMAD?2 recognized a single equine
protein of approximately 60 kDa. Each panel shows typical Western
blots in which the tissue-specific protein expression profile was
representative of 3 conceptuses.

the pSMAD 2/3 proteins in either chorionic girdle or cho-
rion tissue (Figure 4, A and C).

BMP4 expression indicates the ligand may act on
the chorionic girdle primarily through paracrine
signaling in vivo

Having observed expression of the BMPR1A and
BMPR2 receptors in the chorionic girdle, a functional re-
sponse to BMP4 in vitro, and activation of SMAD1/5 sig-
naling in vivo, we then looked to determine which of the
placental membranes expressed the ligand BMP4. In day
30/31 conceptuses, BMP4 expression in the chorion and
yolk sac was 20- to 60-fold higher (P = .05) than expres-
sion levels in the chorionic girdle, with a trend toward
higher expression in the allantochorion (P = .065) (Figure
5A). We observed expression of BMP4 mRNA at days 27
and 30 in the chorionic girdle with no expression detect-
able by RT-PCR atdays 31 and 34 (Figure 5B). Subsequent
quantitative RT-PCR analysis showed that BMP4 mRNA
expression was significantly decreased at day 34 (10.9-

Figure 5. Temporal and spatial expression of BMP4 mRNA in equine
conceptus tissue. A, Quantitative spatial expression of BMP4 mRNA in
chorionic girdle (CG) and adjacent day 30/31 conceptus tissues:
chorion (CHR), allantochorion (ALC), and yolk sac (YS). The data
represent the median for 3 individual conceptuses. Copy numbers
were normalized to 225 000 copies of the housekeeping gene SDHA,
and data were expressed as fold change over BMP4 copy number in
the chorionic girdle. Data were analyzed by one-way ANOVA with
repeated-measures and the post hoc Tukey multiple-comparison test
or by one sample t test (*, P = .05 (0.0136) relative to chorionic
girdle), allantochorion relative to chorionic girdle = P = .065. B,
Qualitative temporal expression of BMP4 mRNA in chorionic girdle
tissue from day 27, 30, 31, and 34 conceptuses. The data represent 3
individual conceptuses. Equine testis and nonpregnant uterus were
used as control tissues (lanes marked C). C, Quantitative temporal
relative expression of BMP4 mRNA in chorionic girdle between days 27
and 34. Data represent median values for 4 independent conceptuses
for each developmental stage (*, P < .05).

fold) when compared with day 30 chorionic girdle (P <
.05) (Figure 5C).

Discussion

Implantation of the equine placenta occurs relatively late
in pregnancy and following differentiation of chorionic
girdle trophoblast cells that give rise to the CG-secreting
binucleate cells of the endometrial cups. Here we exploited
these features of early equine pregnancy to study BMP4
signaling prior to, during, and after terminal differentia-
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tion of CG-secreting chorionic girdle trophoblast cells us-
ing both in vivo generated trophoblast tissues and ex vivo
pure trophoblast cell populations that had experienced
minimal manipulation. We found that chorionic girdle
cells expressed the receptors for BMP4 in vivo and func-
tionally differentiated in response to BMP4 in vitro. We
also demonstrated that SMAD1/5 activity in chorionic gir-
dle in vivo directly correlates with terminal differentiation
of chorionic girdle trophoblast with peak SMAD1/5 ac-
tivity evident at the initiation of chorionic girdle differen-
tiation. A number of reports have demonstrated that
BMP4 can drive ESCs down a trophoblast lineage (35-39)
across a number of species but the question remains as to
whether a requirement for BMP4 is specific to differenti-
ation of ESCs or whether it is a physiologically relevant
factor regulating differentiation of committed primary
trophoblast in vivo. Here we provide the first evidence of
a role for BMP signaling in vitro in primary trophoblast
cells and activity of the BMP pathway in vivo at specific
periods in early placental development that directly cor-
relate with trophoblast differentiation.

A number of positive and negative regulators of TGFf
signaling through SMAD2/3 have been shown to play a
role in regulating trophoblast function (22, 25) and/or are
dysregulated in preeclamptic placentas (27, 29). We ini-
tially mined a microarray dataset for expression of recep-
tors in the chorionic girdle that can bind the ligand
TGFB1, a TGFB ligand that is rapidly increased in the
endometrium around the time of chorionic girdle devel-
opment and implantation (2, 13). A comparison of TGF3
receptor expression between chorionic girdle and the ad-
jacent chorion highlighted that the chorionic girdle pref-
erentially expressed the receptors BMPR1A and BMPR2,
with little evidence of regulation of receptors that bind
TGFB1. BMPR1A and BMPR2 are genes that encode pro-
teins that form a heterodimeric complex that can bind the
ligands BMP2, BMP4, and BMP7 and signal through
SMAD1/5/8. These 2 receptors are also expressed in the
elongating bovine conceptus (day 17, preimplantation)
and the undifferentiated bovine trophoblast cell line, CT1
(48). We have also demonstrated expression of BMPR1A
and BMPR?2 in first-trimester human chorionic villous tis-
sues (Supplemental Figure 1). The expression of BMPR1A
and BMPR?2 in the early equine, human, and bovine pla-
centa led us to propose that TGFp signaling through the
alternative pathway, SMAD1/5/8, may also have a con-
served and important function in early mammalian
placentas.

As far as we are aware, BMP4 expression has not been
studied or reported previously in placental or endometrial/
decidual tissues. A closely related family member BMP2
has been described in human decidual cells (22). During
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the period of initiation of differentiation (days 30-31), we
found BMP4 expression levels in the chorion, allantocho-
rion, and yolk sac were between 20- to 60-fold higher than
in the chorionic girdle. This suggests that BMP4 is likely to
predominantly regulate terminal differentiation of tro-
phoblast in the chorionic girdle through paracrine mech-
anisms from these adjacent tissues. Following activation
of SMAD1/5 in the chorionic girdle at day 30, we observed
a decrease in BMP4 mRNA in the chorionic girdle at days
31 and 34. TGFp ligand signaling has been shown to also
lead to inhibition of expression of the ligand itself, possi-
bly explaining why intrinsic expression of the ligand is lost
immediately following the initiation of differentiation.

In these studies, we also provide evidence of BMP sig-
naling in the chorionic girdle in vivo. Phosphorylated
SMAD1/5 expression, indicative of BMP signaling, was
higher in the chorionic girdle compared with adjacent cho-
rion and peaked at days 30-31 in the chorionic girdle,
correlating with the initiation of trophoblast differentia-
tion in vivo (3, 6). This regulation of SMAD1/5 signaling
was specific and in contrast to stable activity of the alter-
native SMAD2 pathway. Indeed, activity of the SMAD2/3
pathway was not specific to the chorionic girdle and was
more likely to have a housekeeper role during this phase of
trophoblast development in the horse. For example, it may
play a role in maintaining proliferation in these tissues
during what is a rapid period of placental growth. Phos-
pho-SMADS activation decreased again in the chorionic
girdle at day 34 of pregnancy, a stage when most of the
trophoblast cells have already terminally differentiated. It
is plausible that this decrease in SMAD1/S$ signaling may
be regulated at the level of the receptor, and supporting
this possibility we also observed a decrease in the expres-
sion of BMPR2 at day 34 when compared with days
27-31.

Studies of the mechanisms that regulate human primary
trophoblast differentiation are challenging, primarily due
to the limited availability of placental tissue during key
windows in early trophoblast differentiation and technical
difficulties in separating the trophoblast cells from the sur-
rounding decidual cells (49). Consequently, much atten-
tion has been given to developing suitable models of hu-
man trophoblast differentiation. One such model is the
study of differentiation of human (h) ESCs (49). A number
of early reports demonstrated that BMP4 can drive hESCs
down a trophoblast lineage (35-39), but this model was
broughtinto question more recently by Bernando etal (50)
who state that BMP4 drives hESCs to differentiate pri-
marily toward mesoderm rather than trophoblast. They
also found that the methylation state of the BMP-induced
cells did not reflect primary trophoblast. Since this con-
flicting report there has been great effort to further eluci-
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date the role of BMP4 in the hESC model. Amita et al
report BMP4 conversion of hESCs to a cell type that ex-
presses a full range of trophoblast markers, has invasive
properties and secretes hCG (47). In comparison with
hESC induced to differentiate toward trophoblast, equine
chorionic girdle trophoblast have lost Eomesodermin
(EOMES) expression (3), a transcription factor required
for trophoblast stem cell renewal (51). Thus the results
reported here reflect an observed effect of growth factors
on the differentiation of a pure population of fully “com-
mitted” trophoblast as they differentiate into subpopula-
tions of trophoblast cells such as those cells that terminally
differentiate to secrete CG.

We identified that 100 ng/mL BMP4 alone resulted,
after 72 hours, in a doubling of the number of terminally
differentiated day 30/31 chorionic girdle trophoblast cells
most likely by promoting terminal differentiation because
proliferation was notinduced with treatment. Response to
this treatment was very tightly regulated and developmen-
tal stage dependent, with the greatest response to treat-
ment in day 31 cells. The differentiation of these cells was
deemed functionally active because we observed that
BMP4 induced day 31, but not day 30, cells to secrete e CG
compared with vehicle-treated immature nonsecreting
day 30/31 cells. Further, BMP4 did not enhance CG se-
cretion from terminally differentiated day 34 trophoblast
(Figure 2F, positive control). This supports a role for
BMP4 in driving phenotypic change in the trophoblast,
therefore leading to the attainment of an altered differen-
tiation state that induces CG expression as opposed to
being, specifically, a direct inducer of CG subunit gene
expression and/or secretion. In the horse at least, these
observations also highlight the very narrow period in de-
velopment when differentiation events may be initiated
and demonstrate the crucial importance of carefully as-
sessing tissue responses at a number of carefully selected
windows in early placental development.

Reflecting the mutually opposing interplay that has
been reported between SMAD2/3 and SMAD1/5/8 signal-
ing (52, 53), blocking of the SMAD2/3 pathway alone
with an inhibitor of the receptors ACVR1B/TGFBR1/
ACVRIC resulted in a similar level of differentiation to
BMP4 alone. Maximal effect on differentiation was
achieved though when BMP4 was combined with the in-
hibitor of SMAD2/3 signaling. The exact mechanisms that
mediate this inhibitory action of SMADZ2/3 signaling on
BMP signaling in trophoblast is yet to be determined. In
mouse mesenchymal cells (C2C12 cell line) (52) and
mouse embryonic stem cells (54), TGFB and Nodal, re-
spectively, can inhibit BMP signaling, activation of
SMAD1/5, and induction of BMP-responsive genes via
regulation of inhibitory SMAD?7. In mouse alveolar epi-
thelial type II cells, TGFB also has been shown to inhibit
BMP signaling but, in this case, acting through antago-
nism in phosphorylations of the SMADs (53). In the horse,
TGFpB1 is rapidly up-regulated in the endometrium be-
tween days 30 and 40 of pregnancy, corresponding to the
time when the rate of trophoblast differentiation is rapidly
decreasing. Future studies that investigate the possible role
of TGFB and Nodal in inhibition of chorionic girdle dif-
ferentiation are warranted (13).

In conclusion, our findings support a role for BMP4
signaling in the regulation of terminal differentiation of
primary equine trophoblast cells via activation of the
SMAD1/5 pathway (Figure 6). The observation of BMP4
signaling in primary trophoblast provides a previously un-
reported mechanism of TGFg signaling in the placenta
that is likely to be conserved across other mammalian
species.

Acknowledgments

We thank Dr Mittal Shah for the kind gift of the SAOS cell line
RNA; Don Miller, Shanta Cariese, Abbe Martyn, Bigboy Simbi,

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 17 September 2015. at 03:44 For personal use only. No other uses without permission. . All rights reserved.



doi: 10.1210/en.2013-2116

and Memoona Rehman for technical support; and Dr Ruby
Chang for statistical advice.

Address all correspondence and requests for reprints to: Dr
Amanda de Mestre, Comparative Biomedical Sciences, The
Royal Veterinary College, Hawkshead Lane, North Mymms,
Hatfield, Hertfordshire, AL9 7TA, United Kingdom. E-mail:
ademestre@rvc.ac.uk.

This work was supported by Wellcome Trust Project Grant
(WT091581) and The Royal Veterinary Internal Grant scheme.

Disclosure Summary: The authors have nothing to disclose.

References

1. Cross JC. How to make a placenta: mechanisms of trophoblast cell
differentiation in mice—a review. Placenta. 2005;26(Suppl A):S3-S9.

2. Allen WR, Stewart F. Equine placentation. Reprod Fertil Dev.2001;
13:623-634.

3. de Mestre AM, Miller D, Roberson MS, et al. Glial cells missing
homologue 1 is induced in differentiating equine chorionic girdle
trophoblast cells. Biol Reprod. 2009;80:227-234.

4. Knerr I, Schubert SW, Wich C, et al. Stimulation of GCMa and
syncytin via cAMP mediated PKA signaling in human trophoblastic
cells under normoxic and hypoxic conditions. FEBS Lett. 2005;579:
3991-3998.

5. Enders AC, Liu IK. Trophoblast-uterine interactions during equine
chorionic girdle cell maturation, migration, and transformation.
Am | Anat. 1991;192:366-381.

6. Wooding FB, Morgan G, Fowden AL, Allen WR. A structural and
immunological study of chorionic gonadotrophin production by
equine trophoblast girdle and cup cells. Placenta. 2001;22:749 -
767.

7. Allen WR, Moor RM. The origin of the equine endometrial cups. I.
Production of PMSG by fetal trophoblast cells. | Reprod Fertil.
1972;29:313-316.

8. de Mestre AM, Bacon §J, Costa CC, et al. Modeling trophoblast
differentiation using equine chorionic girdle vesicles. Placenta.
2008;29:158-169.

9. Donaldson WL, Oriol JG, Plavin A, Antczak DF. Developmental
regulation of class I major histocompatibility complex antigen ex-
pression by equine trophoblastic cells. Differentiation. 1992;52:69 —
78.

10. Mabher JK, Tresnan DB, Deacon S, Hannah L, Antczak DF. Analysis
of MHC class I expression in equine trophoblast cells using in situ
hybridization. Placenta. 1996;17:351-359.

11. Allen WR, Gower S, Wilsher S. Immunohistochemical localization
of vascular endothelial growth factor (VEGF) and its two receptors
(Flt-Tand KDR) in the endometrium and placenta of the mare during
the oestrous cycle and pregnancy. Reprod Domest Anim. 2007;42:
516-526.

12. Gerstenberg C, Allen WR, Stewart F. Factors controlling epidermal
growth factor (EGF) gene expression in the endometrium of the
mare. Mol Reprod Dev. 1999;53:255-265.

13. Lennard SN, Stewart F, Allen WR. Transforming growth factor 8 1
expression in the endometrium of the mare during placentation. Mol
Reprod Dev. 1995;42:131-140.

14. Lennard SN, Gerstenberg C, Allen WR, Stewart F. Expression of
epidermal growth factor and its receptor in equine placental tissues.
J Reprod Fertil. 1998;112:49-57.

15. Stewart F, Lennard SN, Allen WR. Mechanisms controlling forma-
tion of the equine chorionic girdle. Biol Reprod Mono. 1995;151-
159.

16. Thway TM, Clay CM, Maher JK, et al. Immortalization of equine

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

endo.endojournals.org 3063

trophoblast cell lines of chorionic girdle cell lineage by simian vi-
rus-40 large T antigen. ] Endocrinol. 2001;171:45-55.

Antczak DF, de Mestre AM, Wilsher S, Allen WR. The equine en-
dometrial cup reaction: a fetomaternal signal of significance. Annu
Rev Anim Biosci. 2013;1:419-442.

Jones RL, Stoikos C, Findlay JK, Salamonsen LA. TGF- superfam-
ily expression and actions in the endometrium and placenta. Re-
production. 20065132:217-232.

ten Dijke P, Hill CS. New insights into TGF-B-Smad signalling.
Trends Biochem Sci. 2004;29:265-273.

Massagué J. How cells read TGF-g signals. Nat Rev Mol Cell Biol.
2000;1:169-178.

Miyazawa K, Shinozaki M, Hara T, Furuya T, Miyazono K. Two
major Smad pathways in TGF-B superfamily signalling. Genes Cells.
2002;7:1191-1204.

Stoikos CJ, Salamonsen LA, Hannan NJ, O’Connor AE, Rombauts
L, Dimitriadis E. Activin A regulates trophoblast cell adhesive prop-
erties: implications for implantation failure in women with endo-
metriosis-associated infertility. Hum Reprod.2010;25:1767-1774.
Wang H, Tsang BK. Nodal signalling and apoptosis. Reproduction.
2007;133:847-853.

WuD, Luo S, Wang Y, Zhuang L, Chen Y, Peng C. Smads in human
trophoblast cells: expression, regulation and role in TGF-g-induced
transcriptional activity. Mol Cell Endocrinol. 2001;175:111-121.
ZhouH, Fu G, YuH, Peng C. Transforming growth factor-g inhibits
aromatase gene transcription in human trophoblast cells via the
Smad2 signaling pathway. Reprod Biol Endocrinol. 2009;7:146.
Giguere Y, Charland M, Bujold E, et al. Combining biochemical and
ultrasonographic markers in predicting preeclampsia: a systematic
review. Clin Chem. 2010;56:361-375.

Pryor-Koishi K, Nishizawa H, Kato T, et al. Overproduction of the
follistatin-related gene protein in the placenta and maternal serum
of women with pre-eclampsia. BJOG. 2007;114:1128-1137.

Qu J, Thomas K. Advance in the study of inhibin, activin and fol-
listatin production in pregnant women. Eur | Obstet Gynecol Re-
prod Biol. 1998;81:141-148.

Reddy A, Suri S, Sargent IL, Redman CW, Muttukrishna S. Mater-
nal circulating levels of activin A, inhibin A, sFlt-1 and endoglin at
parturition in normal pregnancy and pre-eclampsia. PloS one.2009;
4:e4453.

Das P, Ezashi T, Schulz LC, Westfall SD, Livingston KA, Roberts
RM. Effects of fgf2 and oxygen in the bmp4-driven differentiation
of trophoblast from human embryonic stem cells. Stern Cell Res.
2007;1:61-74.

Douglas GC, VandeVoort CA, Kumar P, Chang TC, Golos TG.
Trophoblast stem cells: models for investigating trophectoderm dif-
ferentiation and placental development. Endocr Rev.2009;30:228 —
240.

Erb TM, Schneider C, Mucko SE, et al. Paracrine and epigenetic
control of trophectoderm differentiation from human embryonic
stem cells: the role of bone morphogenic protein 4 and histone
deacetylases. Stem Cells Dev. 2011;20:1601-1614.

Gerami-Naini B, Dovzhenko OV, Durning M, Wegner FH, Thom-
son JA, Golos TG. Trophoblast differentiation in embryoid bodies
derived from human embryonic stem cells. Endocrinology. 2004;
145:1517-1524.

Golos TG, Pollastrini LM, Gerami-Naini B. Human embryonic
stem cells as a model for trophoblast differentiation. Semin Reprod
Med. 2006524:314-321.

Marchand M, Horcajadas JA, Esteban FJ, McElroy SL, Fisher SJ,
Giudice LC. Transcriptomic signature of trophoblast differentiation
in a human embryonic stem cell model. Biol Reprod. 2011;84:
1258-1271.

Schulz LC, Ezashi T, Das P, Westfall SD, Livingston KA, Roberts
RM. Human embryonic stem cells as models for trophoblast differ-
entiation. Placenta. 2008;29(Suppl A):5S10-S16.

Wu Z, Zhang W, Chen G, et al. Combinatorial signals of activin/

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 17 September 2015. at 03:44 For personal use only. No other uses without permission. . All rights reserved.


mailto:ademestre@rvc.ac.uk

3064

38.

39.

40.

41.

42.

43.

44,

45.

46.

Cabrera-Sharp et al

nodal and bone morphogenic protein regulate the early lineage seg-
regation of human embryonic stem cells. | Biol Chem. 2008;283:
24991-25002.

Xu RH. In vitro induction of trophoblast from human embryonic
stem cells. Methods Mol Med. 2006;121:189-202.

XuRH, Chen X, Li DS, et al. BMP4 initiates human embryonic stem
cell differentiation to trophoblast. Nat Biotechnol. 2002;20:1261-
1264.

Roberts RM, Fisher S]. Trophoblast stem cells. Biol Reprod. 2011;
84:412-421.

Macklon NS, Geraedts JP, Fauser BC. Conception to ongoing preg-
nancy: the ’black box’ of early pregnancy loss. Hum Reprod Update.
2002;8:333-343.

Noronha LE, Antczak DF. Maternal immune responses to tropho-
blast: the contribution of the horse to pregnancy immunology. Am |
Reprod Immunol. 2010;64:231-244.

Whitley GS, Dash PR, Ayling L], Prefumo F, Thilaganathan B, Cart-
wright JE. Increased apoptosis in first trimester extravillous tropho-
blasts from pregnancies at higher risk of developing preeclampsia.
Am | Pathol. 2007;170:1903-1909.

Crabtree JR, Chang Y, de Mestre AM. Clinical presentation, treat-
ment and possible causes of persistent endometrial cups illustrated
by two cases. Equine Vet Ed. 2012;24:251-259.

Pfaffl MW. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 2001;29:e45.

Brosnahan MM, Miller DC, Adams M, Antczak DF. IL-22 is ex-
pressed by the invasive trophoblast of the equine (Equus caballus)
chorionic girdle. | Immunol. 2012;188:4181-4187.

ENDOCRINE
SOCIETY

Terminal Differentiation of Trophoblast by BMP4

47.

48.

49.

50.

S1.

52.

53.

54.

Endocrinology, August 2014, 155(8):3054-3064

Amita M, Adachi K, Alexenko AP, et al. Complete and unidirec-
tional conversion of human embryonic stem cells to trophoblast by
BMP4. Proc Natl Acad Sci USA. 2013;110:E1212-E1221.
Pennington KA, Ealy AD. The expression and potential function of
bone morphogenetic proteins 2 and 4 in bovine trophectoderm.
Reprod Biol Endocrinol. 2012;10:12.

Ezashi T, Telugu BP, Roberts RM. Model systems for studying
trophoblast differentiation from human pluripotent stem cells. Cell
Tissue Res. 2012;349:809-824.

Bernardo AS, Faial T, Gardner L, et al. BRACHYURY and CDX2
mediate BMP-induced differentiation of human and mouse pluri-
potent stem cells into embryonic and extraembryonic lineages. Cell
Stem Cell. 2011;9:144-155.

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. Pro-
motion of trophoblast stem cell proliferation by FGF4. Science.
1998;282:2072-2075.

Nicklas D, Saiz L. Computational modelling of Smad-mediated neg-
ative feedback and crosstalk in the TGF-8 superfamily network. ] R
Soc Interface. 2013;10:20130363.

Zhao L, Yee M, O’Reilly MA. Transdifferentiation of alveolar ep-
ithelial type II to type I cells is controlled by opposing TGF-g8 and
BMP signaling. Am | Physiol Lung Cell Mol Physiol. 2013;305:
L409-1418.

Galvin KE, Travis ED, Yee D, Magnuson T, Vivian JL. Nodal sig-
naling regulates the bone morphogenic protein pluripotency path-
way in mouse embryonic stem cells. | Biol Chem. 2010;285:19747-
19756.

N
R
A

Lighten the load with Endocrine Society eBooks.

endocrine.org/store

[=]

{0

=l

i

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 17 September 2015. at 03:44 For personal use only. No other uses without permission. . All rights reserved.



