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The mechanisms regulating early stages of placentation and trophectoderm

differentiation in the ruminant conceptus remain poorly understood. Here we present

a model of trophectoderm (TE) differentiation in vitro from outgrowths of individual in

vitro derived embryos. Cell outgrowths expressed markers of mononucleate (MNC) and

binucleate (BNC) TE cells. The percentage of BNC ranged from 14 to 39% in individual

outgrowths as determined by flow cytometry. Pregnancy-associated glycoproteins

(PAGs), produced by BNC, were measured in culture media on days 35 to 54.

Continuous secretion of PAGs was observed and indicative of BNC functionality. Gene

expression was evaluated in 20 embryo cell outgrowths derived from two different sires.

Expression of HAND1, which is involved in TE differentiation, and CSH2, a BNC-specific

gene, was altered in cell outgrowths between the two sires tested. Single-cell RNA-seq

analysis of day 40 TE cell outgrowths revealed 11 distinct cell populations, with specific

clusters genes involved in TE lineage specification, proliferation, and differentiation. In

addition, whole -RNAseq analysis was performed in day 35 and 40 TE cell outgrowths

and confirmed sustained expression of genes expressed by BNC, such as CSH2 and

some PAGs. The developed in vitro bovine embryo outgrowth culture found evidence

for MNC and BNC differentiation and continuous production of PAGs, recapitulating key

features of early bovine placenta development. This model can be used to understand

the developmental biology of TE cells, provide insights into paternal influences on TE

differentiation, and impact our understanding of early pregnancy loss in cattle.

Keywords: trophectoderm, pregnancy-associated glycoproteins, sire, in vitro fertilization, binucleate cells,

mononucleate cells

INTRODUCTION

After hatching from the zona pellucida by day 9 post-fertilization, the bovine blastocyst grows into
an ovoid shape by day 13 and starts the process of elongation (Brooks et al., 2014; Spencer et al.,
2016). The elongating conceptus secretes interferon tau (IFNT), a trophectoderm (TE)-specific
gene product that acts as the maternal recognition signal in ruminants (Spencer and Bazer, 2004;
Spencer et al., 2007; Roberts et al., 2008). Around day 19, the TE begins to adhere to the luminal
epithelium of the endometrium and initiates placentation (Spencer et al., 2007). Placentation
involves TE proliferation and differentiation of mononucleate TE cells (MNC) into binucleate cells
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(BNC), which occurs around day 24 of pregnancy (Greenstein
et al., 1958). Trophectoderm BNCs are considered crucial for
the formation of placentomes and thus vital for fetal and
placental growth (Wooding, 1992). Further, BNC secrete specific
pregnancy-associated glycoproteins (PAGs) that can be detected
in maternal circulation and used to diagnose pregnancy and
monitor placental function (Green et al., 2005; Pohler et al.,
2013, 2015). Of note, pregnancies of low fertility sires exhibit
increased loss between days 19 and 30 (Ortega et al., 2018). Also,
PAG production by the placenta is sire dependent, and low PAG
concentrations in the maternal circulation by day 30 of gestation
are indicative of embryonic mortality (Franco et al., 2018).

The mechanisms regulating these early stages of placentation
in ruminants remain poorly understood, and it is difficult to
monitor these processes effectively in vivo or mimic them
in vitro. To date, several in vitro culture systems have been
developed to study TE differentiation and development that
are dependent (Talbot et al., 2000; Bai et al., 2011; Pillai
et al., 2019) or independent (Shimada et al., 2001; Hashizume
et al., 2006) of a monolayer of feeder cells. The objective here
was to develop and evaluate an in vitro model of MNC and
BNC differentiation using in vitro derived embryos that was
independent of feeder cells and could be used to evaluate sire
effects on early placenta development.

MATERIALS AND METHODS

In vitro Embryo Production
Embryo media and supplements were prepared as previously
described (Ortega et al., 2017b), and bovine embryo production
was performed using standard techniques (Ortega et al., 2018,
2020). Cumulus-oocytes complexed (COCs) were obtained from
a single company that provides abattoir-derived COCs from Bos
taurus crosses (no breed specific). COCs with at least three layers
of compact cumulus cells and homogeneous cytoplasm were
placed in groups of 50 into 2ml glass sterile vials containing 1ml
of oocyte maturation medium equilibrated with air containing
5% (v/v) CO2 covered with mineral oil. Tubes with COC were
shipped overnight in a portable incubator (Minitube USA Inc.,
Verona,WI, USA) at 38.5◦C to the University of Missouri. For all
experiments, up to three Holstein sires were used. The percentage
of putative zygotes that cleaved was determined on day 3 (day 0
= day of insemination), and the number of embryos that reached
the blastocyst stage was recorded on day 8 of development.
Following IETS grading guidelines (Stringfellow and Seidel,
1998), expanded blastocysts (stage 7), with compact inner cell
mass and clear blastocoel (Grade 1) were transferred to a new
culture plate with equilibrated bovine synthetic oviduct fluid
(SOF-BE2). Blastocysts were supplemented with 10% (v/v) FBS
and cultured for 48 h to promote hatching from zona pellucida.

Isolation and Culture of Primary Bovine
Endometrial Stromal Cells
Four reproductive tracts from post-pubertal, non-pregnant cows
were collected at slaughter and processed at room temperature
(RT). Endometrial stromal fibroblast cells were isolated and
cultured as previously described with modifications (Fitzgerald

et al., 2019). Briefly, uteri were disinfected with 70% ethanol
and rinsed with DMEM/F12 (ThermoFisher Scientific, Valencia,
CA) supplemented with 1% penicillin/streptomycin (Sigma, St.
Louis, MO) to remove blood and debris. Intercaruncular regions
were dissected into strips, transferred to a petri dish, and finely
minced with scissors. Approximately 5 cm3 of minced tissue
was incubated in 20mL of digestion solution [DMEM/F12, 0.4
mg/mL Collagenase V (Sigma), 1.25 U/mL Dispase II (Sigma),
and 1% antibiotic-antimycotic (Thermofisher)] for 1 h at 38.5◦C
with agitation. Following digestion, supernatants were filtered
through a 40-µm cell strainer, and 20mL of culture medium
[DMEM/F12, 1% antibiotic-antimycotic, 10% (v/v) FBS] was
added to stop enzymatic digestion. The filtered suspension was
then centrifuged at 500 × g for 5min at RT. The stromal
fibroblast cell pellet was suspended in 3mL of culture medium,
transferred to 75 cm2 culture flasks containing 15mL of
equilibrated culture medium, and maintained at 38.5◦C in a
humidified 5% CO2 environment. After 6 h, the medium was
removed to prevent epithelial cell attachment, and fresh warm
medium was added to stromal cells that remained adhered to the
flask. Culture medium was changed every 48 h until cells reached
95% confluency, all cells used were between passage 0 and 3.
To obtain stroma fibroblast-conditioned medium, medium was
changed and collected after 24 h of culture, for up to 4 times
per batch of cells. Conditioned medium was combined, filtered
(0.2µm), and stored at 4◦C until use.

Culture of Bovine Trophectoderm Cells
At day 10, individual hatched blastocysts were transferred to
either Collagen IV-coated 24-well plates (Corning, NY, USA) or
8-chamber slides (Ibidi, Martinsried, Planegg, Germany) with TE
growth medium [1:1 fresh medium (DMEM/F-12, 10% FBS, 1%
antibiotic/antimycotic) and stromal cell conditioned medium]
(Hashizume et al., 2006). The initial volume of medium was 400
or 250 µl for wells and chambers, respectively. Cultures were
maintained at 38.5◦C in a humidified 5% CO2 environment.
Attachment was assessed on days 12, 14, 16, 18 and 20 for
all embryos by gently swirling the culture plate while assessed
using an inverted microscope. Fifty percent of the medium was
removed and replaced every 4 days until TE outgrowths covered
50% of the well surface. The medium was then changed every 3
days. Media from 24-well plates was collected for PAG analysis.

Image-Based Flow Cytometry Analysis
Approximately 1 x 106 cells from four TE cell outgrowths
were stained in a volume of 500 µL for 15min with 1:500
H33342. Image-based flow cryometric (IBFC) data acquisition
was performed following previous methodology (Kerns et al.,
2018). Using a FlowSight image-based flow cytometer (FS) fitted
with a 20X microscope objective (numerical aperture of 0.9) with
an imaging rate of up to 2,000 events per second. The flow-core
diameter was 10µm and the speed was 66mm per second. Raw
image data were acquired using INSPIRE R© software. To produce
the highest resolution, the camera setting was at 1.0µm per pixel
of the charged-coupled device. In INSPIRE R© FS data acquisition
software, two bright-field channels were collected (channels 1 and
9), one side scatter (SSC; channel 6), and one H33342 (channel 7)
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per cell with a minimum of 1,000 cells collected. The following
laser and power settings were used: 405 nm (to excite H33342):
5.0 mW and 785 nM SSC laser: 10.0 mW. First, cells were gated to
select those only in focus, utilizing the Gradient RMS calculation
of brightfield images in channel 1. Next, single, as opposed
to multiple, cells were gated for by plotting the area of M01
(brightfield mask) vs. the aspect ratio of M01 (brightfield mask).
A histogram for H33342 intensity was generated to visualize
the data.

Cytokeratin Immunolocalization
On day 30 of development, TE cell outgrowths, cultured in 8-
chamber slides, were washed 3 times with warmed PBS and then
fixed in cold acetone for 15min at −20◦C. After fixation, slides
were air dried for 1min at RT. Cells were then washed twice
with PBS with 2 mg/mL of polyvinylpyrrolidone (PBS/PVP) and
permeabilized using PBS with 0.5% (v/v) Triton X-100 for 1 h at
RT. Cells were washed again with PBS/PVP and blockedwith 10%
normal goat serum (Life Technologies, ThermoFisher) for 1 h at
RT. Cytokeratin 8 antibody (Rat TROMA-I; DSHB, University
of Iowa) was added at a 1:200 dilution in blocking buffer (10%
normal goat serum), and cells were incubated for 1 h at RT. Cells
were washed twice with PBS/PVP and then incubated for 1 h
at RT with secondary Goat anti-Rat IgG conjugated with Alexa
Fluor-488 (ThermoFisher) at a 1:400 dilution in blocking buffer.
Following incubation, cells were washed twice with PBS/PVP
and counterstained with Hoescht 33342 (2.5µg/ml in ddH2O)
for 10min in the dark. Cells were then rinsed twice with Milli-
Q water and covered with SlowFade Gold antifade reagent
(ThermoFisher, S36936). Images of three TE cell outgrowths
were acquired by confocal microscopy (Leica TCS SP8 MP)
and analyzed using ImageJ version V. 1.6 (National Institutes of
Health, Bethesda, MD).

End-Point PCR Analysis
To evaluate the presence of BNC, TE outgrowths from three
different embryos that reached 80% confluency (around day 24),
were mechanically disrupted, and passaged into new collagen
IV-coated plates (Corning, NY, USA). After 6 days in culture,
cells were collected and pooled to determine the presence of
genes known to be expressed in the trophectoderm, including
GATA Binding Protein 3 (GATA3) (Bai et al., 2011) and Heart
and Neural Crest Derivatives Expressed 1 (HAND1) (Scott
et al., 2000), Interferon Tau (IFNT2) (Roberts et al., 2008),
placental lactogen (CSH2) (Ushizawa et al., 2007), and Pregnancy
Associated Glycoprotein 1 (PAG1) (Ushizawa et al., 2007) by
end-point PCR. Primers details are in Supplementary Table 1.
Primers for PAG1 and the housekeeping gene Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH) were designed and
validated as previously described (Ortega et al., 2017a). Primers
for the rest of the genes that were previously published (Shimada
et al., 2001; Bai et al., 2011), were optimized for the annealing
temperature to produce a single distinct PCR product of known
size (visualized in an agarose gel), and amplicon sequence was
validated through Sanger Sequencing before use. A day 20
conceptus and chorioallantois of a day 30 pregnancy were used
as positive controls, and bovine fetal fibroblasts (BFF) were used

as negative controls. Total RNA was isolated using Direct-zolTM

RNA miniprep kit (Zymo Research, Irvine, CA) according to
manufacturer’s protocol. Each PCR reaction consisted of 2 µl
of cDNA sample, 2 µl of 10X PCR buffer, 1.6 µl of dNTPs
mix (0.4mM each dNTP), 0.4 µl of each primer (10µM primer
solution), 0.25 µl of Hot Start Taq polymerase (Takara Bio,
Mountain View, CA), and 14.35 µl of nuclease-free water for a
total volume reaction of 20 µl. Amplification conditions were:
95◦C for 2min; 40 cycles at 95◦C for 10 sec; 55◦C for 30 sec; and
72◦C for 1min followed by 72◦C for 10min. PCR products were
separated and visualized in a 1.5% (wt/vol) agarose gel. A total of
20 cell outgrowths were evaluated.

Quantitative PCR (qPCR) Analysis
Expression of MNC and BNC markers was quantified by
qPCR using specific primers (Supplementary Table 1) validated
following described procedures (Ortega et al., 2017a). A total
of 20 TE cells outgrowths from two different Holstein sires (10
cells outgrowths/sire) were analyzed. RNA was isolated using
Direct-ZolTM RNAminiprep kit (Zymo Research), while reversed
transcription and qPCR analysis were performed as previously
described (Ortega et al., 2018, 2020). Data were normalized
to the geometric mean of two housekeeping genes [GAPDH
and Succinate Dehydrogenase Complex Flavoprotein Subunit A
(SDHA)] and expressed as fold change relative to housekeeping
genes. Gene expression data was analyzed using the GLM
procedure of SAS v9.4 (SAS Institute Inc., Cary, NC).

PAG Concentration Measurements
Bovine PAGs concentration from TE cell culture media were
detected using an ELISA assay as previously described (Green
et al., 2005; Pohler et al., 2015, 2016). The assay sensitivity was
0.2 ng/mL, while intra- and inter-assay coefficients of variation
was< 10%, respectively. PAGs were evaluated from 30 individual
wells among three sires (1 well = 1 embryo, 10 embryos/sire)
at days 35, 40, 45, 50, and 54 of development (day 0 =

day insemination). Data was tested for normality using the
UNIVARIATE procedure and the Shapiro-Wilk test of SAS v
9.4 (SAS Institute Inc.). Differences in PAGs among sires per
day of development were determined using a mixed model with
a repeated measures statement. The model included sire, day
of development, and their interaction. A repeated statement
was included with the variable embryo within bull as the
repeated subject. The LSMEANS statement with a Tukey-Kramer
adjustment was used to determine the means of sire by day of
development interaction.

Single-Cell Transcriptome Analysis
Single-cell RNA-seq analysis was performed using TE outgrowths
from three different embryos from one sire at day 40 of culture.
TE cells were first mechanically suspended in culture medium
and then incubated in a digestion solution [DMEM/F-12, 0.4
mg/mLDNase 1 (Sigma), 0.5 mg/mL collagenase IV (Sigma), and
0.125% (v/v) Trypsin] for 8 to 10min. Following digestion, cells
were filtered through a 40-µm strainer and 1% FBS was added to
the filtrate to stop enzymatic digestion. The cell suspension was
centrifuged at 300 x g for 5min. To wash the cells, the pellet was
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resuspended in 3mL of culture medium and centrifuged at 100
x g for 5min, this step was repeated 2 times. After washing, cells
were resuspended in base medium and filtered through a 10µm
strainer. Cells were washed as described above. After washing,
cells were resuspended in 1mL of PBS/BSA [PBS supplemented
with 0.4% BSA fraction V (Sigma)]. Cells were then counted,
and viability was assessed using a hemocytometer and a Trypan
blue stain (Thermofisher), and only samples with cell viability
above 80% were analyzed. Lastly, cells were resuspended to
a concentration of 1,000 viable cells/µL in PBS/BSA. Droplet
generation of single cells and library preparation was performed
using a 10XChromium system followingmanufacturer’s protocol
at the University of Missouri DNA Core Facility. Bases with high
quality (Q > 30) were estimated to be of the unique molecular
identity counts. Libraries were sequenced on an IlluminaNextSeq
sequencer with a target of 25,000 reads per cell. The base call
files were processed using Cell Ranger (v. 3.0.1), the proprietary
pipeline for single-cell sequence analysis by 10X Genomics.
FASTQ files were mapped to bovine reference genome ARS-
UCD1.2 using the STAR aligner (Rosen et al., 2020). The Cell
Ranger pipeline was also used to perform background filtration
and generate feature-barcode matrices as previously described
(Fitzgerald et al., 2019). Pre-processing workflow and quality
control was performed using the R package “Seurat” following
procedures described elsewhere (Butler et al., 2018; Stuart and
Satija, 2019). Cells with low gene expression (<200), and high
expression of mitochondrial origin (above 15%) were removed
from further analysis. After quality control, there were on average
3,147 cells per sample that were used for single cell RNA-
seq analysis. After normalization and integration of samples,
clusters of cells with similar gene expression profiles were
identified using the non-linear dimensional reduction UMAP.
In addition, markers that define each cluster were identified
using the “FindAllMarkers” function of the Seurat package. As an
additional cutoff, only genes that were expressed in at least 50% of
the cells of each cluster were considered to find cluster markers.

Whole Trophectoderm Transcriptome
Whole TE transcriptome analysis was performed in a total of
8 TE outgrowths from a single sire, four at day 35 of and four
at day 40 of culture, respectively. High-throughput sequencing
was done at the University of Missouri Genomics Technology
Core. Libraries were constructed following the manufacturer’s
protocol with reagents supplied in Illumina’s TruSeq mRNA
stranded sample preparation kit. The sample concentration
was determined by Qubit fluorometer (Invitrogen) using the
Qubit HS RNA assay kit, and the RNA integrity was checked
using the Fragment Analyzer automated electrophoresis system.
Briefly, the poly-A containing mRNA is purified from total
RNA (1 ug), RNA is fragmented, double-stranded cDNA is
generated from fragmented RNA, and the index containing
adapters are ligated to the ends. The amplified cDNA constructs
were purified by addition of Axyprep Mag PCR Clean-up
beads. The final construct of each purified library was evaluated
using the Fragment Analyzer automated electrophoresis
system, quantified with the Qubit fluorometer using the Qubit
HS dsDNA assay kit, and diluted according to Illumina’s
standard sequencing protocol for sequencing on the NovaSeq

6000.The quality of files was checked with the FastQC tool
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Illumina adapters were trimmed and reads with fewer than 10
nucleotides were discarded. After quality control, reads were
mapped to the bovine reference genome (Bos_taurus.ARS-
UCD1.2) using the Hisat2 (Kim et al., 2015). Read counts were
determined using the program FeatureCounts (Liao et al., 2014).
Differentially expressed genes (DEGs) between sample groups
were determined by edgeR-robust (Zhou et al., 2014), using a
false discovery rate (FDR) < 0.05 was used as a threshold for
statistical significance.

RESULTS

BNC Can Be Established From Individual
Blastocysts Without Feeder Cells
Following a published model (Hashizume et al., 2006) with
modifications, outgrowths of TE cell monolayers were established
from individual bovine embryos by prolonged culture using
bovine uterine endometrial stroma fibroblast cell conditioned
medium. Embryos attached to a type IV collagen matrix
between days 14 and 16, and TE outgrowth was observed by
day 22 (Figure 1). Histologically, BNC were observed by day
30 (Figures 1, 2A). Image-based flow cytometry was used to
quantify DNA content in cells and provide evidence for BNC
differentiation (Figure 2B). BNC percentages ranged from 14 to
39% across the four outgrowths analyzed. Expression of theMNC
gene markers GATA3, IFNT2 and HAND1, as well as the BNC
gene markers CSH2 and PAG1 were observed in in vitro derived
TE (IVT) cells (Figure 2C).

Sire Effects
To determine male influences on trophectoderm differentiation,
expression of MNC and BNC genes and secretion of PAGs by
were evaluated. For gene expression analysis, 20 independent
embryo cell outgrowths from two different sires (n = 10 cell
outgrowths per sire) were evaluated at day 30 of culture.
Expression of GATA2, GATA3, and IFNT2 was not different (P >

0.10) among the two sires (Figure 3). Trophoblast Kunitz domain
protein 1 (TKDP1) was increased (P < 0.05) in cells from sire A
compared to sire B. In contrast, expression of HAND1 and CSH2
was increased (P = 0.005) in sire B than sire A, whereas PAG1
was not different (P = 0.10).

In a separate experiment, cell outgrowths from three different
sires were assayed for the secretion of PAGs (n = 10 cell
outgrowths per sire). There was a bull effect (P = 0.02) on PAG
secretion, but not a day of culture (P = 0.20) or interaction effect
of bull and day of culture (P= 0.47).When comparing individual
bulls in a post-hoc analysis, the amount of PAGs in media of TE
cultures from sire 3 were higher (P < 0.01) than Sire 2 on days
35 and 40 (P = 0.0007) of culture. By day 45, Sire 1 had higher
(P < 0.01) levels of PAG than Sire 3. By day 50–54 PAG release
decreased in all samples relative to day 35 (Figure 4).

Single-Cell Transcriptome Analysis
Single-cell RNA-seq analysis was performed in three different
TE outgrowths from one sire at day 40 of culture. A total
of 11 cell populations (Clusters) were identified (Figure 5A).
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FIGURE 1 | Individual embryos and trophectoderm outgrowths during 30 days of in vitro culture (day 0 = insemination). The cells circled in yellow in the day 30

outgrowth are binucleated. Bar = 100µm.
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FIGURE 2 | Characterization of in vitro derived trophectoderm (IVT) cells from bovine embryo outgrowths. (A) Cytokeratin analysis in day 30 embryo outgrowth

cultures. Cytokeratin is green with nuclei-stained blue using Hoechst dye, a total of three samples were analyzed. (B) Flow cytometry analysis, a total of four

independent samples were analyzed. (C) Endpoint PCR analysis. IVT are embryo outgrowths on day 30 of culture (pool of three different embryo outgrowths). Positive

controls are a day 20 conceptus and day 30 bovine placenta. Negative controls are bovine fibroblasts (BFF), and reaction control was water.

The number of representative genes per cluster ranged from 54
to 405 (Supplementary Table 2). Among representative genes
per cluster, ribosomal genes (RPL10, RPL12, RPS3-23) were
present in cluster 1, genes involved in ubiquitin pathway and
angiogenesis marked cluster 2, and TE differentiation genes
such as HAND1, CITED1, and TKDP1 denoted cluster 7.
Genes associated with growth and remodeling such as JAG1
and EPCAM were representative of cluster 11. Cluster 3 had
increased expression of TE markers including TKDP1 and the
ancient PAGs PAG8 and PAG12. Genes associated with TE stem
cells and lineage specification such as SOX15 and KLF4 were
found in Cluster 4. TE differentiation markers CITED1, PLAC8,
and HAND1 were abundant in Cluster 7. Except for PAG1,
modern PAGs (PAG7, PAG9, and PAG17) were not found. In

addition, all genes expressed in each cluster can be found in the
Supplementary Data Sheet 1.

Whole Trophectoderm Transcriptome
Analysis
To further corroborate the presence ofMNC and BNCmarkers in
the TE outgrowths, whole transcriptome analysis was performed
in a total of 8 TE outgrowths at days 35 and 40 of culture
(Supplementary Table 3). In all samples, there was expression of
genes specifically expressed by MNC such as GATA3, HAND1,
PAG11, PAG12 and PAG2 (Figure 6A; Supplementary Table 2),
and of genes specifically expressed by BNC such as: CSH2,
PAG1, PAG3, PAG4, PAG5, PAG7, PAG9, PAG10, PAG16, PAG17,
PAG18, PAG20 and PAG21 (Figure 6B; Supplementary Table 3).
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FIGURE 3 | Gene expression in trophectoderm cell outgrowths on day 30. A total of 20 cell outgrowths were analyzed (10 outgrowths/sire). Values are presented as

LSMEANS ± SEM. The * denotes difference (P < 0.05) between sires.

DISCUSSION

Here we evaluated a model for bovine TE differentiation derived
from single IVP blastocysts. Trophectoderm outgrowths have

been established in the past from in vitro embryos using feeder
cells (Talbot et al., 2000; Bai et al., 2011; Ramos-Ibeas et al., 2014),

Matrigel (Yang et al., 2011), or type I collagen (Shimada et al.,

2001; Hashizume et al., 2006). For this work, the extracellular

matrix was changed to type IV collagen to promote cell adhesion
and proliferation given its abundance in the endometrium
and particularly in the basal lamina supporting epithelial cells
(Yamada et al., 2002). Further, Type IV collagen is increased
in the endometrium and trophoblast during early pregnancy
(Oefner et al., 2015) and used in the derivation of trophoblast
stem cells in vitro (Okae et al., 2018).

When evaluated by endpoint and quantitative PCR,
expression of MNC marker genes IFNT2, GATA3, and TKDP1
was observed in the cells of the embryo outgrowths. IFNT2
is expressed and secreted by elongating conceptus of cattle
(Spencer and Bazer, 2004), and GATA3 expression is restricted
to the trophectoderm and acts in parallel pathways to CDX2
to induce expression of trophectoderm lineage genes (Ralston
et al., 2010; Bai et al., 2011). TKDP1 expression is increased at the
time of differentiation of MNC to BNC, suggesting a potential
role in this process (MacLean II et al., 2003; Smith et al., 2010).

Expression of CSH2 and PAG1, classical markers of BNC in vivo
(Xie et al., 1997; Green et al., 2005; Spencer et al., 2007), was
also observed. The mixed population of MNC and BNC cells is
like the one observed in the developing conceptus during early
placentation. Interestingly, continuous PAG secretion from these
cells into the culture media was observed and corroborated by
PAGs expression on the whole TE transcriptome data in vivo,
PAGs are secreted by BNC in the placenta, can be detected in
maternal circulation as early as day 22 of pregnancy, and serve
as a marker to monitor pregnancy (Wallace et al., 2015; Wijma
et al., 2016; Filho et al., 2020). There is evidence that lower
circulating PAGs can be a predictor of embryonic mortality and
influence by sire (Pohler et al., 2016).

Here, expression of MNC and BNC markers was influenced
by sire, as indicated by the decreased expression of HAND1
and CSH2 in trophectoderm cells from one of the two tested
sires. Given that Hand1 is involved in the differentiation of
giant cells in the mouse placenta (Scott et al., 2000), and
HAND1-positive cells secrete CSH2 in cattle, it is possible
that the lower expression of HAND1 indicates decreased ability
of the TE to differentiate into BNC. As TE cells can be
successfully generated from individual embryos, the model
presented here could be a useful tool to identify sires prone
to high embryonic mortality based on their ability to secrete
PAGs in vitro.
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FIGURE 4 | Pregnancy associated glycoproteins (PAGs) in cell culture media. A total of 30 cell outgrowths (10 outgrowths per sire) were evaluated in an ELISA

specific for BNC-secreted PAGs. Bars marked with an * above represents differences (P < 0.05) between sires.

Furthermore, there were individual differences in PAG
concentrations depending upon sire. In vivo, PAGs are secreted
by BNC in the placenta, can be detected in maternal circulation
as early as day 22 of pregnancy, and serve as a marker to monitor
pregnancy (Wallace et al., 2015; Wijma et al., 2016; Filho et al.,
2020). There is evidence that lower circulating PAGs can be a
predictor of embryonic mortality (Pohler et al., 2016), and similar
to what we observed in the present study, PAGs concentrations
are affected by the sire (Franco et al., 2018). Furthermore,
secretion of PAGs by TE cells was higher at day 35 followed by
a decrease by day 40 and a second increase in secretion by day
50 (wave pattern), which is a similar to the pattern of secretion of
PAGs in vivo (Pohler et al., 2013). As TE cells can be successfully
generated from individual embryos, the model presented here
could be a useful tool to identify sires prone to high embryonic
mortality based on their ability to secrete PAGs in vitro.

Single-cell transcriptome analysis revealed distinct
populations of cells in the embryo outgrowths. Expression
of genes associated with trophectoderm stem cells and lineage
specification such as KLF4 and SOX15 were highly expressed
in a small population of cells in Clusters 2 and 4, respectively.
KLF4, is a pluripotency-related gene found in induced TE cell
lines in cattle (Kawaguchi et al., 2016). In the mouse, Sox15
drives the transcriptional activity of Hand1, which is involved in
trophoblast giant cell differentiation (Scott et al., 2000; Yamada

et al., 2006). Likewise, genes involved in TE lineage specification
in human, mouse, and bovine GATA2 and GATA3 (Roberts
et al., 2004; Cheng and Handwerger, 2005; Bai et al., 2011;
Schiffmacher and Keefer, 2013) were present in Cluster 2 and 7,
respectively. LGALS3, is abundant in the elongating conceptus
(Cammas et al., 2005; Baldwin, 2019) and expressed in all clusters
in this dataset. Galectin 3 binding protein (LGALS3BP) was also
expressed in all cells in this dataset, and it has been shown to
be increased in immune cells of pregnant heifers during early
pregnancy (Rocha et al., 2020). Galectins contribute to cell-to-
cell adhesion and control immune cell activities (Chaney et al.,
2022), but their exact role in early pregnancy remains unclear.

CITED1, HAND1 and PLAC8 were abundant in the same
cluster. CITED1 and HAND1 are involved in trophectoderm
differentiation in the mouse (Scott et al., 2000; Rodriguez et al.,
2004), and increased in conceptuses from high fertility sires
(Ortega et al., 2018). In the human, PLAC8 is involved in
TE differentiation and regulates the migration of extravillous
trophoblast cells (Chang et al., 2018). The ancient PAGs 2,
8 and 12 were represented in two clusters, while PAG11 was
expressed across all cells. These PAGs are mostly expressed
in mononucleated trophoblast cells (Telugu et al., 2009, 2010;
Wallace et al., 2015). The exact function of PAGs is still unclear,
but there is speculation about their role in facilitating adhesion
between trophoblast and endometrial epithelium (Wallace et al.,
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FIGURE 5 | Single-RNA seq profiling of in vitro derived trophectoderm (IVT) outgrowths on day 40. (A) UMAP plot revealing 11 cell populations based on marker gene

analysis. (B) DotPlot representing genes involved in trophectoderm specification, differentiation, and PAGs. Dot Size indicates the percentage of cells in the cluster

expressing the gene, and shading represents level of expression (higher expression = blue shade lower expression = red shade).

2015). The fact that several markers (Figure 5) are present in
various clusters with different levels of expression could indicate
some transition in the function of the cells in these clusters.

All the samples used for single-cell analysis were selected
after measuring PAG proteins in the cell culture supernatant, to
ensure that functional BNC were present. The lack of expression

of BNC markers’ such as PAG1 and CSH2 could have been
the result of two scenarios: physical exclusion of BNC in the
straining steps during sample preparation due to the larger
size of BNC, or low number of cells and reads per cell in the
single-cell RNA-seq resulting in failure to capture the expression
of BNC. Moving forward, one option to determine single cell
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FIGURE 6 | Gene expression of TE marker genes through transcriptome analysis. A total of eight outgrowths at day 35 and 41 were analyzed. (A) MNC specific

genes expressed TE outgrowths. (B) BNC specific genes expressed in the TE outgrowths. Values are presented as RPKM ± SEM.
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transcriptome analysis in multinucleated large cells could be the
use of in situ (Vickovic et al., 2019).

Nevertheless, BNC markers genes and proteins were detected
in these cells through other analyses in this work. Whole
TE transcriptome, confirmed not only the expression of BNC
markers detected by Endpoint PCR, like PAG1 and CSH2, but
other markers for BNC such as the other members of PAGs
family (PAG1, PAG3, PAG4, PAG5, PAG7, PAG9, PAG10, PAG16,
PAG17, PAG18, PAG20 and PAG21) (Green et al., 2000; Polei
et al., 2020). Some of the PAGs that are mostly secreted by
MNC, such as PAG2, PAG11 and PAG12 (Green et al., 2000;
Polei et al., 2020) were also found the expressed in the whole
TE transcriptome, confirming the mixed population ofMNC and
BNC in the culture system.

In conclusion, we have developed and present an improved
model to derive TE cells in vitro from embryo outgrowths.
The trophectoderm cells undergo differentiation into BNC and
display continuous secretion of PAGs, which are BNC-specific
proteins, similar to what is found during early bovine pregnancy
in vivo. Furthermore, these data corroborate previous evidence
reporting that bovine placentation is influenced by the sire
(Pohler et al., 2013; Ortega et al., 2018). Even when the uterus
is necessary for conceptus elongation (Spencer et al., 2016),
this model allows for the study of trophectoderm development
and can help in understanding the biology of these cells, as
well as provide insights on how male-driven factors regulate
trophectoderm differentiation and contribute to pregnancy loss
during early placentation in the bovine.
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