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Single-nuclei RNA sequencing (snRNA-seq) uncovers trophoblast
cell types and lineages in the mature bovine placenta
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Ruminants have a semi-invasive placenta, which possess highly vascularized placen-
tomes formed by maternal endometrial caruncles and fetal placental cotyledons and
required for fetal development to term. The synepitheliochorial placenta of cattle
contains at least two trophoblast cell populations, including uninucleate (UNC) and
binucleate (BNC) cells that are most abundant in the cotyledonary chorion of the
placentomes. The interplacentomal placenta is more epitheliochorial in nature with
the chorion developing specialized areolae over the openings of uterine glands. Of
note, the cell types in the placenta and cellular and molecular mechanisms governing
trophoblast differentiation and function are little understood in ruminants. To fill
this knowledge gap, the cotyledonary and intercotyledonary areas of the mature day
195 bovine placenta were analyzed by single nuclei analysis. Single-nuclei RNA-seq
analysis found substantial differences in cell type composition and transcriptional
profiles between the two distinct regions of the placenta. Based on clustering and
cell marker gene expression, five different trophoblast cell types were identified in the
chorion, including proliferating and differentiating UNC and two different types of
BNC in the cotyledon. Cell trajectory analyses provided a framework for understand-
ing the differentiation of trophoblast UNC into BNC. The upstream transcription
factor binding analysis of differentially expressed genes identified a candidate set of
regulator factors and genes regulating trophoblast differentiation. This foundational
information is useful to discover essential biological pathways underpinning the
development and function of the bovine placenta.
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The efficiency of reproduction impacts the profitability and sustainability of both beef
and dairy cattle operations (1-3). Of note, pregnancy loss is substantial in beef and dairy
cattle, even in well-managed herds, and a major determinant of production efficiency
(1, 4, 5). Pregnancy establishment and maintenance in cattle is influenced by numerous
factors, including fertilization, embryonic cleavage and formation of a blastocyst, concep-
tus elongation and signaling for maternal recognition of pregnancy, maintenance of the
corpus luteum and progesterone secretion, and development of a functional placenta
(6-8). Pregnancy loss often occurs within the first 30 d after conception, with up to 50%
of losses occurring within the first 7 d of pregnancy after fertilization (1, 4, 9). Up to an
additional 20% of pregnancies are lost between days 30 and 60, which represents the
pivotal period of growth and establishment of a functional placenta to support optimal
embryo/fetal growth and development to term (1). A functional placenta is critical to
support nutrient uptake and delivery for fetal growth, particularly during the second and
third trimesters, and impacts offspring survivability and health into adulthood (1, 10-14).
Moreover, the placenta produces unique hormones that impact fetal growth and maternal
adaptations to pregnancy.

The mature bovine placenta has two unique anatomical regions. Placentomes are formed
by interdigitation of chorionic villi of fetal placental cotyledons and maternal endometrial
caruncles that vastly increase the surface area for maternofetal transport of nutrients that
provide hematotrophic nutrition for fetal growth (14). The intercotyledonary areas of the
placenta are between the placentomes and develop specialized areolae over the superficial
openings of glands in the intercaruncular areas of the endometrium that provide histo-
trophic nutrition for fetal and placental growth (14, 15). Discrete cotyledons begin to
form only after day 30, presumably over the caruncles of the endometrium (14, 16).
Between days 30 and 60, the cotyledons and caruncles develop together into placentomes
(14). During the ensuing 4 mo, the placentomes grow larger and vascularity increases to
provide nutrients for subsequent exponential increases in fetal growth to term (17, 18).
Of note, failure of placentome development is associated with pregnancy loss between
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days 60 and 90 in cloned cattle pregnancies derived by nuclear
transfer (19). Likewise, surgical ablation of caruncles in sheep
decreases the number of placentomes formed and causes preg-
nancy loss or fetal growth retardation (20).

In cattle and other ruminants, placental development includes
differentiation of mononucleate trophoblast cells into trophoblast
binucleate cells (BNC) in the outer layer of the chorion (14, 21).
By day 20 of pregnancy, BNC begin to appear, presumably arising
from trophoblast uninucleate trophoblast cells (UNC) by mitotic
polyploidization or endoreduplication (6, 14, 21, 22). The BNC
are thought to differentiate from diploid UNC by cell division
without cytokinesis, which produces a BNC with two 2N nuclei.
This process occurs throughout pregnancy, predominantly in the
cotyledons after day 30, and results in a constant 15 to 20% of
the trophectoderm being BNC at various stages of maturation
(23). The differentiation process produces BNC below the troph-
oblast tight junctions, without any desmosomal attachments to
closely adjacent trophoblast UNC nor penetration of the basement
membrane or basal lamina (24). Maturation is thought to involve
mitotic polyploidization to produce two larger 4N nuclei (25, 26)
coincident with a considerable increase in cell size and production
of placenta-specific hormones. Fully differentiated and mature
BNC serve as the basis for the formation of the unique synepi-
theliochorial form of placentation observed in cattle (14, 27). In
the placentome, fully granulated BNC migrate through, while
maintaining, tight junctions with other trophoblast cells and then
are thought to fuse with a uterine luminal epithelium (LE) cell.
This allows for the delivery of secretory granules containing unique
placenta-specific hormones, including chorionic somatomammo-
tropin hormone two (CSH2 also known as placental lactogen)
and pregnancy-associated glycoproteins (PAGs) as well as
exosomes, microvesicles, and other factors throughout gestation
into the endometrial stroma and thus maternal circulation by
exocytosis (14, 27). Of relevance, pregnancy loss after day 30 in
beef and dairy cattle pregnancies is associated with lower circulat-
ing PAG concentrations after day 20, which could be attributed
to compromised BNC differentiation and thus problems with
placentation (28).

Although the morphology and histology of the bovine concep-
tus and placenta have been studied in detail, little is known about
the cell and molecular biology of trophoblast cell differentiation.
Previous work in the placenta of humans (29-31) demonstrated
that single cell analysis can capture the multiple cell types that
constitute the placenta. Herein, single-nuclei RNA-seq (snR-
NA-seq) of the mature bovine placenta was performed to deter-
mine cell types and their gene expression patterns, compositional
changes, inferred trajectories, and regulatory factors in the coty-
ledonary and intercotyledonary regions. The mature bovine pla-
centa (sourced at day 195 in this study) provides the opportunity
to capture the greatest number of BNCs to characterize their
transcriptome and model their formation, as BNCs are thought to
continually form and eventually fuse with the maternal endome-
trial epithelium. This molecular knowledge serves as a framework
and resource to advance understanding of cellular and molecular
regulation of placenta development, function, and evolution in
mammals.

Results

Single-Nuclei Analysis Identifies Distinct Cell Types in the
Cotyledonary and Intercotyledonary Placenta. The reproductive
tract of gestating cattle was obtained on day 195 of gestation.
The uterus was isolated, and the intercotyledonary areas of the
placenta were obtained. Placentomes were then removed, and the
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cotyledonary areas of the placenta separated from the endometrial
caruncle by manual dissection. Nuclei were isolated from each
region of the placenta, and snRNA-seq libraries prepared with the
10x Chromium system (SI Appendix, Table S1). Seurat was used
to normalize expression profiles (32) and identified 13 distinct
clusters in the cotyledonary and 11 in the intercotyledonary
area, which were assigned to cell types based on the expression
of previously reported marker genes (Materials and Methods and
Datasets S1 and S2). The uniform manifold approximation and
projection (UMAP) (33) was used to display these clusters in
two dimensions (Fig. 1 A and C). With this approach, the local
and global topological structure of the clusters is preserved, with
subtypes of the major cell lineages being displayed proximal to
each other.

In the cotyledonary placenta, most cells were BNC (40.8%) or
UNC (13.9%). Two different types of UNC trophoblast popula-
tions and three populations of BNC trophoblasts were identified
(Fig. 1A). Other cell populations defined by the analysis included
endothelial cells (3.1% of total), macrophages (3.0% of total),
leukocytes (0.8% of total), neutrophils (0.4% of total), mesen-
chyme (0.2% of total), as well as endometrial luminal epithelium
(LE; 0.4% of total). Two cell populations of unknown identity
(together 37.4% of total) were also present (Fig. 14). These
unknown cell populations displayed marker genes related to mito-
chondrial function and were not able to be distinctly categorized.
The architecture of different cell types in the chorionic villi of the
cotyledon within the placentome is shown in Fig. 1B.

Nine trophoblast populations were present in the intercotyle-
donary placenta (Fig. 1C) with more UNC trophoblasts (37.0%
of total cells) than BNC (12.8% of total cells). Other cell popu-
lations identified included mesenchymal cells (1.2% of total),
endothelial cells (0.6% of total) as well as macrophages and leu-
kocytes that comprised 0.4% and 0.2% of total cells, respectively.
A small population of endometrial LE was also identified and
represented 0.1% of the total cells. A population of cells with
unknown identity were also identified that represented 47.5% of
the total cells. The architecture of different cell types in the inter-
cotyledonary placenta is shown in Fig. 1D.

Opverall, gene expression of different cell types and trophoblast
populations were similar between the cotyledonary and intercot-
yledonary areas of the placenta (Fig. 1 £ and F). Marker genes
that were used to identify BNC trophoblast populations included
CSH2 (placental lactogen), pregnancy-associated genes (PAG10,
PAG17) and prolactin-related proteins (PRPI, PRP2) (14, 26),
which clustered separately from UNC trophoblast populations
that expressed PAG2 and PAGS. Mesenchyme cell types were pos-
itive for VIM which is expressed solely in stromal-mesenchymal
cells in the human placenta (34) as well as /GF2. Immune cell
populations included macrophages expressing C1QA and C1QB,
neutrophils expressing B/RC5 and CENPF among other markers,
and leukocytes expressing BOLA, CD3E, and CD52.

Identification of Trophoblast Cell Populations. The subpopulation
of trophoblast cells in the two regions of the mature bovine placenta
were then reclustered and further analyzed (Fig. 2). Six clusters of
trophoblasts that included both UNC and BNC were identified in
the cotyledon (Fig. 24), with the majority BNC. The abundance
of BNC was confirmed in the placentome chorioallantois by
immunofluorescence using a rabbit anti-bovine PAG antibody
that detects PAG4 and PAG6 (Fig. 2B). The UNC expressed
primarily PAG2 and PAGS, while BNC expressed primarily PAG3,
PAG16, and PAG17 along with CSH2 (Fig. 2C). Of note, PAG2
and PAGS are ancient PAGs expressed only in UNC, whereas
the modern PAGs (PAG3, PAG4, PAG16, PAG1)) are in BNC
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Fig. 1. Single-cell analysis of the mature day 195 bovine placenta. Uniform Manifold Approximation Plot (UMAP), where dots represent single cells and are
colored by cell type for the cotyledonary (A) and intercotyledonary (C) areas of the placenta. Average proportions of cells in the cotyledonary areas of the placenta
are provided for each cell type. Histological sections of the placentome (B) and intercotyledonary placenta (D). Dot plots of gene expression for markers of
identified cell types in the cotyledonary (E) and intercotyledonary (F) areas of the placenta. BNC, binucleate trophoblast cell; LE, endometrial luminal epithelium;
UNC, uninucleate trophoblast cell.

of the bovine placenta (35). The UNC also expressed trophoblast ~ regulates self-renewal of trophoblast stem and progenitor cells
markers PEG3 and PEG10 along with transcription factors such in the mouse placenta (36). The BNC expressed PRP2, PRP3,
as FOXO4, GATA2, GATA3, and TCF7L2 (SI Appendix, Fig. S2). and PRP4 (SI Appendix, Fig. S2). Two populations of BNC were
GATA2 is conserved in trophoblast cells across mammals and identified based on CSH2 and BNC-specific PAG marker gene
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Fig. 2. Clustering and identification of trophoblast subpopulations present in the day 195 bovine placenta. (A) UMAP subclustering of trophoblast populations
in the cotyledon. (B) The identification of BNC in the cotyledon. BNC were visualized by immunofluorescence analysis using a BNC-specific PAG antibody (red)
staining. Nuclei (blue) were visualized by Hoechst nuclear staining. (C) Dot plots of select marker genes across trophoblast subpopulations in cotyledon. (D)
UMAP sub-clustering of trophoblast populations in the intercotyledonary area of the placenta. (E) Immunoreactive BNC-specific PAGs in the intercotyledonary
placenta. (F) Dot plots of select marker genes across trophoblast subpopulations in the intercotyledonary placenta. BNC, binucleate trophoblast cell; LE, luminal

epithelium; UNC, uninucleate trophoblast cell.

expression. The cotyledonary BNC 2 population also expressed
WWTRI, a Hippo signaling cofactor that optimizes trophoblast
progenitor self-renewal and is essential for differentiation into the
invasive extravillous trophoblast cell lineage in humans (37). The
differential expression of CITED2, a gene expressed in numerous
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human and mouse placental cell types that plays a role in invasive
extravillous trophoblast development in the rat and human (38),
was found in two different BNC populations. Differentiating
UNC were distinguished by expression of the cell cycle marker
CDKNIC, an imprinted gene and potent growth regulator that
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functions by inhibiting the activity of cyclin-dependent kinases
to control cell proliferation and differentiation in the embryo
and human placenta (39, 40). Proliferating UNC expressed
proliferation markers MK167, MCM2, and PCNA. A hallmark
of fully differentiated BNC is the cessation of proliferation after
endoreduplication (41).

'The subpopulations of trophoblast present in the intercotyle-
donary placenta were like those identified in the cotyledon, except
the intercotyledonary area did not display two distinct BNC pop-
ulations (Fig. 2D). The expression of PAGs within UNC was like
that of the cotyledon; however, PAG12 was more abundant in
UNC and PAG10 was more abundant in the BNC of intercoty-
ledonary placenta (87 Appendix, Fig. S2). Note the reduced abun-
dance of BNC in the chorion of the intercotyledonary placenta
assessed by immunofluorescence using a BNC-specific PAG anti-
body (which recognizes PAG4, PAG6) (Fig. 2E). Proliferating and
differentiating UNC displayed similar expression profiles and
characteristics across the two placenta locations (Fig. 2F).

Next, CDKNI1C and WWTRI expression was interrogated at
the mRNA and protein level in the day 195 bovine placenta
(81 Appendix, Fig. S3) to visually identify distinct UNC and BNC
populations in each region. CDKNIC expression was observed
in several UNC populations (UNC 2, UNC 3, UNC 4). Immun-
oreactive CDKN1C protein was detected most abundantly in the
cytoplasm of UNC:s in the cotyledonary as well as intercotyle-
donary placenta, but not in the BNC. WW7RI mRNA was most
abundant in one UNC cell type (UNC 3) and one BNC cell type
in cotyledon (BNC 2) but was minimally expressed in trophoblasts
of the intercotyledonary placenta. Similarly, immunoreactive
WWTRI protein was observed in the cytoplasm of a subset of
UNC and BNC in the cotyledon and not detectable in tropho-
blasts of the intercotyledonary placenta.

Single-Cell Trajectory Analysis of Trophoblast Cells. Single-cell
trajectory “pseudotime” analysis was conducted using Monocle3
(42) to better understand how trophoblast cells transition from one
state to the next (Fig. 3). In both the cotyledonary (Fig. 34) and
intercotyledonary placenta (Fig. 3B), trophoblast cell trajectory was
anchored in the proliferating UNC with two different transitions
before a final transition to BNC. Of note, the trajectories
became circular at the BNC trophoblast population, which
indicates a terminal transition or differentiation event. Slingshot
trajectory analysis (43) provided a similar cell differentiation path
(SI Appendix, Fig. S4) which supports the predicted UNC to BNC
differentiation trajectory identified with Monocle3.

A total of 7,835 and 8,495 differentially expressed genes
(DEGs) were identified across trajectories in the pseudotime anal-
ysis (Datasets S3 and S4). The expression of 10 DEGs with known
functions in mammalian trophoblast development or marker
genes of mature BNC across pseudotime is provided in Fig. 3C
for the cotyledonary and intercotyledonary placenta. Note the
increased expression of CSH2 and PAG17 and decreased PAG2
expression as the trophoblast cells transition into a terminally
differentiated BNC population.

Identification of Candidate Transcription Factors Involved in
Trophoblast Differentiation. Enrichment for transcription factor
binding sites near DEGs across the UNC to BNC trajectory was
investigated using ChIP-X Enrichment Analysis Version 3 and
the Encyclopedia of DNA Elements (ENCODE) database (44).
Twelve transcription factors with significantly enriched binding
sites (5 kb upstream or downstream of the transcription start
site) were expressed in at least one trophoblast cell population
across both areas of the placenta (Fig. 44 and Table 1). Most of
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the 12 transcription factors were abundant in the proliferating
UNC of the cotyledonary placenta or in the differentiating UNC
of the intercotyledonary placenta (Fig. 4A4). The transcription
factors CTCF, JUN, MYC, YY1, TCF7L2, BHLHE40, GATA2,
TFAP2C, IRF3, TFAP2A, GATA3, and NR2F2 were abundant
in the proliferating and differentiating UNC. The expression of
these transcription factors was not detectable in the BNC of the
placenta. In fact, very few transcription factors were expressed in
BNC compared with UNC. The transcription factors expressed
in BNC (CITED2, GCM1, HANDI, and PPARG) were present
in the BNC 2 population (87 Appendix, Fig. S2).

Binding sites for the transcription factor CTCF had the greatest
enrichment in DEGs across the UNC to BNC differentiation tra-
jectory, followed by JUN, MYC, YY1 and TCF7L2, BHLHEA40,
GATA2, TFAP2C, IRF3, TFAP2A, and GATA3 and NR2F2
(Table 1). The binding sites of each transcription factor were sig-
nificantly enriched the least for NR2F2 and GATA3 (9.5%) and
most for CTCF (29.9%) of the total number of DEGs across
pseudotime (Table 1). Genes with nearby transcription factor bind-
ing sites for BHLHE40 and GATA2 follow the expression pattern
of the transcription factors, as they are most highly expressed in
proliferating and differentiating UNC and decreased in BNC
regardless of area of the placenta (Fig. 4B). The expression of MYC,
YY1, TCF7L2, JUN, CTCF, GATA3, IRF3, TFAP2C, TFAP2A,
and VR2F2 transcription factors followed the same expression
pattern as their associated genes with DNA binding sites, indicating
their potential role in activating transcription of genes in the three
types of UNC trophoblasts (SI Appendix, Figs. S5-S7).

Gene ontology analyses of genes with enriched transcription
factor binding sites included biological processes related to regu-
lation of translation, protein processing, and mRNA splicing
(SI Appendix, Fig. S8). Previously described interactions between
transcription factors were also queried in the STRING database
(45) and all transcription factors had at least one known interac-
tion with another transcription factor that were derived from
curated databases and/or experimentally determined (S7 Appendix,
Fig. §9). The MYC and GATA3 transcription factors had the
greatest number of connections (9 connections each) and were
coexpressed with five and four other transcription factors, respec-
tively. The transcription factors GATA2 and JUN were found to
interact with 6, YY1 with 5, and NR2F2, TFAP2A, and CTCF
with 4 other transcription factors. The mRNA abundance of tran-
scription factors in this dataset (Fig. 4) indirectly supports evi-
dence of coexpression from the STRING database.

Next, BHLHE40 (abundant mRNA expression in the intercot-
yledonary placenta) and GATA2 (abundant mRNA expression in
the cotyledonary placenta) expression was interrogated at the
mRNA and protein level in the day 195 bovine placenta (S Appendix,
Fig. S3). BHLHE40 mRNA as well as BHLHE40 protein was
observed predominantly in the cytoplasm of UNC trophoblasts.
GATA2 mRNA was most abundant in the proliferating UNC
trophoblast and detected in other trophoblast cell types. GATA2
protein was detected most abundantly in the UNC of the placen-
tome and intercotyledonary placenta.

Discussion

This study is the first to resolve specific cell type populations and
their individual transcriptome profiles with snRNA-seq analyses to
advance our understanding of the mature midgestation bovine pla-
centa. These populations have been studied previously only by
histology and immunohistochemistry techniques (14, 21-22, 23,
46). The snRNA-seq analysis identified major cell types in the two
different areas of the chorion of the bovine placenta and
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Fig. 3. Analyses of pseudotime trajectory of trophoblast differentiation in the (A) cotyledonary and (B) intercotyledonary placenta. (C) Differentially expressed

genes across pseudotime for both areas of the bovine placenta.

differentiated the UNC from BNC trophoblasts. The BNC were
determined by the expression of marker genes CSH2 and binucle-
ate-specific PAGs, such as PAG17, as those genes are not expressed
in UNC and other cell populations (6, 14). The behavior of indi-
vidual nuclei within a BNC, including those BNC that have fused
with the maternal endometrial epithelium, was not able to be deter-
mined in this study and warrants further study. Of note, the UNC
expressed genes identified in cytotrophoblasts from human and
mouse placenta as well as human organoids (46-48).

The knowledge of trophoblast subpopulations was improved after
sub-clustering of the original trophoblast clusters found in

https://doi.org/10.1073/pnas.2221526120

cotyledonary and intercotyledonary areas of the placenta. The UNC
expressed GATA2, a known transcription factor in UNC (38, 49-51).
A subpopulation of UNC expressed proliferation marker MKI67
and stem cell markers 7BX3 (52) and RIFI (53), and another sub-
population expressed CDKNIC that encodes a protein regulating
the cell cycle and endoreduplication (54). The BNC are presumed
to arise via endoreduplication that requires cessation of the cell cycle,
and the UNC 4 trophoblasts expressing CDKNIC may be differ-
entiating to BNC (54). Indeed, trophoblast cell trajectory analyses
predicted the differentiation of UNC 4 into BNC in both the cot-
yledonary and intercotyledonary placenta. CDKN1C (p57Kip2)
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Fig. 4.

Identification of candidate transcription factors regulating trophoblast trajectory. (A) Dot plots of gene expression for select transcription factors in

each trophoblast cell type of the cotyledonary and intercotyledonary placenta. (B) Heatmap of expression of genes in trophoblast cell types with binding sites
for BHLHE40 and GATA2 transcription factors in the bovine placenta based on pseudotime progression analysis.

inhibits the cyclin-dependent kinase CDK1 and is involved in the
differentiation of trophoblast stem cells into trophoblast giant cells
in the rodent placenta (54). The CDKNI1C gene is imprinted (55,
56) and associated with large offspring syndrome in both cattle and
humans (56-60). Although it is not known if CDKN1Cis imprinted
in the bovine placenta, parent-specific influences on gene expression
in the mammalian placenta exist (61, 62).

PNAS 2023 Vol.120 No.12 2221526120

The proportion of BNC in the cotyledonary and intercotyle-
donary placenta was comparable to reports from other studies that
the cotyledonary chorion contains much more abundant numbers
of BNC (21). The BNC are likely most abundant in the cotyledon,
as the hormones they produce have greater access to the maternal
circulation given that uterine blood flow is preferentially directed
to the caruncles. A cluster of nuclei adjacent to BNCs in both

https://doi.org/10.1073/pnas.2221526120 7 of 11
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Table 1.

Twelve significant (FDR < 0.01) transcription factors expressed in trophoblasts that have overrepresenta-

tion of gene targets differentially expressed across pseudotime, the number of genes and percent of total differen-

tially expressed genes (DEGs), and binding motif

Transcription factor ~ Percent of total DEGs ~ No of genes Odds ratio  FDR Binding motif"

16 eSO TICAGTIOGEARARTRACCA
JUN 28.4% 266 1.7 14E10  SATCACTOALSS
MYC 26.5% 248 21 44819 CEEGTCACGTCA

YY1 22.2% 208 2.2 54817 CAAGATCGCGGC
TCF7L2 22.1% 207 2.2 16614 ACTTCAAAGS

BHLHE40 19.5% 183 2.1 27814 GOMCET g‘ﬁ

GATA2 14.8% 139 1.8 77809 ZSCTTATCIS

TEAP2C 14.6% 137 1.8 33808 GOCTCAGGREAL
IRF3 14.0% 131 1.9 11608 AGTTTCASTTIC
TFAP2A 12.9% 121 1.6 22805 2TGCCCTSAGGS
GATA3 9.5% 89 2.2 STE09 AGATSRSSAGATAAS
NR2F2 9.5% 89 1.7 4.5E-05

SRAGOTCA

*Binding motifs procured from the HOMER transcription factor motif database.

tissues expressed WWTRI, a gene involved with the YAP pathway
which regulates maintenance of cytotrophoblast-like fate and
essentially blocking the transition to a syncytiotrophoblast in
humans (37, 63, 64). Cell trajectory analysis of trophoblasts pre-
dicted a framework for UNC to BNC differentiation (Fig. 5). In
this framework, the proliferating UNC 1 (marked by MK767 and
TCF7L2) develop into a UNC 2-3 (marked by PAG2 and PAGS).
UNC 2-3 then form differentiating UNC (marked by CDKN1C)
that could differentiate into two different types of BNC marked
by up-regulation of BNC-specific genes (CSH2, PAG3, PAGI6,
PAG17, PRP2, PRP3) and loss of UNC-specific PAGs (PAG2,
PAGS) (35). Two different BNC populations were observed in the
cotyledonary but not intercotyledonary placenta. Given that the
BNC 2 in the cotyledon was only 0.7% of total trophoblast cells,
this could represent a true biological difference in the areas of the
placenta or simply lower numbers of BNC in the intercotyledonary
area that influenced cell type identification. The present study and
trophoblast differentiation framework complement previous mor-
phological and histological studies. Those studies identified inter-
mediate developmental stages of UNC and BNC trophoblasts that
differed in size, level of polyploidy, abundance of cytoplasmic
granules, and location in the chorion epithelium (26, 65).

Many of the DEGs across the trajectory are associated with tro-
phectoderm fate or placental function in other mammals, including

https://doi.org/10.1073/pnas.2221526120

ETV5, which prevents differentiation of trophoblast stem cells by
regulating FGF2 (66). The top 10 DEGs across pseudotime in both
tissues included placental viral attachment factor PROSI (67),
RCANI which has been related to inflammation in the placenta
(68), SODI which is downregulated in preterm birth placentas in
humans (69), placental iron uptake mediator gene 7FRC (70), and
TP63 which inhibits differentiation of cytotrophoblasts in human
trophoblast cells (71). In fact, all the “core” placental transcriptome
genes (72) were expressed in the cotyledon (CPM > 10) as deter-
mined by bulk RNA-seq analysis of the chorion (Dataset S5).
Seventeen (17) of those core genes were enriched in BNC, 14 in
UNC, six in mesenchymal cells, five in endothelial cells, two in
neutrophils, and one in leukocytes. Further, 85 genes were expressed
in the mature bovine placenta of the 127 genes found to be signifi-
cantly associated with a specific placentation shape (72) (Dataset S6).
‘The mature bovine placenta also expressed 16 of the 22 genes used
as markers for human cytotrophoblast, extravillous trophoblast, and
syncytiotrophoblast in culture (73) (Dataset S6). Two genes
(CTNNBI and LRP5) profiled in human cytotrophoblast were
enriched in UNC stem cells (73). The genes CD9and FN1 profiled
in extravillous trophoblast were enriched in endothelial and mes-
enchyme clusters, respectively, while placental lactogen (CSH2 in
cattle) and HSD3BI profiled in syncytiotrophoblast were enriched
in BNC and UNC trophoblast, respectively (73). This suggests that
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Fig. 5. Proposed trophoblast cell differentiation based on pseudotime analyses and marker gene analysis. Trophoblast lineage was predicted to begin with
proliferating trophoblasts UNC. Differentiation of UNC into BNC involves the loss of UNC-specific PAGs and cell cycle inhibition during endoreduplication.
Differentiating UNC can develop in two different BNC types that express BNC-specific genes.

some mechanisms relating trophoblast fate and differentiation in
cattle are conserved with other mammalian species despite differ-
ences in placental structures (72).

The present study identified expressed transcription factors with
binding sites near DEGs in the trophoblast differentiation trajectory
that are involved with many essential and relevant cellular processes,
including cell cycle progression and trophoblast development, in
other species. The transcription factor with the most significant
enrichment was MYC, which is involved with cell cycle progression,
apoptosis, and cellular transformation in mammals (74). Six of the
10 transcription factors are directly linked to trophoblast function
in mammals, including JUN which has been shown to be involved
with trophoblast invasion (75), BHLHE40 which has been associ-
ated with pre-eclampsia (76), and GATA2 and GATA3 (36, 39, 51,
77), NR2F2 (78), and TFAP2A and TFAP2C (79-81) involved
with trophoblast differentiation. Of note, GATA2, GATA3,
TFAP2A, and TFAP2C have been shown to form a network of
transcription factors to regulate early trophoblast progenitor speci-
fication by activating associated genes and inhibiting pluripotency
genes such as OCT4 (39). Further, YY1 has been shown to promote
trophoblast invasion by promoting MMP2 expression, and mRNA
expression of YY7 is associated with recurrent miscarriage in humans
(82). YY1 is also involved with DNA looping and facilitating
enhancer-promoter interactions across the genome in a similar man-
ner to CTCEF (83). CTCEF can act as both a transcription factor and
insulator for topologically associated domains in chromatin looping
(84, 85), regulates pregnancy specific glycoprotein (PSGI, PSG2,
PSG4, PSG5, PSG6, PSG8, PSGY, and PSG11) expression in a
human trophoblast cell line (86). Lastly, the transcription factor
TCF7L2 has been shown to be involved with stem cell differentia-
tion and epithelial to mesenchymal transition (87, 88), while IRF3
is an interferon regulatory factor expressed in the bovine placenta
(89). The previously characterized involvement of these transcription
factors in critical processes during mammalian placentation further
supports that the mechanisms driving trophoblast fate may be con-
served in cattle, despite very different placental structures (72).

The transcription factors and associated genes enriched in UNC
that were minimally expressed or absent in BNC suggests that there
could be regulatory mechanisms that are silencing gene expression
during trophoblast differentiation. Further analysis of UNC 2-3
and BNC 1 trophoblast populations found 456 DEGs in the

PNAS 2023 Vol.120 No.12 2221526120

cotyledonary and 685 DEGs in the intercotyledonary placenta
(Datasets S3 and S4). Using a database of human transcription
factors (90), 20 transcription factors (ASHIL, BBX, EPASI,
FOX04, GATA2, GATA3, GPBP1, JUN, JUND, KLF6, NFE2L2,
PEG3, RXRA, SON, TCF7L2, TFAP2A, TFDPI, YBX1, ZNF292,
ZFHX3) were more abundant in the UNC 2-3 trophoblasts but
only one transcription factor (NME2) more abundant in BNC 1
trophoblasts. Similarly in the intercotyledonary placenta, 41 tran-
scription factors (ASHIL, BAZ2A, BBX, EPASI, ETS2, ETV3,
FOX0O4, GATA2, GATA3, GPBPI1, GTF2B, HANDI, HBPI,
IRF3, KLF6, MGA, MLXIPL, MSX1, MYSM1, NCOA2, NFATS,
NFE2L1, NFE2L2, PEG3, PRDM?2, RXRA, SAFB, SMAD4, SON,
SPEN, TBX3, TERF2, TET2, TFAP2A, TFDP2, TRAFD1, ZFHX3,
ZMATI, ZNFI131, ZNF292, Z773) were more abundant in the
UNC 2-3 trophoblasts, but only three transcription factors more
abundant in the BNC trophoblasts (NME2, PPARG, YBXI). Thus,
the loss of specific transcription factors during differentiation of
UNC into mature BNC appears to be a critical component of cell
fate and lineage differentiation. Future studies should focus on
discovering the genetic and epigenetic mechanisms underlying
differentiation of proliferative UNC to nonproliferative BNC with
particular attention to genes encoding transcription factors.

The cellular mechanism driving differentiation of UNC into
BNC is posited to be endoreduplication or acytokinetic mitoses
resulting in a polyploid cell (14). The underlying genetic process
and impact of endoreduplication is essentially unknown for troph-
oblast differentiation in the ruminant placenta. Various physiologic
states or pathologic conditions can induce cells to exit their mitotic
cycle and differentiate into polyploid cells (91). In rodents, troph-
oblast giant cells are the first cell type to terminally differentiate
during embryogenesis and arise from the trophectoderm layer in
the blastocyst (54). The differentiation of placental trophoblast stem
cells to trophoblast giant cells is caused by transition from a mitotic
cell cycle to an endoreduplication that is triggered by CDKN1C
(p57Kip2) inhibition of CDKI activity, finally resulting in an
increased amount of nuclear DNA (54). Induction of CDKN1A
(p21CIP1) serves to prevent apoptosis in cells undergoing multiple
rounds of endoreduplication (54). In the present study, CDKNI1C
was found to be most abundant in the UNC 4 population that is
likely UNC trophoblasts differentiating into BNC. Future studies
need to be focused on developing an in vitro culture system to derive

https://doi.org/10.1073/pnas.2221526120 9 of 11
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mature BNC from UNC to understand the critical cellular and
molecular processes governing trophoblast differentiation in the
bovine placenta (92). Further, studies of isolated UNC and BNC
need to be conducted to understand the genetic and epigenetic
regulation of endoreduplication-based differentiation and induction
of genes expressed only in BNC. These studies are critically impor-
tant, as trophoblast BNC in the chorion are essential for pregnancy
establishment and formation of a placenta for maintenance of preg-
nancy and support of fetal growth to term in ruminants (19, 22).
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