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Proper development of the placenta is vital for pregnancy success. The placenta
regulates exchange of nutrients and gases between maternal and fetal blood and
produces hormones essential to maintain pregnancy. The placental cell lineage
primarily responsible for performing these functions is a multinucleated entity
called syncytiotrophoblast. Syncytiotrophoblast is continuously replenished throughout
pregnancy by fusion of underlying progenitor cells called cytotrophoblasts. Dysregulated
syncytiotrophoblast formation disrupts the integrity of the placental exchange surface,
which can be detrimental to maternal and fetal health. Moreover, various factors
produced by syncytiotrophoblast enter into maternal circulation, where they profoundly
impact maternal physiology and are promising diagnostic indicators of pregnancy
health. Despite the multifunctional importance of syncytiotrophoblast for pregnancy
success, there is still much to learn about how its formation is regulated in normal and
diseased states. ‘Omics’ approaches are gaining traction in many fields to provide a
more holistic perspective of cell, tissue, and organ function. Herein, we review human
syncytiotrophoblast development and current model systems used for its study, discuss
how ‘omics’ strategies have been used to provide multidimensional insights into its
formation and function, and highlight limitations of current platforms as well as consider
future avenues for exploration.

Keywords: pregnancy, placenta, trophoblast, syncytiotrophoblast, omics, cell models

INTRODUCTION

The placenta is a temporary organ that forms during pregnancy. It serves crucial functions
to sustain pregnancy, promote fetal growth and development, and stimulate adaptive changes
in maternal physiology and metabolism. These functions include (but are not limited to)
hormone production and metabolism, hemodynamic adaptations, and serving as a physical barrier
separating maternal and fetal circulations. The placental barrier enables nutrients, gases, and wastes
to diffuse between maternal and fetal blood, yet protects the fetus from potentially harmful factors
including toxins, pathogens, and maternal immune reactivity. Structural adaptations have evolved
to enable the placental barrier to execute its versatile requirements as both protector and nurturer,
culminating in the formation of a unique multinucleated syncytium consisting of millions of
nuclei connected by a continuous cytoplasm, called syncytiotrophoblast (STB). In humans, STB
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facilitates implantation and ultimately lines chorionic villi
where it bathes in maternal blood. STB secretions and debris
are deposited into the maternal circulation, where they have
important roles in modulating maternal physiology as well as
diagnostic potential for fetal-placental aberrations and pregnancy
disease. Despite the importance of STB formation and function
for fetal development and pregnancy outcome, limitations of
cell and animal models have left much to be discovered. In
the first part of this review, we will briefly highlight the
ontogeny and diverse functions of human STB as well as
models commonly used for its study. Then, we will discuss
how various omics technologies have provided unprecedented
insights into understanding STB formation and function,
including current limitations, challenges, and opportunities for
future investigation.

ONTOGENY OF STB

There are two types of STB that arise during different stages
of human embryogenesis: a primitive STB that mediates
implantation and decidual erosion during the second week after
fertilization, and a definitive STB that lines chorionic villi from
the third week and beyond. Whether these two STB subtypes are
distinct entities or the gradual evolution of the same lineage as
gestation progresses is unclear. The primitive STB first appears
around the time of implantation as the blastocyst breaches the
uterine surface epithelium, likely through intercellular fusion of
underlying cytotrophoblasts (CTBs) at the embryonic pole of the
blastocyst. The primitive STB rapidly expands into the decidua
and erodes uterine stroma, glands, and capillaries. The cavities
generated within the primitive STB, called lacunae, become filled
with blood and glandular secretions from eroded decidual tissue,
providing a source of early nutrition for the conceptus. The
primitive STB provides the groundwork in which pillars of CTBs
proliferate, forming primary villi. These primary villi traverse the
entirety of the primitive STB and ultimately connect together to
encircle the conceptus as the CTB shell, which serves to anchor
the conceptus to the decidua basalis. Villi also branch extensively
to create smaller floating villi that remain within spaces between
villi (intervillous spaces), increasing the surface area of the villus
tree. Chorionic villi are formed when extraembryonic mesoderm
and blood vessels emanating from the allantois infiltrate the
proximal cores of the primary villi during the third week of
development. Thus, the villus core includes an inner meshwork of
mesoderm-derived stroma consisting of fibroblasts and immune
cells (notably macrophages) as well as blood vessels that are
contiguous with the fetal circulation via the umbilical vessels. The
core is lined by a trophoblast bilayer containing an outer STB
layer and an inner CTB layer, which are physically separated from
the stroma by a laminin-rich basement membrane. Blood vessels
known as spiral arteries course through the decidua basalis and
supply maternal blood to the intervillous spaces. Since STB lines
the outer surface of the villi, it directly bathes in maternal blood
and forms a key site of interaction between maternal and fetal
tissue. A schematic illustrating the primitive and definitive STB is
presented in Figure 1.

DIFFERENTIATION OF CTB INTO STB

Syncytiotrophoblast has a limited lifespan and must be regularly
replenished throughout pregnancy with fresh cytoplasm and
nuclei by controlled differentiation and fusion of underlying
CTBs. Differentiation and fusion of CTBs into STB is a complex
and highly orchestrated process that involves biochemical
changes to support the immense endocrinological and secretory
functions of STB as well as morphological changes to enable
intercellular fusion. It is not yet clear whether the signal that
initiates these biochemical and morphological events originates
from the STB or from the underlying CTB layer. Additionally,
while biochemical and morphological differentiation are coupled,
they are thought to be executed by discrete pathways (Orendi
et al., 2010). Biochemical differentiation requires that CTBs
exit the cell cycle (Lu et al., 2017), and repress genes involved
in maintaining a progenitor state, such as ELF5, TP63, ID2,
and TEAD4. Simultaneously, factors implicated in nutrient
transport, immunomodulation, and hormone biosynthesis and
metabolism are induced. The integration of multiple signaling
pathways and transcription factors (TFs) are implicated in
the process of CTB differentiation, including suppression of
WNT and activin/transforming growth factor beta (TGF-β)
signaling as well as activation of cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) and mitogen-activated protein
kinase (MAPK) pathways. CTB differentiation also involves the
activity of many TFs and epigenetic regulators including PPARG,
DLX3, GCM1, TFAP2A, OVOL1, and many others. A detailed
characterization of TFs implicated in trophoblast differentiation
is discussed in several comprehensive reviews (Knott and Paul,
2014; Baines and Renaud, 2017; Knöfler et al., 2019).

Morphologically, CTB fusion necessitates a modified
epithelial-mesenchymal transition resulting in loss of junctional
proteins such as E-cadherin, reorganization of cytoskeletal
components, and intercellular mixing of intracellular contents
(Ishikawa et al., 2014). The impetus for intercellular fusion
is largely mediated by expression of cellular fusogens called
syncytins. Syncytins are encoded by co-opted endogenous
retroviral (ERV) envelope genes ERVW-1 (encodes syncytin-1)
and ERVFRD-1 (encodes syncytin-2). Syncytin-1, which is
expressed in STB, binds to the neutral amino acid transporter
ASCT-2 expressed mainly by CTBs. Syncytin-2, on the other
hand, is expressed in small clusters of CTBs and binds to
MFSD2A, which is expressed by STB (Lavialle et al., 2013).
Additionally, changes in the cytoskeleton are required to
form the extensive microvilli that cover the apical surface of
STB and increase the surface area of the STB up to sevenfold
(Teasdale and Jean-Jacques, 1985).

STB LIFE CYCLE

Syncytiotrophoblast undergoes highly regulated turnover as
aged or damaged syncytia are replaced by newly formed ones
through fusion of underlying CTBs (Gauster et al., 2009).
Since this occurs continuously from implantation until term,
the nuclei present in STB are of different ages and exhibit
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FIGURE 1 | Sequential development of STB. (A) Progression of a human embryo at approximately gestational days 7–8 (peri-implantation; left image) and days 9–10
(post-implantation; right image). Please note the invasive properties of the primitive STB at the forefront of the implanting human embryo and the gradual
development of blood-filled lacunae. (B) Cross section of a chorionic villus in later gestation. Please note that the STB layer exhibits apical-basal polarity (as shown
by the presence of microvilli) and bathes directly in maternal blood. An extruding syncytial knot is also shown. The villus core contains blood vessels that connect to
the fetal circulation, as well as different cell types (such as Hofbauer cells and fibroblasts). CTBs are shown in various stages of their life cycle (proliferating,
differentiating, and fusing).

a range of morphologies and packing densities that reflect
progressive maturation. Within STB, clustering of nuclei occurs
in regions known as syncytial sprouts and knots (Mayhew,
2014). Syncytial sprouts, which are predominant during the first-
trimester, harbor nuclei that are primarily euchromatic with a
distinct nucleolus. They form protrusions in the development
of new villi, yet their connection with the villus surface can
become attenuated and render them susceptible to detachment
and release into the intervillous space (Burton, 2011). Syncytial
knots, which often protrude from the surface of villi during
the third trimester, contain more densely clustered nuclei
that may be less transcriptionally active based on features
such as dense condensations of heterochromatin and lack of
apparent nucleoli (Burton and Jones, 2009). Although the
nuclei resemble those classified as apoptotic, whether syncytial
knots represent an apoptotic end-stage of the STB life cycle
remains elusive as nuclear fragmentation is not observed
(Mayhew, 2014). Nevertheless, knots are considered a means
by which aged STB nuclei are sequestered to regions of the
villus membrane where they do not interfere with exchange
(Fogarty et al., 2013), and some normally detach to be shed
into maternal circulation (Mayhew et al., 1999). The volume
of syncytial knots relative to CTB volume increases during
gestation, suggesting that early proliferation is geared toward

growth with later proliferation toward renewal and repair
(Mayhew and Barker, 2001).

Over the course of pregnancy, STB releases a variety of factors
into maternal circulation that are critical for the maintenance
of healthy pregnancy. This includes fragments derived from
syncytial sprouts or knots, which range from small subcellular
particles to large multinucleated fragments, that may play
important roles in maintaining maternal immune tolerance
to fetal tissues (Chamley et al., 2011). Furthermore, STB
releases membrane-bound vesicles known as STB extracellular
vesicles (STBEV) in the form of exosomes, microvesicles, or
apoptotic bodies, from the villus surface into maternal circulation
(Tannetta et al., 2017a). These vesicles contain a variety of
biologically active molecules, such as proteins, RNAs, and
lipids, that have regulatory roles in the maternal immune
response to pregnancy and may interact with components of
maternal circulation, such as endothelial cells or leukocytes, to
facilitate maternal-fetal communication (Tannetta et al., 2017b).
STB also releases cell-free ‘fetal’ DNA (cfDNA) into maternal
blood that varies in concentration based on multiple factors
including oxidative stress (Taglauer et al., 2014). Additional
factors that are produced and released by STB include numerous
steroid and peptide hormones, such as estrogen, progesterone,
human chorionic gonadotropin (hCG), human placental lactogen
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(hPL), and placental growth hormone (PGH) (Murphy et al.,
2006). STB also produces a variety of growth factors, such
as pregnancy-specific glycoproteins (PSGs), vascular endothelial
growth factor (VEGF), placental growth factor (PlGF), TGF-β,
and many other cytokines, chemokines, and signaling molecules
(Kidima, 2015).

STB FORMATION IN PREGNANCY
DISEASE

Abnormal formation or function of STB during pregnancy is
implicated in the etiology of pregnancy complications, such as
preeclampsia and fetal growth restriction (FGR). Preeclampsia
is a serious disease characterized by vascular damage and
hypertension in the mother during the latter half of pregnancy
that can result in further organ deficiency and damage. Currently,
the only definitive treatment is to remove the placenta and
therefore deliver the baby, which can lead to complications
associated with prematurity if performed prior to 37 weeks.
FGR is the failure of a fetus to achieve its growth potential as
predetermined by genetic and epigenetic factors (Burton and
Jauniaux, 2018). Low birth weight as a result of FGR or premature
delivery increases risk of perinatal death and morbidity and
predisposes the child to lifelong risk of developing serious chronic
diseases. Cultured CTBs from preeclampsia or FGR-affected
placentas show impaired cell fusion and reduced expression
of key fusion mediators (Langbein et al., 2008). In STB from
these placentas, there is a greater number of apoptotic nuclei
present (Ishihara et al., 2002). Preeclampsia is also associated with
increased syncytial knotting as well as greater extrusion of STB
fragments and pro-inflammatory STBEVs that are implicated in
immune dysregulation and endothelial damage (Roland et al.,
2016; Tannetta et al., 2017b). In addition, there is altered
composition of placental proteins within STBEVs isolated from
plasma of women with pregnancy-related disorders such as
preeclampsia, which holds promise to be exploited as potential
biomarkers for early diagnosis and monitoring (Levine et al.,
2020). Current screening methods that use maternal serum
biomarkers of STB stress, such as increased soluble vascular
endothelial growth factor receptor 1 (sFLT1) and endoglin or
reduced PlGF, are limited as these changes may not appear
in later onset forms of disease with no early STB pathology
(Redman and Staff, 2015).

MODELS TO STUDY STB
DEVELOPMENT

Models commonly used to study human STB are listed in
Table 1. Although this review will focus on human STB, it is
noteworthy that animal models with a syncytialized placental
barrier (including rodents and primates) have been instrumental
in providing insight into STB formation and function. In many
cases, factors identified as critical for STB formation in animal
models have subsequently been shown to have a conserved
function in human STB development.

Since the placenta is expelled at the end of pregnancy (i.e.,
early pregnancy termination or delivery) and is often considered
clinical waste, it is possible to conduct experiments using
placental tissue. Moreover, unlike many other tissues used for
ex vivo analyses that are biopsied or removed only when diseased,
it is possible to collect placental tissue from pregnancies deemed
healthy. To study STB biology, villus explants can be cultured
for defined time periods, which is advantageous to study STB
function while preserving tissue integrity (Miller et al., 2005).
CTBs can also be isolated and enriched from placental tissue
(Kliman et al., 1986). Isolated CTBs spontaneously differentiate
into STB following removal from intact tissue and are considered
a reliable representation of STB generation. Since isolated CTBs
have limited capacity for proliferation in culture, they are not well
suited for mechanistically studying repression of proliferation
during early stages of STB formation.

Choriocarcinoma cell-lines are a valuable tool to study STB
biology due to their resiliency and extended lifespan in culture.
BeWo cells were derived from a brain metastasis, serially
cultivated, and are adapted to cell culture (Pattillo and Gey, 1968).
Differentiation of BeWo cells into hormone-producing STB-like
cells is stimulated following exposure to agents such as forskolin
(Wice et al., 1990). Forskolin activates adenylate cyclase, which
increases intracellular levels of cAMP, thereby stimulating cAMP-
sensitive pathways implicated in STB generation such as PKA
(Gerbaud et al., 2015). Other commonly used choriocarcinoma
cells, including JEG-3, JAR, and ACH3P, produce hCG in
response to forskolin, but do not fuse under standard culture
conditions (Borges et al., 2003; Rothbauer et al., 2017). Thus, their
utility as models of STB development is limited.

In 2018, culture conditions to maintain trophoblast stem cells
(TSCs) from human embryos or first-trimester placentas were
determined (Okae et al., 2018). These cells can be maintained
as CTB-like cells or stimulated to form STB-like cells. Organoid
cultures of human trophoblasts derived from first-trimester
placenta have also been established, which provide a powerful
model to study human STB biology while considering three-
dimensional (3D) spatial configuration (Haider et al., 2018; Turco
et al., 2018).

Human embryonic stem cells (hESCs) and pluripotent
stem cells (hPSCs) cultured under defined culture conditions
differentiate into cells with features consistent with trophoblasts,
including STB (Xu et al., 2002; Amita et al., 2013; Li et al.,
2019). In particular, recent reports indicate that naïve hPSCs can
be used to model the entire trophoblast lineage trajectory from
trophectoderm through CTBs to STB (Dong et al., 2020; Guo
et al., 2021; Io et al., 2021). STB derived from hESCs and hPSCs
offer the possibility of studying normal and pathological STB
development from distinct genetic backgrounds. For instance,
defective STB formation in placentas with trisomy-21 can be
recapitulated using trisomy-21 hPSCs (Horii et al., 2016).

OMICS: AN OVERVIEW

‘Omics’ technologies provide a holistic and integrative approach
toward the study of biological systems. To obtain a systems
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TABLE 1 | Cell models used to study STB development and function.

Source Cell model Reference(s) Notes

Placenta Placental villus explants Miller et al., 2005; Baczyk et al.,
2006

Prepared by dissecting placental tissue and incubating in tissue culture
wells for defined time periods. Denudation and regeneration of STB is
also possible. Benefits include preservation of tissue integrity.
Challenges include minimizing variation within and between
experiments due to heterogeneity of explant preparation.

Placental (CTB) organoids Haider et al., 2018; Turco et al.,
2018

Derived from early gestation placentas and can be expanded and
cultured long-term. Provides a powerful model to study STB formation
in 3D. Of note, the STB layer faces toward the inside of the organoid,
so modeling transplacental passage of substrates may be limited.

hTSCs Okae et al., 2018 Derived from early gestation placentas or human blastocysts. Can be
maintained as CTB-like cells in the presence of GSK-3, TGF-β, and
HDAC inhibitors. Cells form STB-like cells after removing these
inhibitors and adding forskolin.

Primary CTBs Kliman et al., 1986; Petroff
et al., 2006

Isolated and enriched from placentas following delivery. Advantageous
because they have undergone few population doublings or
manipulations, and spontaneously form STB in culture. Cells have
limited capacity to proliferate in culture, so they are less well suited to
study early stages of syncytialization. Contamination with unwanted cell
types and changes in CTB viability after isolation can pose a challenge.

Choriocarcinoma BeWo Pattillo and Gey, 1968 Cells have extended lifespans in culture. Beneficial for studying
molecular aspects of cell fusion and hormone production, but possess
genetic signatures distinct from normal trophoblast, so results should
be interpreted with caution. Exposing BeWo cells to cAMP agonists
stimulates STB-like cell fusion and hormone production. JEG-3, JAR,
and ACH3P produce hormones (hCG) in response to cAMP agonists,
but do not fuse, so their utility for modeling STB formation is limited.
JEG-3 cells form STB-like cells when placed in 3D culture with
microvascular cells.

JEG-3 Kohler and Bridson, 1971

JAR Pattillo et al., 1971

ACH3P Hiden et al., 2007

Early-stage
embryos

hESCs Xu et al., 2002; Amita et al.,
2013

Using defined culture conditions, hESCs and hPSCs differentiate into
cells possessing trophoblast-like properties, including STB-like cells.
Beneficial for studying normal and pathological STB development from
distinct genetic backgrounds, although there is contention about
whether these cells truly represent trophoblast. Cells derived from naïve
hESCs and hPSCs (rather than primed hESCs and hPSCs) appear to
form bona fide trophoblast and can delineate the entire trophoblast
developmental trajectory from pre- to post-implantation, including STB
formation.

Reprogrammed
somatic cells

Primed hPSCs Chen et al., 2013; Horii et al.,
2016; Wei et al., 2017

Naïve hPSCs Dong et al., 2020; Guo et al.,
2021; Io et al., 2021

level understanding of biology and disease, large-scale data on
DNA, RNA, protein, and/or metabolites are produced, which are
then organized by computational tools to provide a framework
for the hierarchical contribution of integrated cellular pathways
(Debnath et al., 2010; Karahalil, 2016). The term ‘omic’ derives
from the suffix –ome, which means ‘whole’, and is added to
terms like gene, transcript, and protein to create names that
encompass the entire set of biological molecules in a system, such
as genome, transcriptome, and proteome. The addition of ‘omics’
to the terms (genomics, transcriptomics, and proteomics) refers
to the comprehensive assessment of these molecules in a non-
targeted and unbiased manner (Nalbantoglu and Karadag, 2019).
An overview of omics approaches used to study STB biology is
provided in Figure 2.

Genomics is the study of the genome and the genetic basis
underlying disease. The emergence of high-throughput methods,
such as genotype arrays and next-generation sequencing
(NGS), have enabled large-scale analyses of DNA sequences
to identify copy number variations, small insertions and
deletions, as well as single nucleotide variations between
individuals, tissues, or cells (Hasin et al., 2017). Epigenomics

focuses on the genome-wide characterization of reversible, and
sometimes heritable, modifications of DNA or DNA-associated
proteins resulting in altered chromosome conformation or gene
expression without changes in the DNA sequence. Epigenomics
approaches include global assessment of DNA methylation
through NGS following bisulfite treatment of DNA, profiling
chromatin accessibility (e.g., assay for transposase-accessible
chromatin coupled to sequencing, ATAC-seq), chromosome
conformation capture technologies, or the characterization
of DNA-binding protein distribution through chromatin
immunoprecipitation followed by sequencing (ChIP-seq)
(Buenrostro et al., 2015; Fröhlich, 2017; Hasin et al., 2017).

Transcriptomics is the study of the transcriptome that
comprises the entire set of transcripts present in a cell or
organism. Transcriptomics provides insight into particular
types and levels of RNA molecules, including mRNA and
non-coding RNA [e.g., short non-coding RNAs such as
microRNA (miRNA) and long non-coding RNA], and is often
used to evaluate changes in gene expression (Hasin et al.,
2017). Transcriptomics approaches include hybridization-based
strategies and high-throughput sequencing technologies,
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FIGURE 2 | Schematic showing multiple omics approaches that have been used to make new discoveries about STB biology.

including DNA microarrays, RNA sequencing (RNA-seq),
single cell RNA-seq (scRNA-seq), and spatial identification of
transcriptomes. Hybridization-based approaches can also be
used in genomics research to genotype multiple DNA regions, or
in epigenomics research (e.g., ChIP-on-chip).

The proteome is the set of all expressed proteins in a
cell, tissue, or organism. Proteomics research encompasses
protein expression profiles, post-translational modifications,
and protein networks related to cellular function, and it
endeavors to understand the biological functions of proteins,
which holds promise in biomarker discovery (Debnath et al.,
2010). Proteomics methods involve sample purification,
protein digestion, and affinity capture or sample fractionation
via gel-based methods, gas chromatography (GC), or liquid
chromatography (LC). The gold standard for proteomic
analyses is mass spectrometry (MS)-based techniques, which

enable high-throughput detection of thousands of peptides
from samples to provide insights into the proteome and
how it varies under particular contexts (Debnath et al., 2010;
Horgan and Kenny, 2011). Metabolomics is the study of the
metabolome, which is the global profile of metabolites (e.g.,
amino acids, lipids, sugars, and hormones) that are detectable
under certain conditions. Subsets of metabolites can also
be measured, such as lipids (lipidomics), ions (ionomics),
and hormones (hormonomics). Metabolomics methods
usually take the form of nuclear magnetic resonance (NMR)
spectroscopy or MS-based approaches to identify and quantify
metabolite abundance.

Data obtained from omics experiments require detailed
bioinformatic analysis and statistics to organize and interpret the
information. Methods used for analysis of omics datasets include
enrichment and network analyses, or other statistical tools. The
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integration of multiple omics by interpreting data from several
sources has enabled a more detailed understanding of biological
processes (Culibrk et al., 2016; Karczewski and Snyder, 2018).
Therefore, integrated multi-omics approaches allow researchers
to delve into the molecular underpinnings of biological
processes and diseases, such as healthy placental development
or maldevelopment during pregnancy complications. Examples
of studies that have used genomics, transcriptomics, and
epigenomics approaches to study STB development are provided
in Table 2. Examples of studies that have used proteomics
approaches to study STB, or products produced by STB, are
provided in Table 3.

OMICS TECHNOLOGIES FOR THE
STUDY OF EARLY STB DEVELOPMENT

Using Omics to Characterize hESC and
hPSC-Derived Models of Trophoblast
Omics technologies have fostered great progress toward the
study of early human STB development. For instance, the
use of omics has been instrumental in characterizing early
hESC and hPSC models that recapitulate features of trophoblast
differentiation when cultured in defined conditions. Xu et al.
(2002) first demonstrated the ability of hESCs to differentiate into
trophoblast-like cells via culture with BMP4. This was supported
using DNA microarray to determine differentially expressed
genes between BMP4-treated and untreated hESCs. By day 7
of treatment, cells expressed an array of trophoblast markers,
including genes encoding hCG subunits, while transcripts
associated with pluripotent cells (e.g.,OCT4) were downregulated
(Xu et al., 2002). Other studies have similarly used DNA
microarray to evaluate global transcriptomic changes in BMP4-
treated hESCs, consistently demonstrating gene expression
patterns reminiscent of trophoblast (Marchand et al., 2011;
Li et al., 2013).

Refinements in culture conditions have facilitated more
detailed analyses of STB-like cells generated from hESCs. For
example, Sudheer et al. (2012) used DNA microarray to show
that BMP4 together with inhibition of both activin/nodal
and FGF signaling stimulated pronounced differentiation into
STB. Upregulated genes included those involved in hCG
production, hormone biosynthesis (e.g., CYP19A1), and cell
fusion (e.g., ERVW-1), whereas downregulated genes included
those associated with mitosis (Sudheer et al., 2012). Yabe et al.
(2016) used RNA-seq to compare hESC-derived STB isolated
after 8 days of differentiation (using BMP4 and inhibitors of
activin and FGF signaling) in two cell-size fractions, smaller
syncytia (<40 µm) and larger syncytia (>70 µm), along with
undifferentiated hESCs and primary CTBs isolated from term
placenta. Notably, while the >70 µm hESC-derived STB showed
a similar profile to primary CTB-derived STB, there were also
major differences. For instance, several genes (e.g., GABRP) were
highly expressed in >70 µm hESC-derived STB, but not in
primary CTB-derived STB, whereas the reverse was true for
others (e.g., CSH1 as well as PSG and LGALS family members)

(Yabe et al., 2016). To determine whether hESC-derived STB
is more representative of STB from early or late pregnancy,
Karvas et al. (2020) compared their transcriptome profile to
publicly available transcriptome datasets of trophoblast from
blastocysts through term. STB derived from hESCs closely
resembled first-trimester STB, and transcripts expressed in hESC-
derived STB that were not expressed in primary term trophoblasts
(e.g., ACTC1, GABRP, VTCN1, and WFDC2) were identified as
putative markers of STB in early pregnancy. Proteins encoded by
these transcripts (which promote cell invasion in some cancers)
showed reduced expression as gestation advanced, indicating that
hESC-derived STB might represent the invasive STB population
that forms soon after implantation (Karvas et al., 2020).

Sarkar et al. (2015) used proteomics methods to study the
role of activin/nodal signaling during differentiation of hESCs
to trophoblasts. Undifferentiated hESCs were labeled with
stable isotopes and the plasma membrane and cytoplasmic
fractions were compared through LC-MS/MS to fractions
from cells treated for 6 days with SB431542 (an activin/nodal
inhibitor). From 199 upregulated cell-surface proteins in
treated cells, 83 had previously been identified in trophoblasts.
KRT7 was upregulated and class I human leukocyte antigens
were downregulated in SB431542-treated cells, suggesting
differentiation into trophoblast (Sarkar et al., 2015). Analysis
of the nuclear proteome in SB431542-treated cells showed
downregulation of DNA methyltransferases such as DNMT1
while components of the BAF-A chromatin remodeling
complex and SIN3 histone deacetylase (HDAC) complex were
upregulated. There was also altered expression of β-catenin and
CBF-1 TFs, suggesting involvement of WNT and Notch signaling
in this process (Sarkar et al., 2016).

Multi-omics strategies have also been performed to
study regulatory mechanisms implicated in hESC-mediated
differentiation of trophoblast-like cells. Krendl et al. (2017)
combined microarray, RNA-seq, scRNA-seq, ChIP-Seq, and
DNA methylation analyses to profile the transcriptome and
epigenome of trophoblasts derived from BMP4-treated hESCs
and purified using the cell-surface marker aminopeptidase A.
Furthermore, a TF circuit was identified involving GATA2,
GATA3, TFAP2A, and TFAP2C that may regulate early
trophoblast specification through activation of placenta-related
genes and suppression of OCT4 (Krendl et al., 2017). Liu et al.
(2017a) investigated the role of cis-regulatory elements in this
process by comparing chromatin accessibility of undifferentiated
and BMP4-differentiated hESCs, which was derived from
published DNase-seq datasets. This analysis was then integrated
with transcriptome datasets to identify TFs binding within
trophoblast-specific accessible chromatin domains (e.g.,
BACH2). The subset of these sites containing TF motifs was
associated with genes controlling trophoblast invasion and
placental development, and protein–protein interaction data
were incorporated to construct a network highlighting candidate
TFs that may be important in these processes (Liu et al., 2017a).

Similar to hESCs, transcriptome analyses of human induced
PSCs (hiPSCs) cultured in defined conditions (such as with
BMP4 or in micromesh culture) provide evidence that these
cells possess STB-like gene expression profiles (Chen et al., 2013;
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TABLE 2 | Examples of studies that used genomics, transcriptomics, and epigenomics to study STB.

Model Method Reference(s) Summary

hESCs and
primed hPSCs

DNA microarray Xu et al., 2002; Sudheer et al.,
2012; Chen et al., 2013; Wei
et al., 2017; Tsuchida et al.,
2020

Transcriptome analyses supported the notion that BMP4-treated
hESCs/hPSCs differentiate into cells possessing trophoblast-like
properties. BMP activation together with inhibition of both activin/nodal
and FGF signaling stimulated pronounced differentiation into STB-like
cells.

WGS Li et al., 2020 Found 6 genomic variations associated with differentiation-linked genes.

RNA-seq Yabe et al., 2016; Karvas et al.,
2020

Characterized transcripts in hESC-derived STB, primary CTB-derived
STB, and STB from early gestation placenta.

Naïve hPSCs RNA-seq, scRNA-seq,
ATAC-seq, Bisulfite-seq

Cinkornpumin et al., 2020;
Dong et al., 2020; Guo et al.,
2021; Io et al., 2021

Naïve hPSCs differentiate to form hTSCs with the capacity to form
STBs. Naïve hPSC-derived hTSCs showed similar transcriptome
signatures and chromatin accessibility to blastocyst-derived hTSCs and
similar methylation patterns to placenta-derived hTSCs.

Human
embryos

scRNA-seq Lv et al., 2019; West et al.,
2019

Single cell analyses identified underlying genetic networks and novel
factors controlling STB development.

hTSCs RNA-seq Okae et al., 2018 hTSCs derived from first-trimester primary CTBs or human blastocysts
can differentiate into STB. Transcriptome analyses provided evidence
that hTSC-derived STB resemble primary CTB-derived STB.

CTB organoids Bisulfite-seq, DNAm*
microarray, RNA-seq

Haider et al., 2018; Turco et al.,
2018

Revealed similarities between CTB organoids from first-trimester
placentas and primary villus CTB and STB.

Primary CTBs DNA microarray Aronow et al., 2001; Rouault
et al., 2016; Szilagyi et al., 2020

Classified global gene expression patterns during spontaneous
differentiation into STB. Implicated new factors and genetic networks
linked to signaling pathways that may be involved.

RNA-seq Azar et al., 2018 Coupled analysis of primary STB development to BeWo cell
syncytialization and found similar genes differentially expressed during
differentiation.

ChIP-seq Kwak et al., 2019 Illuminated global changes in binding of polymerase II and associated
modified histones indicative of active or repressed chromatin during
STB formation.

miRNA microarray Kumar et al., 2013 Identified members of the miR-17∼92 cluster and its paralog
miR-106a-363 that promote CTB proliferation and were downregulated
during differentiation.

miRNA array Ouyang et al., 2016 Characterized miRNA cargo in various STBEV subtypes.

BeWo DNA microarray Kudo et al., 2004; Kusama
et al., 2018

Characterized transcriptome changes during forskolin-stimulated
syncytialization and identified role of PKA and EPAC.

RNA-seq Renaud et al., 2015; Shankar
et al., 2015; Zheng et al., 2017;
Azar et al., 2018

Classified gene expression patterns during BeWo cell differentiation and
uncovered novel genes and signaling pathways involved in this process.

RRBS-seq Shankar et al., 2015 Found altered CpG methylation near genes linked to STB differentiation.

ChIP-seq Shankar et al., 2015; Jaju
Bhattad et al., 2020

Syncytialization is associated with a gain in transcriptionally active
histone marks and altered histone H3 acetylation at select genomic
sites.

miRNA microarray Dubey et al., 2018 Found that miR-92-1-5p was significantly downregulated during
syncytialization.

JEG-3 DNA microarray Msheik et al., 2019 Compared gene expression changes between JEG-3 cells and BeWo
cells to identify genes potentially involved in fusion.

RNA-seq McConkey et al., 2016;
Meinhardt et al., 2020

3D culture model of JEG-3 cells that form STB when cultured with
endothelial cells. Affirmed role of YAP in promoting CTB stemness.

Placental tissue RNA-seq Saben et al., 2014 Transcriptome of term placenta compared to 7 other tissues revealed
novel factors whose expression was localized to STB.

scRNA-seq Pavličev et al., 2017; Tsang
et al., 2017; Liu et al., 2018;
Vento-Tormo et al., 2018

Analyzed single cells from first-trimester and term placentas (and
deciduas). Defined subclasses of CTBs, delineated differentiation
trajectory into STB, and identified putative regulators. Inferred cell-cell
interactions at the decidua-placental interface.

DNA-seq Poon et al., 2013; Zhang et al.,
2019

No association between amount of cfDNA in maternal blood during
early pregnancy and subsequent pregnancy complications. DNA
isolated from placental EVs shared strong similarities with cfDNA.

DNAm* microarray Yuan et al., 2021 DNA methylation atlas of placental cells including laser capture
dissected STB.

*DNAm, DNA methylation.
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TABLE 3 | Examples of studies that used proteomics, metabolomics, and secretomics to characterize STB function.

Model Method Reference(s) Summary

hESC/hPSC models LC-MS/MS Sarkar et al., 2015, 2016 Analysis of cytoplasmic and nuclear proteome revealed various proteins
and epigenetic regulators associated with differentiation of hESCs into
trophoblast.

CTB organoids LC-MS/MS Turco et al., 2018 Organoids and placental villus explants produced PSGs, INSL4, hCG,
KISS1, GDF15, hPL, and sorbitol.

Primary CTBs Various types of MS Heazell et al., 2008 Cultured CTBs and explants under different O2 concentrations and
found 264 unique metabolites in conditioned medium and tissue
lysates.

Epiney et al., 2012 Cultured primary CTBs isolated from first-trimester placentas, term
placentas, and placentas from preeclampsia, reporting 33 proteins
differentially expressed between cells from healthy and preeclamptic
pregnancies.

Ouyang et al., 2016 Characterized proteins in STBEV subtypes. Exosomes were enriched
for surface proteins, and apoptotic bodies and microvesicles were
enriched for cytoplasmic and focal adhesion proteins.

Salomon et al., 2013 Cultured first-trimester primary CTBs at different O2 tensions and
characterized exosome release and composition.

Placental tissue Various types of MS Dunn et al., 2012 Characterized changes in metabolites between early and late-gestation
placentas and between healthy and preeclamptic placentas.
Differences in mitochondrial metabolites were apparent.

Paradela et al., 2005;
Zhang et al., 2010; Vandré
et al., 2012

Analyzed the STB microvillus membrane and identified proteins
associated with lipid raft microdomains, actin-based cytoskeletal
structures, glucose transport, plasma membrane and lipid anchoring,
nutrient transport, signal transduction, endo/exocytosis, and vesicular
transport.

Fisher et al., 2019 Compared changes in mitochondrial proteins between STB and CTB
mitochondria.

Burkova et al., 2019 Isolated exosomes using crude extraction and gel filtration protocols.
Reported that crude extraction results in an overestimation of the
number of detectable proteins.

1H-NMR and LC-MS/MS Kedia et al., 2015; Walejko
et al., 2018

Characterized differences in metabolites present at the basal plate and
the chorionic plate. Reported that metabolite levels altered at the basal
and chorionic plates following delivery.

iTRAQ Shi et al., 2013 Reported differential expression of mitochondrial proteins isolated from
normotensive and preeclamptic placentas.

SOMAscan Michelsen et al., 2019 Sampled blood from uterine and umbilical arteries and veins. Proteins
with altered levels in venous blood relative to arterial blood were
deduced to be secreted or absorbed by STB.

Placental explants Various types of MS Horgan et al., 2010 Cultured placental explants from healthy control and FGR pregnancies
at different O2 concentrations and found 221 unique endogenous
metabolites differentially produced.

Baig et al., 2014 Identified 25 differentially expressed proteins in STB microvesicles in
villus explants prepared from healthy and preeclamptic pregnancies.

Tong et al., 2016 Characterized proteins present in macro-, micro-, and nano-sized EVs
from placental explant cultures. Proteins were involved in vesicle
transport, inflammation, and complement regulation.

Wei et al., 2017; Li et al., 2019; Mischler et al., 2021). Tsuchida
et al. (2020) treated hiPSCs with BMP4 for 10 days, and
cells positive for the pan-trophoblast marker KRT7 were
purified and compared to undifferentiated hiPSCs by DNA
microarray. Hierarchical clustering separated the two groups
of cells into distinct clusters, with KRT7+ cells expressing
markers representative of trophoblast lineages including STB.
Furthermore, XAGE2 and KCNQ2, which were upregulated
in KRT7+ cells, exhibited distinct expression patterns in
human placenta in situ (Tsuchida et al., 2020). Li et al.
(2020) used whole-genome sequencing (WGS) along with
published transcriptomic and epigenomic datasets to identify 6

genomic variations associated with genes upregulated following
BMP4-mediated differentiation of hPSCs. One of these was a
single nucleotide variation in the promoter region of MEF2C
that increased the binding affinity of TFs to this region.
This resulted in increased expression of MEF2C and its
target genes, thereby promoting trophoblast differentiation (Li
et al., 2020). The use of hiPSCs has also been exploited
to study patient-specific STB developmental processes. For
instance, hiPSCs generated from umbilical cords and exposed
to culture conditions that promote trophoblast formation
show stark differences in the transcriptome (as determined
by RNA-seq) if the cords are collected from pregnancies
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with early onset preeclampsia. In particular, expression of
genes associated with O2 responsiveness and STB formation is
impaired in cells from preeclampsia, without marked changes
in the DNA methylome (Sheridan et al., 2019; Horii et al.,
2021).

Notably, the aforementioned studies applied hESC/hPSC
differentiation paradigms that typically resulted in a
heterogenous mixture of trophoblast-like cells rather than STB
exclusively, with limited temporal control over differentiation
events. Additionally, cells arising from these differentiation
paradigms do not fulfill all criteria for trophoblast identity,
suggesting either incomplete reprogramming to trophoblast
or the possibility that cells other than trophoblast are formed,
namely mesoderm or amnion (Bernardo et al., 2011; Roberts
et al., 2014; Lee et al., 2016; Guo et al., 2021; Io et al., 2021).
Nevertheless, the various omics approaches used in these
studies were instrumental in characterizing these cells as
having trophoblast-like properties and in discovering novel
regulatory mechanisms that may be implicated in driving their
differentiation. In many cases, results were validated using other
trophoblast cell lines or placental tissue. Therefore, these studies
have provided the groundwork for future improvements in the
use of cell models for trophoblast development and advanced
our understanding of early STB formation.

Omics-Based Analysis of STB
Development Using Early Human
Embryos
Omics experiments making use of early human embryos provide
a compelling means of investigating primitive STB development.
In particular, studies utilizing human embryos have made
use of scRNA-seq technology to characterize development of
early trophoblast lineages, including STB, although differences
in cell isolation methodologies (particularly for STB due to
its multinucleated nature) could lead to variability in gene
expression levels. West et al. (2019) used scRNA-seq on
trophoblast cells isolated from human embryos cultured for
8-, 10-, or 12-days post-fertilization. Genes enriched in STB
were consistent with its known functions (e.g., transport) in
addition to pathways reflecting the nature of primitive STB
during implantation (e.g., invasion). CTBs with a partial STB
signature most apparent at day 10 were also identified and
inferred to be mitotically active intermediate CTBs primed to
fuse into STB. At day 12, this population was in decline while
there was a resurgence of undifferentiated and migratory CTBs,
possibly reflecting the start of villus formation (West et al., 2019).
Lv et al. (2019) also used scRNA-seq to profile the transcriptome
of individual trophoblast cells isolated from human embryos,
but embryos were co-cultured with or without endometrial cells
for 6–10 days as a model of peri-implantation development.
Interestingly, genes associated with trophoblast maturation were
more robustly expressed when co-cultured with endometrial
stromal cells, underscoring the importance of closely mimicking
the in vivo environment when studying early developmental
events. Separate cell clusters were enriched in STB, CTB, or
extravillous trophoblast (EVT) marker genes. Moreover, three

time-dependent genetic networks were characterized between
days 6 and 10, including an early (possibly pre-implantation)
stage associated with epithelial development, a middle (peri-
implantation) stage featuring expression of fusion-related genes,
and a late (post-implantation) stage featuring genes associated
with cell migration. The authors then determined when STB
segregated from cells expressing CTB and EVT markers,
demonstrating that STB first appeared in co-cultures between
days 7 and 8. Putative upstream regulators were screened to
identify TBX3 as a novel TF required for STB formation, which
was validated through knockdown experiments using JEG-3 cells
(Lv et al., 2019). Collectively, these studies provide compelling
insight into the developmental dynamics of early STB.

Using Omics to Characterize STB
Development in hTSCs, Naïve hPSCs,
and Organoids
Various omics approaches have also been applied to develop
and profile hTSC, naïve hPSC, and organoid models that
have been utilized to study STB development. For instance,
Okae et al. (2018) used RNA-seq to compare CTBs and STB
isolated from first-trimester placentas and identified genes
predominant in each cell type. Functional annotation showed
that genes overrepresented in CTBs were involved in WNT and
epidermal growth factor (EGF) signal transduction pathways.
It was ultimately determined that activation of WNT and
EGF together with inhibition of TGF-β, HDAC, and ROCK
allowed for extended culture of CTB-derived hTSCs. These hTSCs
had the capacity to differentiate into STB after withdrawal of
WNT and EGF signaling and exposure to forskolin. Similar
cell-lines were also derived from human blastocysts. RNA-
seq showed similar gene expression profiles between CTBs,
EVTs, and STB generated from the stem cell-lines compared
to those derived from primary first-trimester CTBs. Whole-
genome bisulfite sequencing (bisulfite-seq) showed that CTB-
derived and blastocyst-derived hTSCs had nearly identical DNA
methylation patterns, although some differences were apparent
with primary CTBs. Sequencing of miRNAs demonstrated
similar global miRNA expression profiles between the three
cell-types, including robust expression of miRNAs from the
trophoblast-enriched chromosome 19 miRNA cluster (C19MC)
(Okae et al., 2018).

While hTSCs offer exciting new ways to study STB
development, generation of hTSCs through reprogramming
increases access to hTSC lines from diverse genetic backgrounds,
enabling integration of both normal and pathological states
into the study of STB formation. Recent reports indicate
that hTSCs can be derived from naïve hPSCs (reflecting pre-
implantation epiblast) but not from conventional primed hPSCs
(post-implantation epiblast) (Castel et al., 2020; Cinkornpumin
et al., 2020; Dong et al., 2020; Guo et al., 2021; Io et al., 2021).
These naïve hPSC-derived hTSCs can invariably differentiate
into mature trophoblast lineages, including STB. Numerous
omics methods have been used to characterize naïve hPSC-
derived hTSCs. For example, Dong et al. (2020) showed
through RNA-seq that naïve hTSCs had a transcriptomic
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signature similar to blastocyst-derived hTSCs and to that
of human trophectoderm at day 12 post-fertilization, and
that they were capable of differentiating into STB. ATAC-seq
was also performed, revealing similar chromatin accessibility
landscapes between naïve and blastocyst-derived hTSCs and
identifying TEAD4 binding motifs enriched at open chromatin
sites during hTSC derivation, supporting the notion that
TEAD4 is important for trophoblast specification (Dong
et al., 2020). Cinkornpumin et al. (2020) conducted RNA-
seq coupled with whole genome bisulfite-seq comparing
naïve hPSC-derived hTSCs to blastocyst- or placenta-derived
hTSCs, showing similar patterns of CpG methylation between
placenta-derived hTSCs and naïve hPSC-derived hTSCs,
a notable exception being hypermethylation near several
imprinted genes (PEG3, ZFAT, and PROSER2-AS1) in
transdifferentiated cells that was not apparent in placenta-
derived hTSCs (Cinkornpumin et al., 2020). Io et al. (2021)
established culture conditions to derive trophectoderm and
subsequently hTSCs with the capacity to form STB from naïve
hPSCs. Comparison of their transcriptome with scRNA-seq
data of human embryos affirmed the trophoblast developmental
spectrum from trophectoderm to post-implantation STB
formation (Io et al., 2021). Guo et al. (2021) similarly performed
transcriptomic analyses (RNA-seq and scRNA-seq) which was
compared to published embryo culture datasets to illustrate the
differentiation trajectory from naïve hPSCs into trophectoderm
following inhibition of ERK/MAPK and Nodal signaling, with
capacity to differentiate further into hTSCs, CTBs, and STB
(Guo et al., 2021). Collectively, these studies delineate the
developmental trajectory of naïve hPSCs into trophectoderm
and offer the exciting potential of investigating early STB
developmental dynamics.

Using a cocktail of growth factors and inhibitors proven
to facilitate organoid growth of various adult epithelial cells,
Haider et al. (2018) established long-term expanding 3D
CTB organoid cultures from first-trimester placentas. While
organoids are capable of expansion and self-renewal in vitro,
they also spontaneously generate functionally active, hCG-
secreting STB toward the luminal surface of the organoid.
RNA-seq analysis comparing CTB organoids with primary
villus CTBs (freshly isolated or differentiated for 72 h into STB)
was conducted, demonstrating similarities in gene expression
between organoids, villus CTBs, and in vitro-generated STB
in monolayer culture (Haider et al., 2018). Similarly, Turco
et al. (2018) independently established conditions for villus
trophoblast organoids, which also form STB at the luminal
surface of organoids. DNA microarray and whole-genome DNA
methylation analysis showed similar profiles between organoids
and first-trimester placental villi, including hypomethylation
of the ELF5 promoter and expression of GATA3, EGFR,
TFAP2A, TFAP2C, and C19MC miRNAs. The secretome of these
organoids was also analyzed using LC-MS/MS and showed a
similar production of peptides as produced by placental villus
explants, including PSGs, INSL4, hCG, KISS1, GDF15, hPL,
and high levels of sorbitol (Turco et al., 2018). Overall, omics
methods have allowed for the development of new models
and have provided extensive mechanistic insights, such as

identification of possible regulatory factors, to further our
understanding of early STB development.

OMICS TECHNOLOGIES FOR THE
STUDY OF VILLUS STB DEVELOPMENT

Studying Villus STB Development Using
DNA Microarray Transcriptomics
The emergence of high-throughput omics methods has facilitated
the comprehensive study of villus STB development, which is
often modeled with primary CTBs or CTB-like choriocarcinoma
cells (e.g., BeWo). The majority of these studies take advantage of
transcriptomics, such as DNA microarray, to better understand
the molecular underpinnings governing CTB differentiation and
fusion into STB. Aronow et al. (2001) used DNA microarray to
analyze gene expression patterns of villus CTBs isolated from
term placentas and cultured for up to 6 days, with cells cultured
for 12 h as reference. Their analyses categorized differentially
expressed genes into varying kinetic patterns with respect to early
or late induction or repression, with most groups displaying a
rapid initiation of their transcriptional pattern. This suggested
that CTBs are poised to rapidly commence differentiation into
STB. Genes were separated into distinct functional categories,
which often showed concomitant induction and repression
of genes that were tightly coupled to morphological changes
(Aronow et al., 2001). Rouault et al. (2016) used DNA microarray
to evaluate the transcriptome of primary villus CTBs and
in vitro generated STB, but also included villus samples from
which the CTBs were isolated. CTB-enriched genes functionally
represented processes such as DNA replication and repair, while
STB-enriched genes were associated with cell morphology and
lipid metabolism. In silico analysis showed that gene networks
were linked to PPARG, RXRA, and NR2F1 signaling pathways,
which have been implicated in CTB differentiation. While
similar functional categories were observed for CTB versus
STB in comparison to results from Aronow et al. (2001), each
study identified unique differentially-expressed genes, which
may be partly due to the variable microarray platforms used
(Rouault et al., 2016).

Kudo et al. (2004) used DNA microarray to compare
global gene expression in BeWo cells over a time-course
of forskolin-stimulated syncytialization. Since the onset of
BeWo cell differentiation can be precisely controlled through
addition of forskolin, synchronized transcriptome changes at
earlier time points of differentiation can be captured in
comparison to primary CTB cultures. For instance, 2 h after
forskolin treatment, many more genes exhibited increased
expression compared to decreased expression, although this
asymmetry decreased over time. Clustering of genes into
temporal expression patterns provided new insights into the
dynamics of BeWo cell differentiation, with those genes
transiently increased at 2 h mostly encoding TFs or cell cycle-
associated proteins, and genes stimulated during later stages of
differentiation predominantly encoding proteins involved in cell
communication and metabolism. Other genes involved in cell
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adhesion and fusion had altered expression soon after forskolin
exposure and prior to morphological changes (Kudo et al.,
2004). Induction of BeWo cell differentiation through agents
like forskolin activates two downstream molecules that both
contribute to this process: PKA and exchange protein directly
activated by cAMP (EPAC) (Chang et al., 2011). To identify
new factors controlling syncytialization through activation of
PKA or EPAC, Kusama et al. (2018) performed a DNA
microarray using RNA extracted from BeWo cells stimulated
using PKA- or EPAC-selective cAMP analogs, reporting far
fewer transcript changes following exposure to cAMP-EPAC
signaling than cAMP-PKA signaling. Two TFs upregulated
following cAMP-PKA signaling (STAT5B and NR4A3) were
further characterized through knockdown experiments, revealing
that STAT5B contributes to STB formation while NR4A3 inhibits
this process (Kusama et al., 2018).

Other studies have demonstrated that CTBs undergo both
morphological differentiation (characterized by fusion of
mononuclear cells) and biochemical differentiation (including
production of hormones such as hCG and hPL) during
syncytialization through independent mechanisms (Daoud
et al., 2006, 2008). To identify genes specifically implicated in
morphological differentiation, Msheik et al. (2019) performed
genome-wide DNA microarray profiling comparing JEG-3
cells (which can differentiate biochemically but do not fuse
in monolayer culture) with BeWo cells following forskolin
treatment for 48 h. From the 32 genes that were altered in
BeWo cells and not in JEG-3 cells (and thus may play roles in
cell fusion), many participated in aspects of cell morphology
including actin filament depolymerization, cell polarity, and
protein kinase C signaling. Subsequent analyses were conducted
on select genes, such as SIK1, which was rapidly upregulated
in BeWo cells exposed to forskolin and whose silencing via
CRISPR/Cas9 strongly abrogated cell fusion and, to a lesser
extent, biochemical differentiation (Msheik et al., 2019). To
address gaps in our understanding of villus CTB development,
Szilagyi et al. (2020) employed an integrated omics approach.
By consulting available gene expression data, a set of genes
expressed predominantly in STB were identified. Global
gene expression changes during a 7-day differentiation time-
course of primary term CTBs were then evaluated using DNA
microarray. By combining this data with publicly available
DNase I footprinting datasets, several TFs involved in regulating
differentially expressed genes (e.g., KLF10, ZNF394, and
ZNF682) were identified. Moreover, the TFs were categorized
into two distinct aspects of differentiation: those that governed
a rapid downregulation of genes ubiquitously expressed in
proliferating cells, and those involved in gradual upregulation
of “placenta-specific” genes associated with STB differentiation
(Szilagyi et al., 2020).

Studying Villus STB Development Using
RNA-Seq and scRNA-Seq
Transcriptomics
Studies that have used transcriptomics to further our
understanding of villus STB development have also made use

of RNA-seq technology to quantify global gene expression data.
Saben et al. (2014) used RNA-seq to identify placenta-enriched
transcripts by profiling the transcriptome of term placenta
compared to those from 7 other tissues including adipose, breast,
and heart. While many of the top expressed genes in placental
tissue were to be expected, several novel genes were detected
whose expression was localized in situ to STB, suggesting that
they may play roles in STB development or function. For
example, one such gene was DLG5, which regulates apical
polarity complexes and epithelial-to-mesenchymal transition,
and thus may be important for maintaining STB integrity (Saben
et al., 2014). Our group previously utilized DNA microarray
coupled to RNA-seq to identify the TF OVOL1 as a key regulator
of STB development. Specifically, DNA microarray comparing
BeWo cells cultured under control or differentiating conditions
for 24 h was performed to profile changes in gene expression,
which revealed OVOL1 as the most highly upregulated gene
encoding a TF. RNA-seq was then performed comparing BeWo
cells expressing control shRNA and cells deficient in OVOL1
(i.e., expressing shRNA targeting OVOL1) cultured under
differentiating conditions. Transcripts decreased in OVOL1-
deficient cells included those vital for STB endocrine function.
Furthermore, knockdown of OVOL1 in BeWo cells, primary
CTBs, and BMP4-treated hESCs reduced expression of several
ERV genes including ERVW-1 and ERVFRD-1. By examining
the microarray dataset for potential intermediary targets of
OVOL1, it was discovered that genes encoding key factors that
maintain CTBs in a progenitor state such as MYC, ID1, and TP63
were downregulated following induced differentiation and were
subsequently shown to be direct targets of OVOL1 regulation.
Therefore, OVOL1 facilitates CTB differentiation and induction
of STB-associated transcripts by repressing genes that maintain
progenitor traits (Renaud et al., 2015).

To further uncover genes involved in CTB differentiation,
RNA-seq was utilized by Zheng et al. (2017) comparing BeWo
cells treated with vehicle control or forskolin for 0, 24, and
48 h. Differentially expressed genes were associated with terms
such as syncytium formation, cell fate commitment, cell junction
assembly, calcium ion transport, regulation of epithelial cell
differentiation, and cell morphogenesis. In particular, RNA-
seq findings facilitated identification of novel candidate genes
possibly involved in CTB differentiation into STB, including
CACNA1S, NEO1, MYH9, TNS1, and AMOT (Zheng et al., 2017).
Azar et al. (2018) similarly performed RNA-seq on BeWo cells
before and after forskolin treatment; however, this was coupled
to RNA-seq analysis of primary term CTBs before and after
spontaneous syncytium formation. Although there were distinct
differences, transcriptome comparison of the models revealed a
large overlap in the genes differentially expressed during the CTB
to STB transition, lending support to the validity of both models
in reflecting aspects of syncytialization. Further interrogation of
the RNA-seq datasets revealed 11 genes coordinately regulated
(6 upregulated: CGB, TREML2, CRIP2, PAM, INHA, and FLRG,
and 5 downregulated: SERPINF1, MMP19, EPOP, KRT17, and
SAA1) in both models following STB formation, and whose
protein expression was confirmed via western blotting and
immunohistochemistry (Azar et al., 2018).
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McConkey et al. (2016) used RNA-seq to support their
derivation of a 3D culture model of JEG-3 cells that release
hCG, fuse, and express STB-specific markers when co-cultured
with human brain microvascular endothelial cells. Indeed, the
3D co-cultures shared more similar transcriptomic profiles with
primary human STB than their 2D-cultured counterparts. This
included genes uniquely expressed in both 3D JEG-3 cultures
and primary CTB-derived STB, including CDKN1C, PSG1, and
PSG5. Moreover, similar to primary CTB-derived STB, JEG-
3 cells grown in 3D are resistant to infection by viruses and
Toxoplasma gondii, which further supports the use of this co-
culture system to recapitulate STB development and function
(McConkey et al., 2016). Furthermore, RNA-seq performed by
Meinhardt et al. (2020) affirmed the role of the Hippo signaling-
associated transcriptional coactivator YAP in promoting CTB
stemness and inhibiting STB differentiation. Comparing the
transcriptomes of primary CTBs overexpressing constitutively
active YAP with YAP-knockout JEG-3 cells (generated using
CRISPR-Cas9) and non-transfected primary CTBs, it was found
that constitutive YAP expression upregulated various stemness,
cell cycle, and mitosis-associated genes, but repressed STB-
specific transcripts. On the other hand, numerous regulators of
proliferation were downregulated in the YAP knockout clones
while hormones and other STB markers were elevated. Follow-up
experiments illustrated that YAP-TEAD4 complexes interact with
genomic regions of stemness genes to promote their induction,
while also forming complexes with the histone methyltransferase
EZH2 prior to binding promoter regions of STB-specific genes
and silencing their expression (Meinhardt et al., 2020).

Despite technical considerations associated with isolating
viable single cells from a multinucleated syncytium, scRNA-
seq has been applied to the study of villus STB development.
Tsang et al. (2017) used this method to identify several cell-
type specific gene signatures by profiling over 24,000 cells
from normal term placentas and placentas from early-onset
preeclampsia. Clustering analysis enabled the delineation of the
known differentiation trajectory from villus CTB toward EVT
or STB, with STB further bifurcating into populations with
high expression of the hormone genes GH2 and CGB or high
expression of fusion-related genes. This study also identified
multiple genes as putative regulators of STB development (e.g.,
OMG, SLC1A2, and ADHFE1) (Tsang et al., 2017). Vento-Tormo
et al. (2018) used scRNA-seq to map the cell-cell communication
network at the human decidual-placental interface by profiling
the transcriptomes of 70,000 cells from first-trimester placentas
and deciduas. They developed a repository of ligand-receptor
interacting pairs and a statistical tool that could predict
molecular interactions between cell populations based on the
cell-type specificity of the complexes. In particular, this database
predicted ligand-receptor interactions that are likely to control
the differentiation trajectory of trophoblast into STB, including
interactions of receptors present in CTBs that are involved in
cellular proliferation and differentiation (EGF2, NRP2, and MET)
with their corresponding ligands expressed by other cells of the
placenta, such as Hofbauer cells or placental fibroblasts (Vento-
Tormo et al., 2018). Liu et al. (2018) performed scRNA-seq on
sorted placental cells from first and second trimester human

placentas, including CTBs and STB isolated from placental villi
at 8 weeks of pregnancy (STB fragments were manually sorted
using a mouth pipette based on size). Bioinformatic analyses
on the gene expression profiles identified three subclasses of
CTBs: a highly proliferative subtype that may be responsible
for replenishing the pool of CTBs (thus serving as hTSCs), a
non-proliferative subtype with high expression of adhesion genes
and the gene ERVFRD-1 that was strongly suggested to be the
fusion-competent progenitor cells of the STB, and a third non-
proliferative subtype that did not express ERVFRD-1 and whose
function remains unknown. Expression profiles of imprinted
genes and those encoding proteins involved in DNA methylation
and chromatin modification were also compared between various
cell-types and shown to be divergent between CTBs and STB
(e.g., high expression of DNMT1 in CTBs that maintains DNA
methylation patterns during cell replication) (Liu et al., 2018).

Pavličev et al. (2017) performed scRNA-seq on term placenta
complemented with RNA-seq analysis of undifferentiated
endometrial cells and decidual cells. RNA-seq analysis of laser
capture-dissected STB was included to circumvent limitations
associated with generating single cell populations from a
multinucleated syncytium. These data were amalgamated to
infer putative cell-cell interactions by assessing complementary
receptor-ligand pairs across different cell-types. STB-specific
genes included those associated with endocrine function (CSH2,
CSHL1, GH2, and CGA), PSGs, and genes associated with
immunity (HPGD and class II human leukocyte antigens).
Interactome analysis of receptor-ligand pairs revealed abundant
potential for communication between STB and decidual cells.
For example, STB and decidual cells express corresponding
ligand-receptor pairs for WNT family members, prostaglandins,
hormones, cytokines, and growth factors that may help modulate
tissue-specific functions during pregnancy (Pavličev et al.,
2017). The interactome analysis was inferred through gene
expression profiles, so further analysis at the protein level is
needed to affirm which interactions are pertinent to pregnancy
maintenance and health.

Studying Villus STB Development Using
Epigenomics Approaches
Epigenomics techniques have been used to provide more detailed
insights into the dynamic epigenetic networks orchestrating
villus STB development. Shankar et al. (2015) combined
RNA-seq, genome-scale DNA methylation, and ChIP-seq to
provide a comprehensive overview of the transcriptome and
epigenome during BeWo syncytialization. RNA-seq revealed
altered expression of about 3,000 genes during a 3-day forskolin
treatment including MMP9, SGK1, and TRPV2. Global DNA
methylation assessment via reduced representation bisulfite
sequencing (RRBS-seq) showed altered methylation of numerous
CpGs within and near genes linked to cell differentiation
and commitment, with upregulated and downregulated genes
showing decreased and increased methylation, respectively.
Furthermore, integration of the RNA-seq dataset with
genome-wide localization of key histone marks using ChIP-
seq indicated that syncytialization was associated with a gain
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in transcriptionally active marks (H3K4me3, K9ac, K27ac, and
K36me3) among genes that were either expressed constitutively
or upregulated following forskolin treatment, with no change
in repressive histone modifications (Shankar et al., 2015). DNA
methylation has also been assessed by BeadChip microarray in
cultured primary CTBs exposed to different O2 tensions, where
it was found that low O2 levels stimulated hypermethylation
at specific sites within the genome that potentially decrease
expression of genes vital for STB formation (Yuen et al., 2013).
Recently, Yuan et al. (2021) used whole genome methylation
microarray to provide a cell-specific DNA methylation atlas
in placental cells following fluorescence-assisted cell sorting
(for most lineages); STB was isolated using enzymatic digestion
because of incompatibility with fluorescence-assisted cell sorting.
In STB, differential methylation at specific CpGs localized to
genes more prominently expressed in this lineage (e.g., CGA,
PAPPA2, and CYP19A1) compared to other placental lineages,
consistent with the notion that DNA methylation serves as a
key epigenetic mechanism for gene regulation in the placenta
(Yuan et al., 2021).

Our group investigated the role of particular epigenetic
modifications and regulators during trophoblast differentiation
into STB. Using multiple CTB models, we observed reduced
global histone acetylation at multiple lysine residues during
STB formation. ChIP-seq analysis comparing site-specific
changes in histone H3 acetylation between undifferentiated
and differentiating BeWo cells showed dynamic changes in
chromosomal regions such as genes associated with CTB
differentiation (e.g., TEAD4 and OVOL1) as well as genes with
novel regulatory roles in this process (e.g., LHX4 and SYDE1).
These findings prompted subsequent investigations into the
functional roles of specific HDAC enzymes (that catalyze histone
deacetylation) during STB formation, which identified HDAC1
and HDAC2 as critical mediators driving CTB differentiation
(Jaju Bhattad et al., 2020). Kwak et al. (2019) used ChIP-seq
to illuminate genome-wide changes in binding of polymerase
II, a crucial component of the RNA transcription machinery,
as well as associated modified histones indicative of active
or repressed chromatin, in primary human CTBs isolated
from mid-gestation placenta before and after differentiation
into STB. Examples of genes showing increased polymerase II
binding in STB compared to CTBs included the cell fusion
gene ERVV-2, CEBPB (encodes the TF C/EBPβ), and other
genes associated with immunomodulatory functions (e.g., PSG
family members). Genes downregulated in STB included negative
regulators of differentiation (e.g., EGR1) and genes encoding
proinflammatory TFs (e.g., NR4A2/NURR1). Moreover, while
promoter enrichment of repressive histone markers remained
low in STB, increased and decreased polymerase II binding to
promoters of a subset of genes during differentiation was closely
correlated with increased and decreased active histone marks,
respectively (Kwak et al., 2019).

Knowledge into the epigenetic control of human STB
development has emerged from studies that assess regulatory
miRNAs genome-wide. One such study by Kumar et al.
(2013) used microarray-based miRNA profiling in primary term
CTBs before and after STB differentiation. Several members

of the miR-17∼92 cluster and its paralog miR-106a-363
were downregulated during STB differentiation. Subsequent
experiments showed that these miRNAs directly target CYP19A1
and GCM1 that drive STB formation, and the TF c-Myc binds
to genomic regulatory regions of these miRNAs to increase their
expression in proliferating CTBs, thus preventing differentiation
into STB (Kumar et al., 2013). Dubey et al. (2018) analyzed
miRNA expression patterns in control and forskolin-treated
BeWo cells using microarray-based miRNA profiling. Among
miRNAs differentially expressed during syncytialization, miR-
92a-1-5p was significantly downregulated, and overexpression
of this miRNA in BeWo cells inhibited cell fusion and
hCG secretion. DYSF and PRKACA, genes that promote STB
formation, were identified as targets for inhibition by miR-
92a-1-5p (Dubey et al., 2018). Future endeavors to define the
epigenetic regulatory mechanisms governing STB formation
could include genome-wide identification of enhancer elements.
This can be achieved via multi-omics approaches integrating
assays for chromatin accessibility (e.g., ATAC-seq) with ChIP-
seq identifying genomic regions containing specific enhancer
marks, or with chromosome conformation capture techniques
(Abdulghani et al., 2019). Whole human genome STARR-seq
has recently been described and shown promise in the global
quantification of enhancer activity in the human genome (Liu
et al., 2017b). Additionally, multi-modal analyses capable of
jointly analyzing the transcriptome along with epigenetic features
(e.g., DNA methylome and chromatin accessibility) have recently
been developed (Clark et al., 2018). These types of analyses would
provide a more thorough understanding of the epigenome and its
associations with the transcriptome during STB development.

USING OMICS TO DEFINE THE STB
METABOLOME AND SUB-PROTEOME

The placenta exhibits a high metabolic rate, consuming more
than 40% of the O2 used by the entire conceptus (Bonds
et al., 1986). The high metabolic rate is needed for hormone
biosynthesis and metabolism as well as nutrient transport, which
are key functions of the STB. Several studies have exploited
MS and NMR-based technologies using placental tissue to
screen for changes in the proteome and metabolome in normal
pregnancies and those in various other conditions such as
obesity, neural tube defects, high altitude, preeclampsia, and
gestational diabetes (Van Patot et al., 2010; Chi et al., 2014;
Austdal et al., 2015; Yang et al., 2015; Mary et al., 2017;
Qi et al., 2017; Fattuoni et al., 2018; Sun et al., 2018; Feng
et al., 2019). Using GC-MS and ultra-performance LC-MS,
Dunn et al. (2012) found changes in 156 metabolites between
early and late-gestation placentas, including increased levels of
diglycerides, phospholipids, sphingolipids, and vitamin D-related
metabolites, as well as decreased levels of triglycerides in late
gestation placental tissue. An additional 86 metabolites were
altered in preeclampsia, with differences particularly evident
in mitochondrial metabolites and those involved in oxidative
and nitrative stress. The authors caution about differences in
metabolite quantities based on the position from where the
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sample was taken and delivery mode (cesarean versus labored),
underscoring the importance of proper experimental design and
rigor when performing metabolic assessments of the human
placenta (Dunn et al., 2012). Furthermore, regional differences
in metabolite concentrations have been measured when placental
tissue samples are collected closer to the basal plate versus the
chorionic plate. Specifically, using 1H-NMR and LC-MS/MS,
elevated levels of phosphatidylcholines, choline, sphingomyelins,
and several amino acids (serine, alanine, taurine, and threonine)
were detected in samples collected from the basal plate, whereas
higher levels of formate and very low-density lipoproteins were
identified in samples collected closer to the chorionic plate (Kedia
et al., 2015; Walejko et al., 2018). Notably, levels of many of
these metabolites changed rapidly following delivery (Walejko
et al., 2018). Given the variable levels of metabolites depending
on mode of delivery, time after delivery, and position from
where the sample was taken, an abundance of caution must be
exercised when interpreting placental metabolomics. Notably,
these studies were conducted using whole placental tissue, so
the contribution of STB to these findings is uncertain, especially
given reports that CTBs are more metabolically active than STB
(Kolahi et al., 2017).

To circumvent some of the variability associated with
sampling, labor, and (to some extent) cellular heterogeneity
of placental tissue, researchers have analyzed endogenous and
secreted metabolites from placental explants and CTBs cultured
for defined periods of time. For example, Heazell et al. (2008)
prepared explants from term uncomplicated pregnancies and
cultured them in different O2 atmospheres for up to 96 h.
Subsequently, conditioned medium and tissue lysates were
analyzed using GC-MS, where 264 unique metabolite peaks
were detected and 2-deoxyribose, threitol, and erythritol were
elevated in explants cultured in 1% O2 relative to 20% O2
(Heazell et al., 2008). Horgan et al. (2010) used a similar strategy
to determine whether O2-dependent metabolic changes were
evident in placental explants prepared from FGR pregnancies.
They reported 1,676 metabolite features, and 221 unique
endogenous metabolites differentially detected between placental
explants prepared from healthy control and FGR pregnancies,
notably those involved in glycerophospholipid and tryptophan
metabolism (Horgan et al., 2010). Functional proteomic analyses
have also been performed with primary CTBs after variable
periods of culture following isolation from placentas and
BeWo cells following forskolin treatment, although typically the
extent of syncytialization is not reported (Hoang et al., 2001;
Nampoothiri et al., 2007; Sun et al., 2007; Johnstone et al., 2011).

Sub-proteomics analyses have been used to characterize
components of the STB microvillus membrane and
mitochondria. Paradela et al. (2005) performed detergent-free
LC-MS/MS to evaluate the composition of the STB microvillus
membrane, identifying 57 proteins primarily associated with
lipid raft microdomains such as annexins (ANXA1, ANXA2)
and placental alkaline phosphatase, as well as proteins involved
in actin-based cytoskeletal structures (CLIC5) and glucose
transport (GLUT1) (Paradela et al., 2005). Zhang et al. (2010)
used a similar detergent-free enrichment of STB microvillus
membranes along with polyacrylamide gel electrophoresis,

in-gel trypsin digestion, and nano-LC-MS/MS. They identified
292 proteins, including 161 proteins that are associated with
the plasma membrane and are involved in lipid anchoring,
nutrient transport, signal transduction, and vesicular trafficking
(Zhang et al., 2010). Vandré et al. (2012) used cationic colloidal
silica particles to isolate enriched preparations of microvilli
containing the apical plasma membrane from placentas, and
then performed LC-nanospray MS/MS. They identified 340
non-redundant proteins associated with pathways such as
endocytosis, exocyst complex, and exocytosis, as well as those
involved in vesicular transport such as flotillin-1, dysferlin, and
myoferlin. Out of these 340 proteins, 208 were not previously
detected in the studies conducted by Paradela et al. (2005) or
Zhang et al. (2010), emphasizing the variability of this approach
based on tissue sampling, extraction approaches, and analyses
(Vandré et al., 2012).

Fisher et al. (2019) used sequential centrifugation to
enrich mitochondrial fractions based on the distinct structural
differences apparent between mitochondria in CTBs (larger
mitochondria with defined cristae) and STB (smaller and
punctate mitochondria with diffuse cristae). LC-MS/MS was
then performed to evaluate proteomic differences between STB
and CTB mitochondria. There were 24 proteins decreased and
5 proteins increased in STB mitochondria compared to CTB
mitochondria (Fisher et al., 2019). Differences were validated
using western blotting, and in many cases, were consistent
with cell-type specific differences at the transcript level as
determined by cross-referencing publicly available scRNA-seq
datasets (Pavličev et al., 2017; Suryawanshi et al., 2018). Many
of the proteins decreased in STB mitochondria are involved in
key stages of electron transport complex assembly as well as
carbohydrate, fatty acid, and amino acid metabolism, which is
consistent with the notion that STB may be less metabolically
active than CTBs. Proteomic analyses using iTRAQ labeling
have also revealed differences in the levels of 26 mitochondrial
proteins from placentas of preeclamptic pregnancies relative to
normotensive controls, including those involved in fatty acid
oxidation, reactive O2 species generation, and the tricarboxylic
acid cycle. Although this analysis was conducted using whole
placental tissue, immunostaining subsequently localized selected
mitochondrial proteins to STB, including TFRC, PRDX3, and
HSPE1 (Shi et al., 2013).

USING OMICS TO DEFINE THE STB
SECRETOME

Proteomic Characterization of Factors
Released by STB
Syncytiotrophoblast releases numerous hormones and other
substances into maternal (and possibly fetal) blood. Omics
technologies have provided deeper insight into the plethora
of substances produced and released by STB. Epiney et al.
(2012) analyzed conditioned media from CTBs cultured up
to 72 h that were isolated from first-trimester placentas, term
placentas, or placentas from preeclampsia using LC-MS/MS.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 June 2021 | Volume 9 | Article 674162

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-674162 June 9, 2021 Time: 17:43 # 16

Jaremek et al. Omics in Syncytiotrophoblast Development

They found 164 proteins in pooled supernatants, including
33 proteins that were differentially expressed between cells
from healthy and preeclamptic pregnancies. Notably, higher
levels of coagulation factor XIII were detected in control
relative to preeclamptic samples, and levels were undetectable
in first-trimester CTB samples. PSGs, CG-β, apolipoproteins
(APOE), and the actin binding protein transgelin-2 (TAGLN2)
also showed altered expression in samples from preeclamptic
placentas (Epiney et al., 2012).

Michelsen et al. (2019) sampled blood in 35 pregnant
women from four vessels: two maternal (radial artery and
uterine vein) and two fetal (umbilical artery and vein). Slow
off-rate modified aptamer (SOMAscan) technology was then
used to determine levels of 1,310 proteins in maternal and
fetal arterial and venous blood. Proteins that were increased
in venous blood relative to arterial blood were surmised
to be secreted by the placenta into the maternal or fetal
circulation. There were 34 proteins secreted into the maternal
circulation presumably by STB, including hormones and growth
factors (PlGF, GDF15, FGF1, INHBA, and IGFBP7), annexins
(ANXA1 and ANXA2), WNT signaling antagonists (DRP1
and DRP4), and chemokines (CXCL10). Increased levels of
many of these proteins were identified as gestation progressed,
including PlGF, GDF15, IGFBP7, and INHBA. Nine proteins
exhibited decreased levels in uterine vein blood, including VEGF,
APOB, and parathyroid hormone, suggesting that these proteins
bind to STB and undergo further processing or degradation
by the placenta. There were also 341 proteins with higher
levels in umbilical vein blood compared to umbilical artery
blood, indicating that the placenta may secrete these factors
directly into fetal blood, although the cell-type responsible for
producing these proteins is not yet clear. Although SOMAscan
technology is limited to analyzing levels of 1,310 proteins out
of the more than 20,000 in the human proteome, it provides
insight into the abundance of proteins secreted by the placenta
(Michelsen et al., 2019).

Proteomic Analysis of STBEVs
STBEVs are released by STB into maternal circulation and
have the potential to provide important diagnostic information
about placental health. Therefore, studies have used omics
strategies to characterize the composition of STBEVs. Baig et al.
(2014) prepared villus explants from healthy term placentas
and placentas from preeclamptic women and then isolated
microvesicles from conditioned media for gel electrophoresis, in-
gel digestion, and LC-MS/MS after 72 h culture. The authors
identified 421 proteins within STB microvesicles. There were 25
proteins differentially expressed in STB microvesicles between
normal and preeclamptic women, including increased levels of
annexins (ANXA2 and ANXA4), heat shock proteins (HSPB,
HSPA8, and HSPA5), and cytoskeletal proteins (ACTB, ACTN1,
TUBBA1C, TUBB4B, and TUBB) in preeclampsia, as well as
decreased levels of integrins (ITGAV and ITGB1), complement
regulatory proteins, and some histones (which may be due to
defective DNA repair or increased DNA damage). Functional
pathway analysis on the differentially expressed proteins revealed
terms such as cell death and survival, cellular assembly and

organization, immune response, lipid metabolism, endothelial
dysfunction, and intercellular junctions (Baig et al., 2014).

Ouyang et al. (2016) isolated apoptotic bodies, microvesicles,
and exosomes from primary CTBs (cultured up to 72 h) and
used LC-electrospray ionization-MS/MS and miRNA Taqman
card PCR to characterize phospholipids, proteins, and miRNA
cargo in these STBEV subtypes. Phospholipidomic analysis
revealed 11 major classes of phospholipids within STBEVs, with a
notably higher content of phospholipids that promote membrane
stability (e.g., phosphatidylcholine) in exosomes compared
to apoptotic bodies and microvesicles. Proteomic analysis
identified 1,684 proteins in STBEVs. In general, exosomes
were enriched for surface proteins expressed by other cell-
types, including tetraspanins (e.g., CD9 and CD63), syndecan-1,
syntenin-1, integrins, and endosomal complex proteins (e.g.,
CHMP2A and CHMP3), but also contained proteins that are
predominantly expressed in the placenta, including CD276,
placental alkaline phosphatase, and the fusogens syncytin-1
and syncytin-2. Apoptotic bodies and microvesicles primarily
contained cytoplasmic and focal adhesion proteins such as
MYH9/10, PLEC, and TLN1. Interestingly, all three types of
EVs contained similar profiles of miRNAs that are distinct from
miRNAs in non-vesicular form. Notably, STBEVs contained
abundant C19MC miRNAs, which confer immunomodulatory
properties to non-placental cells including resistance to a broad
range of viruses (Delorme-Axford et al., 2013; Ouyang et al.,
2016). STBEVs also modulate inflammatory cytokine production
from peripheral blood mononuclear cells (Southcombe et al.,
2011), and contain a variety of cytokines and growth factors
either on their surface (e.g., CRP, IL-6, and IL-8) or internally
(e.g., CCL5, TGF-β, IL-10, IL-33, CXCL10, MIF, and TRAIL),
further supporting an immunoregulatory function of STBEVs
(Fitzgerald et al., 2018).

Tong et al. (2016) performed proteomic analysis of macro,
micro, and nano-sized EVs from placental explant cultures
collected from 56 first-trimester placentas. Macro, micro, and
nano-sized EVs were collected and characterized by LC-
MS/MS, and 1,585, 1,656, and 1,476 proteins were identified
in each, respectively. Many (1125) of these proteins were
detectable in all three fractions of EVs. Gene ontology pathway
analysis revealed enrichment of proteins involved in vesicle
transport/internalization and inflammation, including ANXA5,
CALR, CD31, CD47, RPS4, SERPINE1 (also known as PAI1),
as well as proteins implicated in complement regulation (C3,
MCP, DAF, and protectin) (Tong et al., 2016). Salomon et al.
(2013) assessed the impact of different O2 tensions (8, 3, or
1% O2) on exosome release and composition in first-trimester
CTBs. In total, over 160 exosomal proteins were detected using
LC-MS/MS. Lower O2 tensions were associated with increased
levels of EV-associated proteins, particularly those associated
with hypoxia and IL-8 signaling. Other exosomal proteins were
related to cellular movement (e.g., MMP-9, TGF-β, MAPK, and
VEGF) (Salomon et al., 2013).

Burkova et al. (2019) isolated exosomes from term placental
extracts using a crude extraction method with and without
an additional gel filtration protocol. The authors report that
crude extraction leads to contamination with additional
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proteins, whereas gel filtration appears to avoid impurities.
MALDI-MS/MS analysis of filtrated placental exosomes revealed
expression of 12 proteins: tetraspanins (CD81 and CD63),
annexins (ANXA1, ANXA2, and ANXA5), cytoplasmic proteins
(actin, ACTN4), placental alkaline phosphatase, and serum
proteins (transferrin, hemoglobin subunits, albumin, and
immunoglobulins). The total number of detectable proteins
was lower when compared to the number of proteins identified
in other studies. It was suggested that crude extraction of
proteins from exosomes can result in an overestimation of the
number of detectable proteins, underscoring the importance
of effective exosome extraction protocols and rigorous protein
characterization (Burkova et al., 2019).

One limitation in STBEV omics research has been the variable
extraction protocols resulting in differing findings about the
number and identity of proteins detected in STBEVs. In order
to identify consistencies among the various studies, Familari
et al. (2017) performed a meta-analysis of 6 proteomic datasets
from trophoblast-derived EVs. Only 3 proteins were identified
in common with all 6 datasets: albumin, FN1, and PAI1. An
additional 4 proteins – C3, hemoglobin delta, transferrin, and
THBS1 – were identified in 5 of the 6 datasets. Notably, datasets
used in this meta-analysis were not exclusively restricted to STB
(for instance, immortalized EVT cell-lines were used in some

studies), so the lack of consistency between studies may be due in
part to the cell models selected for inclusion in the meta-analyses.
Different methodologies for exosome extraction and proteomic
approaches may also contribute to variability between studies
(Familari et al., 2017).

OMICS APPROACHES USED TO
CHARACTERIZE STB AS A SOURCE OF
cfDNA

Syncytiotrophoblast is a major source of cfDNA in maternal
blood, accounting for 5–10% of total circulating DNA in maternal
serum (reviewed in Hahn and Holzgreve, 2002; Hudecova et al.,
2014). DNA sequencing (DNA-seq) of cfDNA has revolutionized
non-invasive prenatal diagnostic testing and is widely used to
detect de novo mutations and common fetal aneuploidies like
trisomy 21 (Bianchi, 2019; Guy et al., 2019). Intriguingly, the
quantity of cfDNA is fivefold higher in the blood of women
with preeclampsia compared to healthy control women (Lo et al.,
1999; Rafaeli-Yehudai et al., 2018). However, Poon et al. (2013)
suggest that cfDNA quantity may in fact not be useful as an early
predictive marker of adverse pregnancy outcomes. These authors
isolated maternal plasma from 1,949 women at 11–13 weeks of

FIGURE 3 | Schematic illustrating the multifunctional importance of STB for healthy pregnancy. A cross section of a chorionic villus near term is shown. O2,
micronutrients, immunoglobulins, water, and various other substances pass across the STB layer to gain access to blood vessels in the villus core, through which
they can be carried to the fetus. CO2 and waste products diffuse across the STB layer from fetal to maternal blood. STB also produces and secretes a variety of
factors into maternal blood, including peptide and steroid hormones, growth factors, EVs, and larger vesicles (e.g., syncytial knots). Given the diverse functions of
STB for pregnancy success and its contiguity with maternal blood, aberrant STB function can contribute to adverse pregnancy outcomes.
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gestation and conducted DNA-seq to determine the proportion of
fetal and maternal cfDNA. Using this strategy, it was determined
that the proportion of fetal to maternal cfDNA differed based
on certain features in the patient population (e.g., ethnicity
and smoking habits), but there was no association between the
amount of fetal or maternal cfDNA during early pregnancy and
subsequent development of a pregnancy complication (Poon
et al., 2013). Furthermore, Zhang et al. (2019) demonstrated
through DNA-seq that DNA isolated from placental EVs shared
strong similarities with cfDNA. Given the superior stability
of DNA encapsulated in lipid bilayers, EV-associated DNA
may have potential clinical value for non-invasive prenatal
testing of less common fetal aneuploidies or DNA modifications
(Zhang et al., 2019).

A potential limitation when considering the clinical
application of STB-derived DNA as a diagnostic indicator
of pregnancy health is the confined placental mosaicism
and chromosomal aberrations in trophoblast-derived tissue
that may not be representative of the fetal genetic landscape
(Peñaherrera et al., 2012; Kasak et al., 2015). Coorens et al.
(2021) used whole-genome sequencing of bulk placental samples
and laser capture dissected STB and found significant somatic
mutagenesis that rivals childhood cancers in terms of base
substitutions, copy number variation and overall mutagenic
burden. Comparatively, non-trophoblast tissues (umbilical
cord and villus core) did not possess frequent mutations or
chromosomal irregularities. Despite the drastic alterations to the
STB genome, the pregnancies themselves were seemingly normal
with no obvious placental pathology or adverse pregnancy
outcome (Coorens et al., 2021). Further studies are required
to determine whether aberrations in the STB genome have
functional consequences, and whether frequent mutagenesis of
the STB genome will complicate its potential diagnostic utility to
gauge pregnancy health.

CONCLUSIONS AND PERSPECTIVES

The use of omics-based approaches has provided unprecedented
insights into the formation and function of STB. Where relevant,
examples of how omics technologies have characterized changes
in STB function in disease states were discussed (Figure 3).
Several recent reviews, although not focused specifically on STB,
have summarized the use of omics approaches in pregnancy
complications. The reader is directed to these articles for a
comprehensive discussion of omics approaches in pregnancy
disease states (Herrera-Van Oostdam et al., 2019; Benny et al.,
2020; Yong and Chan, 2020).

In assembling this review, several challenges became apparent
that should be considered in future studies incorporating omics
approaches to understand STB biology. One of these challenges
is the lack of consistency between different studies. While it is
not possible to mitigate all nuances between studies, consistency
can be enhanced by including a detailed description of patient
populations and sampling procedures (if applicable), rigorous
analysis, validation with multiple techniques or models using
independent samples, comprehensive discussion of limitations,

and objective interpretation of results. The possibility of using
a multi-omics approach is gaining traction to circumvent some
of the limitations associated with a “one omics” strategy. For
example, Turco et al. (2018) used DNA microarray, DNA-seq
following bisulfite conversion, and LC-MS/MS approaches to
characterize placental organoids developed in their lab, and
Than et al. (2018) used transcriptomic and proteomic data from
multiple publicly-available datasets combined with hypothesis-
driven molecular approaches to reveal novel pathways associated
with preeclampsia. Simultaneous measurements of two or more
modalities on the same sample have also been described,
which empower a more comprehensive interrogation of cell
and tissue function (Zhu et al., 2020). The use of multi-omics
approaches would also be greatly facilitated by better raw data
accessibility, sharing, collaboration, and harmonization among
the research community, potentially enabling more consistency
across multiple studies.

Another challenge in understanding STB biology is the
limited availability of cell and tissue models. Placental biopsies
following delivery are frequently used to evaluate changes
in placental function in normal and diseased states, but in
many cases the specific role of STB is uncertain because
biopsies contain many cell-types in addition to STB. Moreover,
samples may vary even if collected from different regions of
the same placenta (Konwar et al., 2019). This variation may
contribute to differences in findings from study groups and
reinforces the importance of consistent sampling procedures
and cautious interpretation of data when inferring STB-specific
functions from tissue. Cell, organoid, and explant models are
available to study STB differentiation, but they all possess
some limitations including heterogeneity (for example, not
all primary CTBs form large syncytia in culture). In most
cases, the complex 3D anatomical configuration along with the
dynamic endocrinological, immunological, and hemodynamic
environment characteristic of the in vivo milieu is not
reflected in culture models. For instance, stark differences
in trophoblast gene expression profiles are apparent when
co-cultured with decidualized stromal cells compared to
culture without these cells, highlighting the importance of
modeling the in vivo environment as closely as possible
(Lv et al., 2019).

Another limitation in the study of STB is its characteristic
morphology and fragility that complicates cell isolation for
ex vivo analyses. It is not yet possible to isolate and culture
intact, purified STB from placentas, explants, or organoids to
study STB in isolation or for use in functional studies. Although
the recent upsurge in single cell omics has revolutionized the
capacity to study specific cell lineages in complex tissue, STB
poses a unique challenge for preparing single cells for analyses
because of its enlarged, multinucleated nature. Future exploration
incorporating single nucleus RNA-seq may enable a more robust
characterization of STB at various stages of its life cycle, whereas
spatial transcriptomics offers a promising avenue to study STB
biology while preserving its native architectural integrity.

Omics technologies are advancing at a startling rate and
are poised to continue providing unparalleled insights into
STB development and function. Integration of multiple omics
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strategies in combination with hypothesis-driven mechanistic
approaches and improvements in available cell models will
enable a better understanding of how this cell lineage functions
in normal and diseased states. Given the importance of STB
for pregnancy health and its unique position contiguous with
maternal blood, studies of STB biology that incorporate omics
approaches will be instrumental for driving discovery of novel
biomarkers of placental stress or pregnancy disease.
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