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Abstract
The human embryo is not a feasible experimental system for the detailed study of implantation
and early placentation, so surrogate systems have been sought for investigating the determination
of the trophectoderm lineage, its differentiation into trophoblasts of the early implantation site, and
subsequently the morphogenesis of the definitive placenta. An alternative to the use of embryos
for studying early placental development was revealed by work with human embryonic stem cells
(hESC), demonstrating BMP2/4-stimulated trophoblast differentiation, and spontaneous formation
from embryoid bodies (EBs). These cells display a trophoblastic transcriptome, as well as a
placental protein and steroid hormone secretory profile, and invasive and chemotactic behavior
resembling human placental trophoblasts. With EB-derived trophoblasts, two-dimensional and
three dimensional paradigms and other modifications of the culture environment, including
extracellular matrix and aggregation with placental fibroblasts, impact on trophoblast
differentiation. Recent studies have questioned the identity of the trophoblasts directed by BMP
treatment of hESC, and careful attention to culture conditions is needed to interpret different
results among research groups. Although the precise placental counterpart of the hESC-derived
trophoblast remains unclear, hESC-derived trophoblasts remain an intriguing platform for
modeling early implantation.
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1. Introduction
The specification of the trophoblast lineage and the subsequent formation of the placenta are
among the earliest differentiation events to take place in mammalian development. In vivo,
trophectoderm formation is heralded by the onset of compaction at the morula stage, which
occurs approximately 4–5 days after fertilization, although molecular events are likely to be
put into motion well before this event [1,2]. Following blastocyst formation, the pathway of
subsequent embryo development, implantation, and placentation and placental
morphogenesis diverges significantly among mammals, encompassing filamentous
embryonic elongation, as in ruminants, intrauterine embryonic diapause, as in carnivores,
and invasive blastocyst intrusion and invasion into the receptive decidua, as in the initiation
of human pregnancy [3]. For the modeling of human placentation, model systems have been
developed ranging from immortal cell lines from placental trophoblast-derived tumors or
targeted immortalization, to human placental explant tissue, to isolation of individual cells,
all with the goal of developing approaches to interrogate this most important time in our
development. Recent excellent reviews have broadly covered the range of options and
resources in this area and the reader is referred to those papers for a more comprehensive
perspective [4–6]. The current review is focused on the use of human embryonic stem cells
to model these earliest stages of our development. We will first present a historical
perspective on the recognition that nonhuman primate and then human embryonic stem cells
provided an opportunity to study trophoblast differentiation. The majority of this review will
then present the model for hESC-derived trophoblast differentiation using a specific
paradigm, the formation of embryoid bodies, as the platform for these endeavors. Finally,
recent developments in the field which have called into question one of the models for
BMP4-driven trophoblast differentiation will be discussed, and directions for future research
will be proposed.

2. Primate ESC differentiate to trophoblasts
In 1995 Thomson et al [7] reported the derivation of ES-like cells from rhesus monkey
preimplantation blastocysts derived from natural mating and nonsurgically flushed from the
uterus. These cells had key characteristics of ESC, including the expression of surface
markers characteristic of pluripotent cells, and the ability to form structures derived from all
three embryonic lineages when teratomas were formed following injection into
immunodeficient mice. It was also determined that upon spontaneous differentiation in
culture, there was evidence of trophoblast differentiation, including secretion of chorionic
gonadotropin (CG), and expression of the CG alpha and beta subunit mRNAs [7].

This demonstrated a novel attribute of these cells, in that mouse ESC do not possess the
ability to spontaneously form trophoblasts in the absence of exogenous genetic
manipulation. The significance of this observation was reinforced when the Thomson lab [8]
reported the derivation of hESC, and commented that trophoblast differentiation was
evidenced again by the secretion of hCG into the culture medium upon spontaneous
differentiation. Surprisingly, however, our lab has not been able to demonstrate the
production of trophoblast-specific protein expression in teratomas from either rhesus
monkey or human ESC (unpublished data) and perhaps this is due to some limitation of the
murine environment, or an undefined inhibitory effect thereof, on trophoblast differentiation.

The pluripotency of hESC was further strengthened in 2002 by Xu et al [9] who
demonstrated that remarkably, when hESC were treated with BMP-4 or related agonists,
there was consistent differentiation to a uniform population of cells with an epithelial
morphology, and upon analysis by microarray, the population of transcription factors,
secreted proteins and other key markers supported the conclusion that the cells were
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trophoblasts. This was corroborated by the secretion of hCG, as well as progesterone (P4)
and estradiol-17β (E2), the combination of which is a unique characteristic of primate
trophoblasts. Although it remains unclear whether BMPs play a role in in vivo trophoblast
differentiation [10], this model has been adopted by a number of researchers, and has been a
valuable and reliable paradigm for the induction of trophoblast differentiation from
pluripotent hESC, including definition of the ontogeny of gene expression in these cells
[11], demonstration of the role of “physiologically low” oxygen culture conditions in the
balance between pluripotency and differentiation [12], and comparison of BMP-induced
trophoblasts with human embryonic trophectoderm [13]. There have been comprehensive
reviews of the cell biology of the BMP response [6, 14, 15] so we will only return to this
model later to discuss recent controversial findings.

3. An alternative model for trophoblast differentiation: embryoid body
formation

Reasoning that pluripotent hESC could serve as embryonic surrogates, our lab investigated
whether the formation of embryoid bodies (EBs) by suspension culture of undifferentiated
hESC colonies could support trophoblast differentiation. EBs from human and primate ESC
will undergo differentiation to all three germ layers, although not in an organized way
reflecting in vivo embryonic development [7,8]. We first simply addressed whether there
was evidence of trophoblast formation in suspension-cultured EBs. This was confirmed by
the detection of consistent (although modest) secretion of hCG, P4 and E2 into the culture
medium within 48 hr after initiation of suspension culture [16]. Immunohistochemistry
(IHC) confirmed the formation of cytokeratin- and hCG-positive cells, typically at the
periphery of the suspension EBs [16].

Recognizing that the trophoblast-like cells on the surface of the EBs might be able to be
recovered for more detailed analysis upon adherent culture of the suspension structures, we
found that within several weeks of allowing the EBs to adhere to the culture surface, there
was amplification of hCG secretion, in association with outgrowth of cells with a
trophoblast morphology [16]. Further evidence supporting a trophoblast identity of these
cells included their expression of hCG and cytokeratin 8/18 as detected by flow cytometric
staining of a monocellular suspension of these “outgrowths”, and their ability to respond to
8-bromo-cAMP with an increase in hCG production, a classic hallmark of trophoblast
identity [17] (data in preparation, Gerami-Naini et al). Nonetheless, hormone secretion
declined in culture with time [16].

Additional paradigms were implemented in efforts to further define the differentiation
potential of the ESC-derived trophoblasts. First, we devised a three-dimensional culture
system, with the hypothesis that the presence of an extracellular matrix (Matrigel) will
support an implantation-like environment, and foster the formation of villous structures,
recapitulating the formation of the placenta by the implanting embryo. We were able to
show dramatic effects of this three-dimensional environment. Cells detached from the
surface of the EBs when embedded into Matrigel [16], and hormone secretion by
trophoblastic outgrowths was substantially higher, and sustained for longer periods of time,
in the 3 dimensional vs. 2 dimensional environment [18]. We have not pursued the
mechanisms or regulation of this outgrowth into the Matrigel, and this is an area that
deserves further investigation, in comparison with mechanisms indentified in other in vitro
trophoblast systems [19] and hypothesized to be important for in vivo implantation. In
addition, the 2D vs 3D cellular signaling pathways which control hormone secretion are
likely to be very important, and we attempted to implement a rigid vs. flexible collagen gel
paradigm to study this question [20]. However, extensive digestion of the collagen gel
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matrix by (presumably) secreted matrix metalloproteinases prevented the use of this
platform (Giakoumopoulos and Golos, unpublished).

4. Further characterization of the 2-dimensional trophoblast outgrowths
Further characterization has been ongoing for the cells which arise as 2-dimensional
outgrowths from adherent embryoid bodies. First, we evaluated whether Matrigel itself, or
specific extracellular matrix components thereof, was promoting the differentiation of
trophoblasts in the 2-dimensional paradigm. Fig. 1 illustrates that culture on a variety of
purified extracellular matrix proteins (e.g., fibronectin, laminin, collagen IV) which
comprise important elements of Matrigel all were sufficient at supporting the development
of hormonal secretory capability not significantly different from Matrigel itself. We also
have conducted an initial exploration of the transcriptome of the 2-dimensional EB
outgrowths and have confirmed that secreted factors, transcription factors, and other
trophoblast-associated mRNAs are substantially up-regulated in the EB-derived cells (Table
1).

One complexity of the 2-dimensional EB-derived trophoblast model (and indeed, the BMP-
derived trophoblast model) is that it is not clearly understood which trophoblast within the in
vivo placenta is represented by these hESC derivatives. Our studies with the EB model, and
the work of other investigators with the BMP-derived paradigm, have shown the formation
of multinuclear structures (Fig. 2), often at the periphery of colonies, implying an
acceleration of differentiation with distance from less differentiated cells within the EB or
ESC colony [12]. These multinuclear structures are typically described as representing
villous syncytiotrophoblasts, although if this were true, a villous cytotrophoblast population
would be a prerequisite for their formation. However, when bona fide villous CTB are
isolated from first trimester [21] or term [22] placental tissue, there is widespread (>90%)
formation of syncytia. This is not the outcome with ESC-derived trophoblasts. However,
there are several possibilities which could account for this observation. First, the outgrowths
could represent a mixed population of cells, only some of which represent fusion-competent
cytotrophoblasts. Alternatively the multinuclear cells could represent, at least in part, human
multinucleated extravillous trophoblasts (sometimes referred to as giant cells) also seen
within the decidua [23]. Further careful identification of markers for these giant cells is
needed. Finally, it may be that since the ESC likely are more representative of early
gestation, these cells represent a developmentally earlier stage of placental development that
precedes the accelerated syncytiotrophoblast differentiation which is seen in mature villi of
later gestation. This is an area for further study with the ESC models.

Other characteristics of trophoblasts are readily observed with the EB outgrowths. Invasion
of matrix and migration in a Transwell migration chamber are typical characteristics of
invasive extravillous trophoblasts [24], and the EB outgrowths readily penetrate a Matrigel
surface and migrate through the culture surface filter (Fig. 3). In addition, Fig. 3 confirms
that essentially all of the migrated EB-derived cells are cytokeratin-positive, again
confirming a trophoblast identity.

5. Molecular confirmation of trophoblast identity
Preliminary microarray analysis of these outgrowths has been done, at their peak of hCG
secretion (2 weeks after EB plating). Table 1 provides a summary of altered gene expression
in comparison with the undifferentiated H1 hESC line. A more detailed analysis (Gerami-
Naini et al) is currently in preparation; however it is clear that secreted products and
transcription factors which are up-regulated in the EB outgrowths point towards a
trophoblast phenotype. However, because of the plethora of factors expressed, and the
possibility that the population of EB outgrowths is a heterogeneous population, it is not
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possible to assign a specific identity to these cells, with regard to the precise trophoblast
niche in the placenta that they represent. In addition, assignment of identity is complicated
by the fact that the trophoblasts derived from EBs may not represent a type of trophoblast
thus far isolated and analyzed from human primary tissues, since nearly all tissue evaluated
in human trophoblast studies are derived from placentas from at least 6–8 weeks of
gestation. In the mature placenta, the STB are clearly the primary source of hCG expression.
However, most proliferating trophoblast cell lines also secrete hCG, and analysis of early
human placental tissues [25] has shown that hCG is also expressed by the EVT including
multinucleated trophoblasts found in the placental bed [27]. Thus, transcriptomic profiles of
selected subpopulations of early pregnancy placental trophoblasts may be needed in order to
be able to determine the developmental niche that the EB-derived trophoblasts represent.

For another example, we have determined that the primary connexin expressed by EB
trophoblasts is Cxn43 (GJA1). In the in vivo human placenta, Cxn43 is primarily expressed
in the villous CTB, but also in the multinucleated extravillous trophoblasts of the placental
bed [26]. IHC of EB outgrowths demonstrates that there is widespread expression of Cxn43
throughout the cell population (Fig. 4). However, this is inconsistent with the secretion by
EB outgrowths of hCG, P4, and E2, which are not appreciably synthesized in villous
cytotrophoblasts. Thus, we suggest that the EB outgrowths may represent a trophoblast
phenotype found in the early implantation site, which is hormonally potent, expressing hCG,
as well as the enzymes which underlie the capacity for steroidogenesis.

6. Paradigm for placental morphogenesis: an area for further research
One disappointment with the 3-dimensional EB differentiation paradigm [16] was that we
did not observe the appearance of villous morphogenesis in these specimens. There was the
occasional multilaminar trophoblast formation at the surface of the embryoid body; however
we could not be confident that these cells provided any evidence of syncytium formation.
The failure to form mature STB is corroborated by the fact that we do not observe the
expression of chorionic somatomammotropin mRNA expression in the 2D outgrowth
microarray data (Gerami-Naini et al, in preparation). It is possible that this reflects the likely
early developmental stage at which these trophoblasts are evaluated in our studies. Our
published studies which endeavored to create a more “villous” environment by incorporating
placental fibroblasts into the EBs during suspension culture showed that while these EBs
indeed had enhanced secretion of hCG [27], there was no enhanced formation of STB-like
structures on the surfaces of these EBs. Thus, we feel an important area for further study is
to investigate the role of other “effector” cells, or specific morphogens, on villus formation
from the EB during trophoblast differentiation. A better understanding of the factors that
direct appropriate early villous morphogenesis could provide therapeutic approaches for
placental insufficiency or other dysfunction in early placental formation. Interestingly, the
same placental fibroblasts, which enhanced hCG secretion in 3D aggregates, inhibited ESC
differentiation in a 2-dimensional co-culture paradigm and instead sustained the pluripotent
state, acting as effective feeder layers [27]. These data underscore the importance of the in
vitro culture paradigm used for differentiation, including feeder cells, growth factor
supplements, and extracellular matrix environments.

7. Conflicting results with ESC-derived trophoblasts
While the BMP-treated ESC paradigm is widely held to result in trophoblast differentiation,
this phenomenon remained poorly understood on several levels. First, does this represent a
physiologically relevant paradigm for in vivo placental development? In addition, what is
the mechanism by which BMP drives the formation of trophoblasts? In response to the first
question, it is not clear what population of trophoblasts is represented by this paradigm, so
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the context of this differentiation event remains to be fully defined in the actual implantation
site. As for the second query, Yu et al [10] in seeking to understand how BMP curtails the
pluripotency of the undifferentiated ESC, have recently demonstrated that the effect of BMP
is dependent on the presence or absence of FGF2, an essential component of the
maintenance of pluripotency in hESC (in distinction to mouse ESC, in which LIF plays this
role). Trophoblast differentiation in response to BMPs depends on the absence of FGF2: in
the presence of both FGF2 and BMP4, rather than direct trophoblast formation, the
differentiation of mesendoderm is driven [10]. Intriguingly, Pera et al [28] also concluded
that with the HES-2 or HES-3 hESC lines, there were only infrequent patches of trophoblast
differentiation seen with BMP treatment, and rather, extraembryonic endoderm was formed
in response to BMPs. Recently, Bernardo et al [29] reported that BMP-derived cells also
express selected mesodermal genes (e.g., brachyury), but do not produce HLA-G, and only
express low ELF5. They have concluded that these results “raise doubts that the BMP-
induced cells are trophoblasts”, and that they “instead are mesodermal in nature”. It should
be recognized that HLA-G is actually not expressed in most trophoblasts of the mature
placenta [30], and ELF5 likewise is not ubiquitously expressed throughout the implantation
site [31]. It has also been shown that brachyury, as well as other markers of mesoderm and
embryonic and extraembryonic endoderm, are differentially expressed among the different
hESC used among these studies, and are not absolutely inconsistent with a trophoblast
phenotype [6]. In addition to the possibility of differential responses to BMP4 among cell
lines, a recent study [32] also has demonstrated that BMP4 treatment directs the formation
of multiple distinct progenitor populations, as revealed by screening with a monoclonal
antibody library. Thus, it is possible that these diverse outcomes are multifactorial and
reflect the characteristics of different hESC lines, culture conditions, and analytical
approaches. With ESC, culture conditions are paramount, and Supplemental Table 1
summarizes the culture medium formulations used and the cell lines analyzed in these cited
studies. It seems important to conduct head-to-head comparisons to reconcile the apparently
different outcomes with different culture conditions, as regards the trophoblast phenotype of
BMP-driven differentiation.

8. Conclusions and areas for further study
In the preceding sections we have presented and described data that demonstrate that much
remains to be addressed with available systems for promoting trophoblast differentiation.
We summarize important areas for future study in Table 3. Approaches are needed to dissect
the impact of the 2D vs 3D Matrigel culture environment for hormone secretion, which we
hypothesize reflects differential signaling through integrin-mediated and other mechanisms
integrating extracellular adhesion effects on cell function. New paradigms are needed that
incorporate effector cells, including placental mesenchyme as well as decidual components,
which we hypothesize will effect placental morphogenesis and villous formation. Our
understanding of the significance of hESC and iPSC differentiation [33] will be enhanced by
better definition of the potential heterogeneity of trophoblast populations which arise from
hESC differentiation paradigms. Recently, methods to derive a trophoblast stem/progenitor
population from the chorionic plate have been reported [36]. While the role of these cells in
this chorionic plate niche remains to be further elucidated, a direct comparison of these
chorion-derived cells with hESC-derived trophoblasts will also be very informative.

Convincing data for the differentiation of trophoblasts from hESC has been presented by a
number of labs. However, recent important questions have been raised which, at least,
demonstrate that there is likely to be an impact of culture conditions in giving rise to
disparate outcomes from different laboratories. Precise description of culture conditions, and
cross-laboratory testing of different hESC lines will likely provide further insight into the
current controversial findings. While BMP4-induced trophoblast differentiation could be
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considered a more manageable system than the preparation and culture of EBs, we suggest
that trophoblast differentiation from EBs is a useful alternative to BMP treatment. Further
studies are ongoing to ascertain the ontogeny of gene expression with time after plating of
EB outgrowths, and whether BMP4-derived cells are significantly different from EB-derived
trophoblasts. An area that does require attention in such studies is the spatial differences
noted by most investigators in morphology of trophoblasts in different areas of the hESC
colony when treated with BMP4 [e.g., 12]. It is possible that these spatial morphological
differences underlie some aspects of the heterogeneity of differentiating hESC derivatives
recently detected with antibody library testing of the cell surface markers of BMP4-treated
hESC [32]. Selective analysis of specific populations of cells obtained, for example, by laser
capture microdissection, will address these questions and extend our understanding of
differentiation events with EBs serving as a surrogate system for embryonic trophoblast
differentiation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effect of extracellular matrix growth surface on secretion of hCG by EB-derived trophoblast
outgrowths. Representative data from three experiments is shown at 10 days post-plating.
Secretion of hCG was determined by radioimmunoassay, and was normalized to metabolic
activity determined by WST-8 assay (Dojindo Molecular Technologies, Rockville, MD).
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Fig. 2.
Representative appearance of multinuclear cells (arrows) within the migrating outgrowths
from hESC-derived EBs after 16 days of culture.
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Fig. 3.
Migration of EB-derived trophoblasts through Matrigel-coated Transwell filters. Left panel:
schematic representation of migration chamber. Cells which migrate through the filter are
then analyzed by immunostaining. Center panel: Migratory cell immunofluorescent staining
for cytokeratin (CTK, green) counterstained with DAPI (blue nuclei), confirming that
virtually every cell migrated through the Transwell filter is cytokeratin positive (staining
with a pan-cytokeratin antibody (Sigma, clone C-11), which recognizes a range of
cytokeratins, including 8 and 18). Right image, immunofluorescent staining with a
nonspecific primary antibody.
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Fig. 4.
Connexin 43 expression in hESC-derived EB outgrowths. Left and middle panels: bright-
field photomicrographs of hESC-derived EBs in adherent culture, with the middle panel
showing a higher magnification image view of the indicated field. The right panel shows a
confocal image of a similar field stained with and anti-Connexin43. Virtually all cells
throughout the outgrowths are Cxn43-positive; some cells (lower left) are out of the focal
plane in this image.
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Table 1

Key markers of trophoblast identify in 2D-EB outgrowths

Endocrine factors (fold-increase) Transcription factors (fold-increase) Other trophoblast markers (fold-increase)

hCGα 8194 AP2A (614) KRT7 (66)

HSD3β (1130) Hey1 (203) EGFR (305)

hCGβ648 GATA3 (2431)

CYP11A1 (253) MSX2 (191)

PGF (107) HAND1 (356)

CRH (35)

PSG1-9 (9–80)

Selected markers for trophoblast differentiation are presented with their fold-induction over undifferentiated cells as determined in Affymetrix
microarrays. The means of 5 separate undifferentiated RNA samples and 5 samples of 2-dimensional EB outgrowths are presented (Gerami-Naini,
Giakoumopoulos et al, in preparation). Note that not expressed in either hESC or differentiated cells were hPL, Cdx2, TBR2, Eomes, or Brachury
mRNAs.
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Table 2

Research areas proposed for future study

Impact of culture medium selection on BMP4-driven trophoblast differentiation

Functional/regional/spatial differences in the trajectory and outcome of EB trophoblast differentiation, including multinuclear cell phenotype/
identity

Development of new paradigms incorporating effector cells to impact chorionic villus formation

Identification of 2D vs. 3D signaling mechanisms which result in differential hormone secretion

Comparison of the phenotypes of BMP- vs. EB- induced trophoblasts
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