
Biology of Reproduction, 2018, 99(1), 212–224
doi:10.1093/biolre/ioy070

Review
Advance Access Publication Date: 22 March 2018

Review

Specification of trophoblast from embryonic

stem cells exposed to BMP4†
R. Michael Roberts1,2,3,∗, Toshihiko Ezashi1,3, Megan A. Sheridan1,2

and Ying Yang4

1Bond Life Sciences Center, University of Missouri, Columbia, Missouri, USA; 2Department of Biochemistry, University
of Missouri, Columbia, Missouri, USA; 3Division of Animal Sciences, University of Missouri, Columbia, Missouri, USA
and 4Department of Molecular Pharmacology and Physiology, University of South Florida, Tampa, Florida, USA

∗Correspondence: Bond Life Sciences Center, University of Missouri, Columbia, MO 65211, USA. Tel: 573-882-0908;
E-mail: robertsrm@missouri.edu

†Grant Support: This study was sponsored by National Institutes of Health (NIH) Grants HD-067759 and HD 077108

Received 21 December 2017; Revised 15 March 2018; Accepted 21 March 2018

Abstract

Trophoblast (TB) comprises the outer cell layers of the mammalian placenta that make direct con-
tact with the maternal uterus and, in species with a highly invasive placenta, maternal blood. It has
its origin as trophectoderm, a single epithelial layer of extra-embryonic ectoderm that surrounds
the embryo proper at the blastocyst stage of development. Here, we briefly compare the features
of TB specification and determination in the mouse and the human. We then review research on
a model system that has been increasingly employed to study TB emergence, namely the BMP4
(bone morphogenetic protein-4)-directed differentiation of human embryonic stem cells (ESCd),
and discuss why outcomes using it have proved so uneven. We also examine the controversial
aspects of this model, particularly the issue of whether or not the ESCd represents TB at all. Our
focus here has been to explore similarities and potential differences between the phenotypes of
ESCd, trophectoderm, placental villous TB, and human TB stem cells. We then explore the role of
BMP4 in the differentiation of human pluripotent cells to TB and suggest that it converts the ESC
into a totipotent state that is primed for TB differentiation when self-renewal is blocked. Finally we
speculate that the TB formed from ESC is homologous to the trophectoderm-derived, invasive TB
that envelopes the implanting conceptus during the second week of pregnancy.

Summary Sentence

BMP4-driven differentiation of human embryonic and induced pluripotent stem cells provides a
useful model for studying the specification and early development of early placental trophoblast.

Key words: bone morphogenetic protein-4, cytotrophoblast, implantation, inner cell mass, invasion, placenta, tro-
phectoderm, trophoblast stem cells, syncytiotrophoblast.

Introduction

Trophoblast (TB), a tissue comprised of trophoblasts (from the
Greek words trephein, to feed and blastos, germinator), forms the
outer epithelial layers of the mammalian placenta and is the essen-
tial intermediary tissue linking the maternal system to the fetus. Its
primary functions are to anchor the conceptus to the wall of the
reproductive tract, extract nutrients from the mother, facilitate the

exchange of gases and excretory material, protect the fetus from im-
mune attack, and secrete hormones that act on the maternal system
to promote the physiological interests of the conceptus. These are
roles common to all types of placentae including those encountered
in nonmammalian vertebrates [1] where the placental lineage is not
set aside in the very early stages of embryogenesis.

Although placental TB of mammals consists of multiple, special-
ized cell types, most likely with their own stem cell populations [2–4],
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Figure 1. (A) Development of the mouse preimplantation embryo from the zygote to expanded blastocyst. Transcription factors controlling specification and
determination of TE are listed above the images by stage of expression. (B) Development of trophoblast progenitors and extraembryonic tissues in a cross
section of E7.5 mouse conceptus. TGC: trophoblast giant cells, EPC: ectoplacental cone. Modified from Knott & Paul [5] with permission.

all the sublineages are considered to originate from trophectoderm
(TE), a single layer of extra-embryonic ectoderm that surrounds the
embryo proper at the blastocyst stage of development. As discussed
below, TE is specified by a series of events, possibly beginning as
early as the 4-cell stage of development in the case of the mouse, and
culminating at blastocyst. By this stage, cells of the TE are morpho-
logically and functionally distinct from those of the inner cell mass
(ICM) and committed to the TB lineage.

It takes about three and a half days and five rounds of cell division
for a mouse zygote to progress to the early blastocyst stage of devel-
opment, at which point it possesses approximately 32 cells, of which
one-third to one-quarter are part of the ICM, while the remainder
comprise TE (Figure 1A) [5]. A second cell fate decision is initiated
in the ICM soon after TE has emerged, namely the segregation of
primitive endoderm (hypoblast) and epiblast [6, 7] but will not be
discussed further here. Development of the zygote to the blastocyst,
whether in vivo or in vitro, follows a somewhat comparable mor-
phological and temporal patterns across different species, e.g. cow,
pig, human, mouse, and rat, [8–12], suggesting that the process is
guided by similar genetic mechanisms across eutherian mammals.

At implantation, however, the mouse and human follow diver-
gent paths of TB development [5, 13]. In the former, attachment to
the endometrium is mediated initially by mural TE and, shortly after-
wards by polar TE overlying the ICM, which, through proliferation
and subsequent expansion, forms the ectoplacental cone (EPC in Fig-
ure 1B), with the chorion at its base, embedded in the secondary de-
cidual zone of the maternal endometrium (Figure 1B). The labyrinth,
which mediates nutrient exchange with maternal blood sinusoids and
is the functional equivalent of human chorionic villi, develops from
the chorionic region at about E8.5 coincident with chorioallantoic
attachment. The EPC contributes to the junctional zone, a region of
the mature placenta that forms between the maternal decidual tissue
and the labyrinth layer (Figure 1B). Its ontological relationship to
the extravillous TB of the human placenta remains unclear.

In the human, events take a different course (Figure 2). The blas-
tocyst attaches to the uterine epithelium at its polar end, and TB pen-
etrates the endometrium by means of a highly invasive syncytial mass

migrating ahead of a zone of proliferating cytotrophoblast (cytoTB)
[14–16]. This syncytium comes to rest within the maternal deciduum
and creates lacunae filled with maternal blood. However, this syn-
cytial structure seems to be relatively short-lived. The formation of
this primitive placenta has been studied in archived human samples
[14–16] and in a few non-human primates [17, 18], but events appear
to be recapitulated when human blastocysts are cultured in vitro [19,
20], such that by ∼ day 12 post-fertilization, the epiblast is enveloped
by TB, with cytoTB to the interior and syncytiotrophoblast (STB) to
the exterior (Figure 2). Histological examination of in vivo samples
indicates that soon after day 12 post-coitus primary chorionic villi
derived from the underlying cytoTB begin to form, penetrate the
syncytial zone, and initiate the formation of early villous TB. Ex-
travillous TB derived from those cytoTB columns that contact the
endometrium proliferates extensively to form a cytoTB shell that
surrounds the entire fetus and anchors it to the endometrium [21].
The shell is also the origin of the extravillous TB that modifies ma-
ternal spiral arteries and of other extravillous TB populations that
penetrate deeply into the endometrium and myometrium where they
have been suggested to be the progenitors of so-called multinucleated
giant cells. When these developmental events occur abnormally, later
complications of pregnancy, including preeclampsia, may occur [21].

After the sections that follow, we provide a brief review of what
is known about the molecular events associated with TE emergence
in the mouse and the extent to which this process matches the limited
amount of information available for the human. We shall then con-
sider the evidence that TB can be derived directly from human em-
bryonic stem cells (ESC) of the so-called primed or epiblast type after
exposing them to the growth factor bone morphogenetic protein-4
(BMP4) a contention that has proved controversial. In particular,
critics have protested that the cells are extra-embryonic mesoderm
and not TB at all [22]. However, it soon became clear that the pro-
portion of TB relative to mesoendoderm could be much increased by
excluding fibroblast growth factor 2 (FGF2) from the differentiation
medium and by adding inhibitors targeting the autocrine actions of
FGF2 and members of the transforming growth factor beta (TGFB)
superfamily, namely ACTIVIN/NODAL/TGFB, that are necessary
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Figure 2. Morphological transition of the human conceptus during implan-
tation. At day 6–7, a sub-population of TE at the polar end of the conceptus
initiates attachment to uterine epithelial cells. Day 8–9, invasive STB pene-
trates the uterine epithelium, tunnels into the decidualizing endometrium,
and begins to erode out lacunae (in red). The cytoTB layer (pink) between
the embryo proper and the advancing syncytial mass continues to proliferate
to replenish the STB. By day 12, the conceptus has penetrated more deeply
and is completely enveloped in STB. Subsequently, primary villi originating
from the cytoTB breach the STB to initiate formation of the villous placenta
(not shown). Modified from Figure 12.17, page 397 in Developmental Biol-
ogy/Scott F. Gilbert 11th Ed [2016] with permission.

to maintain pluripotency in ESC [23–27]. A more recent assessment
is that the ESC-generated cells represent a population that has not
fully differentiated to the kind of TB associated with first trimester
placenta [28].

In the sections that follow, we present confirmatory evidence that
BMP4 can induce TB differentiation and summarize how alterations
in protocol, especially in the culture conditions, can have conse-
quences for the efficiency of the process. Three other questions will
then be addressed. First, is there a logical rejoinder to the premise
put forward by embryologists that epiblast-derived ESCs have al-
ready progressed beyond the first cell fate decision and should no
longer have the potential to differentiate to TB? Second, if these
ESC-derived cells are, as we believe, authentic TB, what placental
cell type do they represent? Finally is there a relationship between
early stage, ESC-derived TB, and the TB stem cells recently described
by Okae at al. [29]?

Acquisition of trophoblast fate during mouse

development

Hundreds of papers and many careers have been spent analyzing
the emergence of TE and its segregation from ICM in the mouse, a
process that is essentially complete by the 32-cell stage of develop-

ment. To review all this information here would add little of value to
what has been written in numerous reviews on the topic, including
the following [5, 30–33]. A general but not necessarily a consen-
sus view is that the process is not initiated by pre-patterning of the
oocyte cytoplasm, as occurs in the initial commitment steps of in-
vertebrates and amphibians. Nonetheless, distinctions between still
totipotent, individual blastomeres in terms of their gene expression
[34–37] and epigenetic status [36, 38] are evident as early as the
4-cell stage and appear to mark blastomeres more likely to assume
an embryonic versus extraembryonic fate. Subsequent distinctions
between pre-TE and pre-ICM blastomeres are likely reinforced by
positon-dependent cell–cell interactions initiating different cell sig-
naling pathways, a gain of cell polarity by outer blastomeres destined
to become TE, a loss of expression of genes conferring pluripotency,
and an increase in expression of several transcription factors that
impose an emerging TE cell phenotype (Figure 1A). Together, these
and other observations suggest that early lineage biases may have
been established even before the morula stage, although a TE fate
may not be sealed until the 32-cell stage when cavitation has begun.

Transcription factors implicated in trophectoderm

specification in the mouse

As gene knockout studies in the mouse began to be performed in
increasing numbers during the 1990s, it became clear that lack
of expression of a range of transcription factors could provide an
embryonic-lethal phenotype due to TB failure [5, 39, 40]. In some
cases, for example, in caudal type homeobox 2 (Cdx2) [41] and
eomesodermin (Eomes) [42] knockouts, early cleavage stages were
unaffected, but lethality occurred at or soon after implantation. In
other instances, as in the case of distal-less homeobox 3 (Dlx3) [43]
and ETS proto-oncogene 2 (Ets2) [44], the demise of the concep-
tus was delayed until just before the labyrinth placenta had begun
to form, reinforcing the notion that placentation is a progressive,
but staged, process requiring the input of numerous transcriptional
regulators and epigenetic directives.

The isolation of mouse TB stem cells from outgrowths of po-
lar TE of preimplantation embryos (E3.5) [45] and extraembry-
onic/chorionic ectoderm at the base of the EPC 2 days later [46],
creating TB stem cells by reprogramming with ectopic genes under
the influence of strong promoters, and defining the culture conditions
that allowed such cells to self-renew and differentiate identified other
transcription factors linked to the early TB phenotype [39]. More re-
cently, single cell RNAseq analysis performed on mouse blastocysts
has provided an increased level of sophistication to TE profiling [47].
None of the transcription factors so far identified in early TE with
the possible exception of glial cells missing homolog 1 (GCM1),
a transcription factor that plays a role in controlling the forma-
tion of STB [48], has a unique TB association, but, as a group,
they are co-associated with TE and TSC specification and determi-
nation (Figure 1A; morula), and useful markers for recognizing TB
[28]. Among these genes are the TEA domain family member Tead4,
the caudal-type homeobox factor Cdx2, the T-box gene Eomes, the
SRY-box gene Sox2, the estrogen-related receptor Esrrb, the AP-2
family member Tfap2, the Ets family members Ets2 and Elf5, the
GATA motif-containing factor Gata3, and Yes-associated protein 1
Yap1 [5, 39, 40, 49]. Exactly how these particular gene products
and others act together in concert is far from clear.

There have been attempts to define networks of transcription
factors that contribute to the emergence of TB in embryos and to
the self-renewal and undifferentiated state of TB stem cells [6]. Some
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networks are better studied than others. TEAD4, for example, whose
knockdown prevents the transition of morulae to blastocysts, con-
trols expression of Cdx2, Gata3, and Eomes in outer blastomeres
[50]. ELF5 forms complexes with EOMES and TFAP2C and binds a
number of downstream genes, with the complexes acting as molec-
ular switches governing the balance between TSC proliferation and
differentiation [49]. CDX2 is a bit of a puzzle. It is expressed as early
as the 8-cell stage in surface-located blastomeres [6], but is no longer
regarded a master regulator of TE specification, since Cdx2–/– em-
bryos, unlike Tead4–/– embryos, develop as far as the blastocyst stage.
One role may be to downregulate expression of key pluripotency
genes and provide a final push toward emergence of functional TE.

Differences in trophectoderm specification

between mouse and human

There is no reason to believe that the molecular events that lead to the
formation of a mouse blastocyst are not re-capitulated to some extent
in the human, even though the process takes somewhat longer [51].
On the other hand, in the human, the segregation of TE, epiblast, and
primitive endoderm lineages occur most simultaneously, rather than
as two sequential cell fate decisions [52]. This three-way lineage
split is evident from single cell transcriptome analysis performed
just before the morula–blastocyst transition (early day 5). Principal
component analysis differentiates three groups of cell corresponding
to TB, hypoblast, and epiblast, each expressing a complement of
lineage specific genes [52].

There are also some interesting differences between human and
mouse in the transcription factors expressed during TE emergence
[51–53]. For example, CDX2 is not expressed in the human embryo
until the blastocyst has formed. CDX2 also has moderately low ex-
pression relative to the genes encoding several other transcription
factors linked to TE specification such as GATA2 and GATA3 [52].
These data are more consistent with CDX2 playing a part in the final
transition to a functioning epithelium than as a master regulator for
TE specification. The genes for several other transcription factors
considered pivotal in the mouse, such as ELF5 and EOMES, appear
not to be transcribed to any significant extent in human TE [52, 53].
Another anomaly relates to Tead4, which encodes a key regulator
of TE specification in the mouse [50]. TEAD4 is expressed weakly
in human embryos, although its paralog, TEAD1, is upregulated in
TE relative to epiblast and extra-embryonic endoderm, with tran-
script levels significantly increasing between E5 and E7. Another
marker, vestigial like family member 1 (VGLL1), associated with
human TB [54] and human TB stem cells [29] but apparently absent
from the mouse, has been proposed to be involved in TE specifica-
tion, possibly substituting for the role played by YAP1 in the mouse
[54], although transcript levels for the latter are relatively high in
human TB stem cells [29]. Despite some conflicting observations,
these data indicate that certain inferences drawn from the mouse
regarding TE lineage specification may not necessarily pertain to the
human. In addition, single cell RNAseq of human embryos at days
6 and 7 has indications of a subpopulation of TE located at the
polar end of the blastocyst where attachment is initiated (Figure 2,
day 6–7). These cells show enrichment in transcripts encoding pro-
teins associated with the initiation of syncytialization, for example,
GCM1, ovo like transcriptional repressor 1 (OVOL1), endogenous
retrovirus group members (ERVW-1, ERVW-2, ERVFRD-1), glyco-
protein hormones, alpha polypeptide (CGA,) and placental growth
factor (PGF) [52], which is consistent with a role for non-villous
STB in the implantation process (Figure 2, day 8–9).

Finally, until this year [29], it has proved difficult to derive well-
characterized TB stem cells from either human blastocysts or more
mature TB from first trimester placentae. It is now apparent that the
past failures were not because such cells did not exist at these stages
of development [30, 51]. Rather, the culture conditions employed
were inappropriate to sustain long-term self-renewal [29].

BMP4 and trophoblast differentiation from

human epiblast stem cells

Human ESC lines, beginning with those described by Thomson et al.
[55], have almost invariably been derived from outgrowths of ICM
of “spare” E5 or E6 human blastocysts derived from in vitro fer-
tilization programs. Currently, these cells are readily maintained in
a self-renewing undifferentiated state on a defined medium supple-
mented with FGF2 and a TGFB family member, such as ACTIVIN
A. These factors provide a substitute for and are possible compo-
nents of the medium conditioned by mouse embryonic fibroblasts
used in the early days of human ESC derivation. The morpholo-
gies of the flattened colonies assumed by human ESC (hESC), plus a
number of other phenotypic features, are distinct from ESC originat-
ing from mouse blastocysts, but they do resemble and have similar
growth requirements to mouse ESC generated from mouse epiblast
at about E5.5 [56, 57]. For this reason, the hESC have historically
been named either epiblast-type or primed and, in terms of their
differentiation potential, a step past the leukemia inhibitory factor
(LIF)-dependent naı̈ve state of mouse ESC. The general view is that
naı̈ve type ESC hold higher developmental potential than the primed
or epiblast type. However, it is now recognized that the two states,
primed versus naı̈ve, are interconvertible for both species by adding
or removing specific inhibitors and switching growth factors in the
culture medium [58–60].

In 2002, Xu et al. [61] showed that when four different hu-
man ESC lines with what we now know to be primed/epiblast type
features were exposed to members of the BMP (bone morphogenetic
protein) growth factor family, they changed their morphologies, with
a few cells becoming multinuclear and positive for human chorionic
gonadotropin (hCG). The colonies also began to express a range
of markers characteristic of TB and secreted hCG, and progesterone
into the medium. Differentiation state progressed with day of culture
and with the concentration of added growth factor, of which BMP4
was the most potent [61, 62]. What is not clear from this paper
is whether or not the medium was free of FGF2 when the BMP-
driven TB differentiation was initiated, because markers of meso-
derm and endoderm were also detectable in microarray analyses of
differentiating colonies [61]. The presence or absence of FGF2 in the
culture medium becomes an important consideration when review-
ing subsequent papers based on this initial report (Supplementary
Table S1), because the presence of FGF2, ACTIVIN-A, and BMP4
together can drive lineage directionality of hESC selectively toward
TB, mesoderm, or endoderm depending upon the relative concentra-
tion of each factor in the medium (Figure 3). For example, hESCs are
converted predominantly toward a mesoderm fate by BMP4 in the
presence of FGF2 and inhibitors that minimize SMAD2/3 signaling
and toward endoderm when such signaling is unimpeded [22, 63].
Similarly, if all three growth factors (BMP4, FGF2, ACTIVIN-A)
are present, there is a bias toward endoderm. Our contention is that
when BMP4 is added and FGF2 and ACTIVIN-A/NODAL/TGFB
signaling suppressed differentiation is entirely towards TB. Another
complication is that the differentiating cultures themselves either
continue to or begin to express genes encoding FGF2 and BMP family
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Figure 3. Cartoon illustrating the interacting roles of FGF2, ACTIVIN A, and BMP4 in lineage specification, especially in directing TB differentiation from epiblast
type ESC and iPSC. The upper part of the figure shows how inhibitors can be used to block FGF2 signaling (PD173074, SU5402) and ACTIVIN A/TGFB/NODAL
signaling (A83–01, SB431542) in conjunction with BMP4-directed differentiation to TB. Blocking signaling via both the SMAD2/3 and MEK1/2 pathways in the
presence of BMP4 appears to be optimal for unidirectional differentiation toward TB. The lower part of the cartoon illustrates the various combinations of
reagents, including medium conditioned by mouse embryonic fibroblasts (CM) that have been employed to drive hESC to TB, mesoendoderm, and mixtures
of TB and mesoendoderm. Names (adjacent to a drawing of an implanting day 9–10 human conceptus) are relevant references with citation numbers listed in
Supplementary Table S1, except Vallier et al. [63] and James et al. [65] that are only cited in the main text. In the conceptus, note the pluripotent, bilaminar
epiblast (blue and mauve), extra-embryonic mesoderm (green), progenitor cytoTB (maroon), and the advancing mass of STB (pink) enclosing lacunae filled
with maternally derived fluid acting as a nutrient support external to the embryo proper. At this stage of pregnancy, the conceptus has mainly passed through
the uterine epithelium (yellow) and lodged in the uterine wall.

members, e.g. BMP4 and BMP7, as they differentiate [64]. In other
words, simply omitting these factors from the culture medium may
not be sufficient to suppress their autocrine effects and inhibit differ-
entiation along the mesoderm and endoderm lineages [64, 65]. It was
this rationale that prompted the addition of FGF2 and ACTIVIN-
A/NODAL/TGFB signaling inhibitors to the differentiation cocktail
in order to provide complete directionality toward TB [66].

From our literature search, we estimate that at least 38 papers
have employed the BMP system to model differentiation of human
TB (Supplementary Table S1). In general, it has been assumed that
the TB that emerged was homologous to early villous TB because
the colonies contained varying amounts of STB and mononucleated
cells and produced large amounts of placental hormones. True villi
were not expected, because the cultures were two dimensional and
did not contain an extra-embryonic mesoderm component to pro-

vide connective tissue and blood vessels. Even so, outcomes have
been inconsistent with regard to the efficiency and extent of TB
formation, most likely because protocols varied, if not in princi-
pal, in detail. For example, in protocols where BMP4 alone was
used to drive differentiation, it is not always clear whether or not
FGF2 was present in the medium at the time that BMP4 was added
[22, 67–70]. To add to this confusion it is often uncertain whether
or not conditioned medium had been employed during the differ-
entiation stages of the protocols [71–74]. In other cases, FGF2 was
certainly present, [23, 61, 75, 76], occasionally at high concentra-
tions [26]. Only a few reports mention whether FGF2 was specifically
excluded at the time of BMP4 addition [24, 77–79]. Under mixed
FGF2/BMP4 conditions, particularly if the cultures had been held un-
der ambient O2 conditions, there would almost certainly be a hefty
mesoderm component to the colonies (Figure 3) [27]. In other cases,
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the rate of differentiation of the ESC, for example in terms of assum-
ing a keratin 7 (KRT7)+ phenotype, timing of hCG production, and
amounts of placental hormones released have been relatively anemic
[74, 80, 81], raising the question as to the quality and potency of the
BMP4 used to drive differentiation (Supplementary Table S1). Our
own experience with one commercial supplier (supplier 3 in Supple-
mentary Table S1) is that the BMP4 product available had only a
fraction of the potency at inducing differentiation as the one sold
by a competitor (supplier 1), although it was somewhat cheaper. As
far as we can judge, only two of the citations in Supplementary Ta-
ble S1 used supplier 3. One suggested that BMP4 plus FGF2 led to
mesoderm formation [82]. The second [80] reported a much slower
rate of differentiation and lower hCG production than observed by
others who used comparable BMP4 concentrations. Unpublished ex-
periments from our laboratory have also indicated that the efficiency
of TB differentiation and hCG production can be influenced by the
starting sizes of colonies and initial colony density at the time of
BMP4 addition. These variables are rarely described in publications.

The progress of differentiation of a single colony from the time
of BAP addition, when the larger colonies are about 250 μm in
diameter until day 6 when they often can reach 3 mm, is shown in
Supplementary Figure S1A. Areas of emerging STB can be visualized
by staining with crystal violet (Supplementary Figure S1A, day 6)
and comprise about 10% areas of the colonies at day 6. They also
become evident by immunostaining for the alpha subunit of hCG,
CGA, which appears to be localized mainly in cytoplasmic granules
(Figure 5C). Most cells shown in Figure 5C are weakly positive for
GATA2 and those that fluoresce most strongly tend to be located
around the periphery of the CGA+ regions rather than deep within
it. It will require single cell RNAseq to define the heterogeneity of
the various cell populations better.

As suggested above, the starting size of the colonies influences
differentiation patterns. Small clumps yield, as expected, smaller
colonies at day 6, but also ones whose shape is less compact and
whose internal features appear different from those of the larger
colonies (Supplementary Figure S1B). It may be noteworthy that
where passage had been initiated through dispersion of the colonies
to single cells and small clumps by using Accutase, an enzyme mix-
ture with both trypsin and collagenase activities, and a RHO-kinase
inhibitor, hCG production was quite low [77]. Clearly, unless proto-
cols become consistent, different outcomes in terms of differentiation
end points should be anticipated.

Phenotypic assessment of embryonic stem

cell-derived trophoblast

Supplementary Table S1 also summarizes some of the methods that
have been employed to establish a TB phenotype in the BMP-induced
model of TB differentiation. These diagnostic procedures have in-
cluded immunolocalization of numerous traditional TB/TE markers,
RT-PCR for expression of specific genes, enzyme linked immunoas-
says of hormone production, western blotting, and flow cytometry.
Each one of these procedures based on only a few markers, could, of
course, provide a wrong diagnosis [83]. However, many combined
markers provide strong evidence that the ESC can be differentiated
into TB, in some cases with high efficiency.

RNAseq and microarray analyses have provided the most clear-
cut evidence that BMP-directed differentiation of ESC gives rise to a
predominantly TB phenotype. Moreover, when inhibitors of FGF2
and ACTIVIN-A signaling are provided simultaneously, differentia-

tion is more or less exclusively toward TB [66, 84], and the minor
diversion to mesoderm and endoderm noted with BMP4 alone [81] is
completely avoided. Not only does the process occur quickly and rel-
atively efficiently but areas within the colonies progressively advance
to display markers for different TB sublineages, e.g. STB and extrav-
illous TB. Not unexpectedly, therefore, an analysis of the top 1000
genes expressed in ESC-derived TB relative to control ESC at day 8 of
differentiation shows a significant enrichment of terms linked to pla-
cental development [85]. Additionally, this same list of 1000 genes
contains a highly significant enrichment of placenta-specific genes,
meaning that, according to the Human Gene Atlas, the expression
of these genes is at least fivefold higher in the placenta relative to
their expression in any other tissues [86] (Figure 4). Perhaps most
intriguingly, the ESC-derived TB display a high level of expression of
genes implicated in migration and invasion compared to commonly
used immortalized TB cell lines, such as JEG3, BeWo, and HTR8
cells, and to primary cells from term placenta [85]. In addition, the
transcriptome is highly enriched for mRNA encoding extracellular
matrix materials, including many collagens, laminins, and proteo-
glycans not found associated with villous TB [84]. Finally, principal
component analysis of the RNAseq data clearly demonstrates that
the ESCd constitutes a distinct form of TB relative to that associated
with placental villi at term and to bear little resemblance to JEG3,
BeWo, and HTR8 cells [85] (Figure 4D).

Microarray analyses have also been designed to follow the time
course of differentiation in response to BMP4 treatment of ESC and
to make inferences about the transcriptional networks involved in
specifying TB [25, 77, 81, 87, 88]. What is apparent is that several
transcription factors associated with mouse [5] and human TE [52],
including GATA3 and transcription factor AP-2 gamma (TFAP2C),
are upregulated early and continue to be expressed, while transcrip-
tion factors associated with pluripotency become quickly downreg-
ulated. Krendl et al. [81] sorted putative TB cells on the basis of ex-
pression of the surface antigen ENEP (glutamyl aminopeptidase). By
combining transcriptome and chromatin occupancy analyses during
the early stages of differentiation, they inferred that initial commit-
ment to the TB lineage probably required the coordinated input of at
least four key transcription factors, GATA2, GATA3, TFAP2A, and
TFAP2C, which appear to play an instructional role in early specifi-
cation steps for TB and also direct the switch from pluripotency by
downregulating key pluripotency factors. Liu et al. [89] compared
ESC and BMP-directed ESC (ESCd) with regard to nucleotide se-
quences within DNase I-sensitive sites and found that in the ESCd
the open chromatin sites were enriched in binding sites for transcrip-
tion factors linked to TE emergence, including GATA, ETS, and
TFAP family members. Our laboratory has also noted that GATA2,
GATA3, TFAP2A, and TFAP2C are significantly upregulated as ESC
differentiate to TB (Figure 5A). Together these data suggest that that
the specification of TB occurring in ESC when they are exposed to a
BMP-directed differentiation regimen is quite similar to what occurs
when TE is specified during the morula to blastocyst transition in
human embryos.

The role of BMP4 in the differentiation of human

pluripotent cells to trophoblast

The observation that BMP4 can initiate TB differentiation from
hESC and iPSC has been perplexing. In naı̈ve-type mouse ESC, BMP4
enhances pluripotency, rather than destabilizes it [90, 91]. On the
other hand, there is evidence that BMP produced by inside cells of the
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Figure 4. (A) Comparative expression of transcription factors that play roles in TE emergence in undifferentiated human ESC (ESCu; blue bars) and differentiated
ESC (ESCd; red bars). Transcript levels are shown in FPKM (Fragments Per Kilobase of transcript per Million mapped reads). RNAseq data are from Yabe et al.
[80]. (B) Fold-change differences in relative expressions of known trophoblast gene markers in STB from ESCd (>70 μm size fraction from BAP-differentiated
ESC) and from STB generated from placenta at term (PHTd). Data are from Yabe et al. [80]. Gray horizontal bars indicate where differences in gene expression
are not significant (q > 0.05). All other values differ between the two types of cell. (C) Immunofluorescent detection of CGA (green) and GATA2 (red) in a human
iPSC cell line cultured in the presence of BAP for 6 days. The image represents cells in a part of the iPSC colony that include STB areas (see live images in
Supplementary Figure S1, day 6) [27]. Nuclear materials are stained with DAPI (blue). The scale bar represents 200 μm.

mouse morula might be necessary to prime outer cells for their tran-
sition to TE [92]. Perhaps in a similar manner, the addition of BMP4
to human pluripotent cell cultures may be essential only to initiate
differentiation, as it is required for no more than the first 24 h or
so [66]. Recently, our laboratory demonstrated that a similar short-
term treatment of human ESC and iPSC cell lines allowed novel ESC
lines to be isolated [93]. These cells were selected by trypsin disper-
sion and an ability to be cultured on a gelatin substratum, properties
not seen in primed-type hESC and iPSC. They also responded rapidly
to PD173074 (P) in the absence of both FGF2 and BMP4 by con-
version to TB and especially STB, while an A83–01/PD173074 (AP)
combination favored increased expression of major histocompatibil-
ity complex HLA-G, a marker of extravillous TB (Figure 6B and D).
When these cells were used to create teratomas in immunocompetent
mice, small areas of TB were detectable in the tumors by immuno-
histochemistry, and hCG became elevated in the blood of the host
animals. We speculate that BMP4 can prime hESC to a self-renewing,
totipotent state that has enhanced potential for both embryonic and
extraembryonic lineage development. A somewhat similar switch
to totipotency was noted when human and mouse ESC cells were
treated with a cocktail of low molecular weight pharmaceuticals
[60], and earlier studies with mouse naı̈ve-type ESC had indicated
that LIF could support expansion of cells with totipotent potential
that contributed to TB in chimeras [94]. Additionally, when adult
cells were reprogrammed within live mice, circulating iPSC could
contribute to TB [95]. These data indicate that both naı̈ve-type and

primed/epiblast-type ESC, whether of mouse or human origin, have
the potential to differentiate to TB, given the right prompting.

What is the nature of the trophoblast that forms

from embryonic stem cell?

The evidence that human ESC and iPSC can be converted to some
form of TB now seems to be unequivocal based on a vast range
of markers, the ability to produce placental hormones, and lack
of evidence for significant contribution from ectoderm, endoderm,
and mesoderm, but what stage of TB development do these cells
represent? As shown in Figure 4D, principal component analysis of
RNAseq data demonstrates unequivocally that the ESCd are distinct,
not only from term villous TB but also from various transformed TB
cell lines [85]. Moreover, the STB that forms in the colonies fails to
show a close ontological relationship with the STB associated with
a mature placenta. On the other hand, Lee et al. [28] have claimed
that “BMP-treated human ESC have not fully differentiated to TB”
on the basis of four criteria: a largely hypermethylated ELF5 pro-
moter, lack of expression of the chromosome 19-encoded miRNA
(C19MC), a particular profile of HLA-class I molecules (and specif-
ically lack of expression of HLA-G), and a lack of certain “positive
trophoblast markers.” If the authors mean that ESCd are not in
vitro homologs of first trimester TB, we would agree. Certainly, it
is hardly surprising that the ELF5 promoter is not hypo-methylated
in view of the fact the ELF5 gene is barely expressed in ESCd [84],
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Figure 5. The distinctive trophoblastic signature of the ESC-derived TB. Data were derived from RNAseq results of Yabe et al. [80] on cell populations fractionated
by size from colonies of ESC. Enrichment of placenta-specific genes in the stem cell derived STB (ESCd > 70) (A), cytoTB (ESCd < 40) (B), and undifferentiated
ESC (ESCu) (C). The respective images are clumped sheets of isolated STB, cytoTB (ESCd < 40), and ESC colonies, respectively. In A and B, cells were isolated
from ESCd after 8 days of differentiation [80] and stained by hematoxylin and eosin. The enrichments are presented as –Log10(P-value). The bars for the images
are 20, 20, and 100 μm, respectively. (D) PCA plot based on the 1000 most highly expressed genes in STB (>70 μm; red), in ESCd cells of intermediate size
(40–70 μm; yellow), in the predominant mononuclear cells (<40 μm; blue), and in undifferentiated ESC (gray). The ESCd cell fractions are compared with the
transformed cell lines (BeWo, HTR-8, and JEG-3), mononucleated cytoTB and STB (PHTu and PHTd) from term placentas, and mesoderm cells also generated
from ESC. More detailed procedures and original figures are provided by Jain et al. [81].
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Figure 6. Expression of HLA-G in ESCd. (A) Immunofluorescent image from a colony of H1 ESC differentiated for 6 days in the presence of BMP4, A83–01,
and PD173074 (BAP conditions). (B) Immunofluorescent image from a colony of H1 ESCBP (stable cell line from a BMP4-primed H1 cell [93] that had been
differentiated to TB in the presence of A83–01, and PD173074 (AP conditions for 6 days). Cells had been fixed and then immunostained with anti-HLA-G (mouse
monoclonal antibody 4H84, Santa Cruz Biotech. sc-21799; green immunofluorescence). Nuclear material was stained with DAPI (blue). The scale bar is 0.5 mm.
(C) Flow cytometry histograms for HLA-G expression in H1 cells after 6 days of BAP treatment. (D) Flow cytometry histograms for HLA-G expression in H1 ESCBP

after 6 days of AP treatment. The negative controls in each case employed the same cells and differentiation conditions, but during immunostaining the cells
were exposed to a control IgG rather than anti-HLA-G antibody (4H84). Flow cytometry was performed as described by Amita et al. [66] and Yang et al. [93].
SSC-H: side scatter height, FL1-H: relative intensity of GFP florescence.

but neither is ELF5 expressed in human blastocyst TE [52, 53]. We
also agree that the C19MC RNAs are only weakly expressed in
ESCd [96]. The third criterion, a lack of expression of HLA-G in
ESCd, cited by both Bernardo et al. [22] and Lee et al. [28], is sim-
ply wrong. HLA-G mRNA is conspicuously present as judged by
RNAseq analyses [84] and quantitative RT-PCR [66]. Additionally,
the protein is readily detected with the 4H84 monoclonal antibody
by immunofluorescence imaging (Figure 6A and B), flow cytometry
(Figure 6C and D) [66, 93], and western blotting [66, 93]. Unlike
Lee et al. [28], two other groups [74, 88] have found that flow cy-
tometry after tagging cells with MEMG-9 provides a useful means
of identifying populations of HLA-G+ cells in ESC cells differenti-
ated to TB. Together, these experiments minimize any concern that
the 4H84 reagent is less specific than MEMG-9 [92]. Others have
also identified HLA-G in ESCd by a variety of approaches [70, 74,
88, 97]. Finally, HLA-G+ cells can be purified from ESCd colonies
by collection on immunobeads coated with MEMG-9 [97]. The last
of the four criteria of Lee et al., [28] lack of other “positive tro-
phoblast markers,” is puzzling in light of what has been discussed
earlier and data such as those shown in Figure 5B, which compares
relative expression of a combination of 61 marker genes in ESCd
[84]. Clearly most, but not all, of these genes are expressed in both

ESCd and villous TB from term placentae, although not in equivalent
proportions.

Given that the ESCd embodies a distinct form of TB, what is the
in vivo counterpart of these cells? We have hypothesized that BMP-
treated human ESC correspond to a stage during very early placental
development, possibly representing the TB that surrounds the em-
bryo proper as it implants [84, 98]. The following observations are
consistent with this hypothesis:

1. Other than in placental villi, STB is found at two other sites
during placental development: in the TB layer encompassing the
conceptus as it implants and in placental giant cells embedded
in the myometrium [21, 99]. The rapid emergence of STB in the
BMP-treated ESC favors, but does not prove, the first possibility.

2. Expression of CGA and CGB family members is at least a mag-
nitude higher in STB from ESC than from villous STB, perhaps
reflecting the need for massive hCG production by a diminu-
tive conceptus during the critical peri-implantation phase when
the corpus luteum, wavering on the cusp of regression, must be
rescued if the pregnancy is to survive [84].

3. In vivo, placental lactogen (CSH1 and CSH2) produced by vil-
lous STB [100, 101] becomes detectable in maternal serum after
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4–5 weeks’ gestation [102]. By contrast, ESCd do not express
either gene for placental lactogen, suggesting that they represent
early cells.

4. The transcription factor heart and neural crest derivatives ex-
pressed 1 (HAND1) is highly expressed in ESCd and human
blastocyst TE but not in placental villous TB. In rodents,
HAND1 has a key role in the differentiation of the invasive
TB giant cells [103].

5. ESCd have a transcriptome consistent with invasiveness, mi-
gration [85], and matrix remodeling [84] that is far more ex-
aggerated than that observed in placental villous TB, chori-
ocarcinoma cell lines (BeWo and JEG3), and a transformed
extravillous TB cell line (HTR8/SVneo). Consistent with these
observations, BMP4-differentiated ESC develop a capacity to
invade through Matrigel [97] and type I collagen matrices (R.
Karvas, R.M. Roberts & L. C. Schulz, unpublished data).

Is there a link between the differentiation of

human embryonic stem cells and trophoblast

stem cells?

Between the time that this review was submitted and received back
for revision, a new approach toward studying human TB specifica-
tion and development was described with a publication describing
the generation of human TB stem cells. Okae et al. [29] used two
sources of tissue as starting material: cytoTB cells isolated from first
trimester (weeks 6–9 of gestation) and outgrowths of frozen-thawed
blastocysts (5–6 days post fertilization). There were a number of
surprises. First, the medium employed did not rely on FGF4 as a
growth factor, which was critical for producing mouse TB stem cells
[45]. Instead, Okae et al. [29] crafted a medium supplemented with a
WNT activator (CHIR), EGF, and inhibitors of ACTIVIN-A/TGFB,
HDAC, and RHO-associated protein kinase (ROCK) signaling [29].
These cell lines were able to differentiate along the three known
TB lineages (cytoTB, extravillous TB, and STB), were self-renewing,
and could be grafted under the skin of NOD-SCID mice to form
hCG-secreting lesions. They also could be coaxed into forming TB
organoids. The second surprise was that, with the exception of just a
few genes, the cell lines derived from TE and villous TB origin had al-
most identical transcriptome profiles. This was unexpected because
TE does not transition directly into villous structures, but instead
gives rise to the invasive primitive placenta described earlier in this
review, which we propose to be the in vivo homolog of the ESCd.

Are there then features of these TB stem cells shared with ESCd,
acknowledging the fact that the former are essentially undifferen-
tiated and self-renewing whereas the latter are progressing along a
pathway of differentiation? We compared the transcriptomes of both
types of cell using the Supplemental Data Sheet “Expression levels
of Refseq genes shown as log2(FPKM + 1)” of Okae et al. [29] with
our own data for ESCd [84]. Most interestingly, the undifferentiated
TB stem cells express a number of marker genes that distinguish
the ESCd from term villous TB, including V-set domain containing
T cell activation inhibitor 1 (VTCN1), lumican (LUM), WAP four-
disulfide core domain 2 (WFDC2), actin, alpha, cardiac muscle 1
(ACTC1), cadherin 3CDH3), receptor activity modifying protein 1
(RAMP1), collagen type I alpha (COL1A1, and A2). In addition,
both cell types express genes encoding TB-associated transcription
factors, including TP63, GATA2 and -3, TFAP2A and -C, TEAD1
and -4, GCM1, msh homeobox 2 (MSX2), DLX3, VGLL1, ELF1
and -4, and most notably HAND1, which is silent in villous TB.

Interestingly, ELF5 and CDX2 are barely expressed in either cell
type. Transcripts for some major ESCd markers, such as gamma-
aminobutyric acid type A receptor pi subunit (GABRP), are more or
less absent from the TB stem cells, but this was not unexpected, as
the latter represent the undifferentiated progenitor state of human
TB. Consistent with the observations of Li et al. [70], these data sug-
gest that along their path to TB the ESCd transiently pass through
a stage where a stem cell phenotype materializes, but the medium
to support the cells does not permit that phenotype to stabilize and
self-renew.

Closing comments

We conclude that the TB derived from ESC (ESCd) probably repre-
sents an unusual, possibly short-lived, but functional form of TB that
emerges as the embryo begins to implant. It seems likely that it pre-
cedes the subsequent villous and extravillous forms of TB that dom-
inate the more advanced villous placenta of the mid first trimester.
The transcriptome signature of the ESCd is likely, therefore, to be
somewhat intermediate between that of TE and that of villous TB.
The early stage of placentation that we suggest is represented by
the ESCd exists at a precarious time for the pregnancy to proceed,
when wastage is high and the conceptus particularly vulnerable to
environmental influences. The ESCd system may prove to be a valu-
able model for studying implantation and events associated with TB
specification. It may also provide a means for screening environ-
mental chemicals [104] and pathogens suspected as threats to the
conceptus [98].

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Phase images of live cells from one in-
dividual colony of H1 hESC highlight the morphological changes
as these cells are differentiated by BAP treatment. (A) Images of a
single hESC colony were captured prior to BAP treatment (day 0)
and every 24 h after initiation of BAP treatment (days 1–6). During
the early phase of colony expansion (days 1–4), the cell population
is relatively homogenous in appearance, but this phase is followed
by differentiation into a more heterogeneous population, including
emergence of STB (visualized as bright areas, days 5 and 6). At day
6, cells were fixed and stained with crystal violet to define areas of
emerging STB as dark purple. (B) Differences in the seeding size of
hESC colonies influence the differentiation patterns. Left: an average
size colony (∼100 cells) at day 0 gives rise to a well-differentiated het-
erogeneous TB population by day 6. Right: a smaller sized colony
generates a smaller, less compact colony at day 6, which also ap-
peared to be more homogeneous than the colony on the Left. The
scale bar is 200 μm in phase contrast images and 1 mm in in the
stained image.
Supplementary Table S1. Summary of studies in which one or more
bone morphogenetic proteins were used to drive human pluripotent
stem cells along the extra-embryonic lineage, including trophoblast
and mesoderm.
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