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Abstract
The Bone Morphogenetic Protein (BMP) signaling pathway has established roles in early embryonic morphogenesis, particu-
larly in the epiblast. More recently, however, it has also been implicated in development of extraembryonic lineages, includ-
ing trophectoderm (TE), in both mouse and human. In this review, we will provide an overview of this signaling pathway, 
with a focus on BMP4, and its role in emergence and development of TE in both early mouse and human embryogenesis. 
Subsequently, we will build on these in vivo data and discuss the utility of BMP4-based protocols for in vitro conversion of 
primed vs. naïve pluripotent stem cells (PSC) into trophoblast, and specifically into trophoblast stem cells (TSC). PSC-derived 
TSC could provide an abundant, reproducible, and ethically acceptable source of cells for modeling placental development.

Keywords  Bone Morphogenetic Protein · Trophectoderm · Inner cell mass · Epiblast · Cytotrophoblast · Trophoblast stem 
cells · Primed pluripotency · Naïve pluripotency

Introduction

The Bone Morphogenetic Protein 4 (BMP4) is a secreted 
growth factor of the Transforming Growth Factor beta 
(TGFB also known as TGFβ) super-family. While initially 
described for its role in bone formation, BMP signaling 
has been implicated in the development, maintenance, and 
regeneration of numerous tissues and organs. It plays a role 
in various developmental processes, such as cell growth, 
apoptosis, and differentiation. In this review, we will discuss 
the role of BMP4 in the emergence of the trophoblast lineage 

from human pluripotent stem cells (PSC), in the context of 
the current knowledge of its role in early embryo develop-
ment. While the focus of this controversy has surrounded 
human PSC, we will also discuss literature from other spe-
cies, particularly mouse, where evidence supports a similar 
role for this ligand in expansion of pluripotency. Although 
the focus of this review is on signaling pathways mediated 
through BMP4, as the growth factor most commonly used 
in these experiments, we will briefly discuss related ligands 
in this family, but refer the reader to the following reviews 
for a broader overview of BMP signaling [1–4].

A brief overview of signaling pathways 
directed by BMP4

BMP4 is a growth factor activating a specific portion of the 
TGFB signaling pathway (Fig. 1), which is comprised of the 
BMP and TGFB/INHBA (also known as Activin) branches. 
There are 20 bone fide BMP ligands, some of which are 
referred to as Growth and Differentiation Factors (GDFs), 
classified in sub-groups based on sequence similarity and 
affinities for specific receptors [3, 4]. BMP/GDF recep-
tors are transmembrane serine/threonine kinases, separated 
into five type I (ALK1/ACVRL1, ALK2/ACVR1, ALK3/
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BMPR1A, ALK4/ACVR1B, and ALK6/BMPR1B), and 
three type II (BMPR2, ACVR2A, and ACVR2B) receptors, 
with some type II receptors in common with the TGFB/
Activin branch (Fig. 1) [2]. BMP2 and BMP4 show higher 
affinity for the type I receptors, ALK3/BMPR1A and ALK6/
BMPR1B, and type II receptor, BMPR2, although binding 
to ACVR2A and ACVR2B has also been reported [2, 3]. 
BMP4 binds type I receptor homodimers that subsequently 
recruit type II homodimers forming a tetramer complex. 
From this initial interaction, two types of signaling path-
ways can be activated, referred to as “canonical”, or SMAD-
dependent, and “non-canonical”, or SMAD-independent. In 
the “canonical” pathway, recruitment of type II receptors, 
with their constitutive kinase activity, allows the phosphoryl-
ation of Type I receptors at serine/threonine residues, which 
in turn use their kinase catalytic activities to phosphorylate 
receptor-regulated SMAD (R-SMAD) 1/5/8 proteins. Acti-
vated SMAD-1/5/8 bind to SMAD4, which is common to 

both branches of the signaling pathway, and translocate into 
the nucleus where they mediate the transcription of BMP-
specific target genes, either directly, by binding to SMAD-
binding elements (SBE), or indirectly, through interactions 
with other DNA-binding transcription factors and histone-
modifying factors [5].

BMP signaling can also trigger additional signaling 
pathways. This includes pathways involving β-catenin 
(CTNNB1)-dependent WNT and NOTCH [6, 7]. BMP and 
TGFB-activated SMADs also regulate the biosynthesis and 
processing of a number of microRNAs [8, 9]. In addition, 
the “non-canonical” pathway activates various signaling 
cascades in a SMAD-independent manner, including those 
involving ERK, TAK1-p38, PI3K/AKT, and PKC [10, 
11] (Fig. 1). In turn, these signaling pathways have down-
stream effects, with only a portion operating through tran-
scriptional changes. The SMAD-independent activation of 
TAK1, upstream of p38, JNK, and NFkB, is known to be 

Fig. 1   BMP and TGFB/INHBA (Activin) branches of the TGFB 
signaling pathway. Ligands of the TGFB super-family activate Type 
I and Type II receptors, transmembrane serine/threonine kinases, 
classified into five main type I (ALK3/BMPR1A, ALK4/ACVR1B, 
ALK5/TGFBR1, ALK6/BMPR1B, and ALK7/ACVR1C), and three 
type II (BMPR2, ACVR2A, and ACVR2B) receptors. BMP4 spe-
cifically binds homodimers of ALK3/BMPR1A or ALK6/BMPR1B, 
which subsequently recruit type II homodimers forming a tetramer 
complex. This interaction leads to the activation of both the “canoni-
cal”, or SMAD-dependent, and the “non-canonical”, or SMAD-inde-
pendent, signaling pathways. In the canonical pathway, recruitment 
of type II receptors leads to the phosphorylation of Type I receptors, 
which then phosphorylate receptor-regulated SMAD (R-SMAD) 
1/5/8 proteins. Activated SMAD-1/5/8 binds to SMAD4 and translo-

cates into the nucleus, where it mediates the transcription of BMP-
specific target genes. The “non-canonical” pathway activates various 
signaling cascades in a SMAD-independent manner, including those 
involving ERK, TAK1-p38, PI3K/AKT, and PKC. The SMAD-
independent activation of TAK1, upstream of p38, JNK, and NFkB, 
is known to be mediated by TAB1 (TAK-binding protein 1) via the 
complex with BRAM1 (BMP Receptor Associated Molecule 1) or 
XIAP (X-linked inhibitor-of-apoptosis protein). NOGGIN is a well-
known inhibitor of the BMP signaling pathway, acting by sequester-
ing ligands and preventing their interaction with receptors. TGFB and 
Activin bind to specific Type I and II receptors, which phosphorylate 
R-SMAD 2/3. Inhibitory SMAD 6/7 interacts with both branches by 
preventing phosphorylation of R-SMADs
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mediated by TAB1 (TAK-binding protein 1) via the complex 
with BRAM1 (BMP Receptor Associated Molecule 1) or 
XIAP (X-linked inhibitor-of-apoptosis protein) [10]. How-
ever, overall, the exact mechanisms activating other SMAD-
independent pathways are poorly understood, though they 
mostly follow activation of type I receptors and are likely 
cell-context dependent [11].

BMP4 signaling is finely tuned by different proteins 
both in the intracellular and extracellular space [12, 13]. 
In the cytoplasm, inhibitory SMAD (I-SMADs) proteins 
6 and 7 prevent activation of SMAD1/5/8 while promot-
ing their interaction with SMAD ubiquitination regulatory 
factor (SMURF) proteins, thus mediating SMAD degrada-
tion and inhibiting SMAD-dependent pathways [1]. In the 
extracellular compartment, co-receptors, such as Betagly-
can (TGFBR3, a cell surface proteoglycan), promote ligand/
receptor interaction, thus enhancing BMP signaling, while 
BAMBI, a cell-membrane pseudo-receptor, sequesters 
ligands from the extracellular environment [1, 2]. Moreover, 
there are 15 known secreted natural antagonists, classified in 
3 sub-groups based on the size of the cystine knot motif [2]. 
One of the most studied is NOGGIN, whose crystal structure 
with BMP7 has revealed a butterfly configuration that blocks 
the ligand epitopes responsible for binding both type I and 
type II receptors, thus working as a ligand trap [14]. NOG-
GIN, as well as other antagonists, are often induced down-
stream of BMP signaling as a form of negative feedback to 
mitigate excessive BMP activation. However, these inhibi-
tors show ligand-specific affinities as, for example, BMP4 
appears to be significantly more susceptible to inhibition 
by NOGGIN than BMP10 [15]. Finally, various synthetic 
small molecule inhibitors have been designed to block spe-
cific portions of the TGFB signaling cascade. These include 
dorsomorphin, LDN-193189, and DMH1, which inhibit the 
kinase activity of BMPR1A/ALK3 and BMPR1B/ALK6 on 
the BMP branch [16–18], A83-01 targeting ALK5 on the 
TGFβ/Activin arm [19], and 5Z-7-oxozeaenol and TAKin-
hib blocking the TAK1-mediated non-canonical pathway 
[20–22]. Many of the naturally occurring and synthetic ago-
nists and inhibitors mentioned above have been used in con-
text of both embryonic and trophoblast stem cells, as well as 
embryos, to probe the role of BMP signaling in trophoblast 
lineage specification and differentiation; some of these data 
are described in sections below.

BMP signaling in early embryonic 
development

BMP signaling has long been known to play a key role in 
early embryonic morphogenesis. In particular, BMP2 and 
BMP4 have been identified as the two key morphogens 
in the early mouse embryo (Fig. 2). In addition to cardiac 

development, BMP2 is required for closure of the proamni-
otic canal and proper patterning of amnion and chorion, and, 
interestingly, despite a 92% homology, BMP4 cannot replace 
BMP2 in this setting [23]. BMP4, on the other hand, has dis-
tinct roles in early mouse embryogenesis, with null embryos 
lacking primordial germ cells (PGC) and allantois [24], but 
also showing defects in gastrulation and mesoderm forma-
tion [25]. Initially, it is the BMP4 produced by extraembry-
onic ectoderm (ExEc, or trophectoderm-derived cells of the 
embryo) that is needed for establishment of both PGC and 
allantois; however, PGC localization/survival, allantois dif-
ferentiation, and post-implantation embryonic development 
all require BMP4 that is derived from extraembryonic meso-
derm (ExM) [26, 27]. ExEc-derived BMP4 also contributes 
to extraembryonic endoderm (ExEn, or yolk sac) patterning, 
contributing specifically to formation of anterior visceral 
endoderm [28–30].

The above clearly suggest a role for BMP signaling in 
early development and patterning, particularly of the epi-
blast; however, there is also significant data supporting a role 
for this signaling pathway in patterning of the extraembry-
onic compartments, including trophectoderm (TE) (Fig. 2). 
As mentioned above, BMP2-null embryos fail to close the 
proamniotic canal, leading to abnormal patterning of both 
the amnion and chorion [23] and absence of chorioallantoic 
fusion [31]. Both BMP2 and -4 signal through BMPR1A, 
whose loss results in peri-implantation lethality [32]. While 
this phenotype has been mostly attributed to absence of 
mesoderm, a closer evaluation, particularly of the expres-
sion of EOMES, which in the mouse is a marker of both 
mesoderm and ExEc, reveals loss of both these compart-
ments in the null embryo [32]. This latter paper also clearly 
shows active BMP signaling (in the form of phosphorylated 
SMAD1/5/8) within the ExEc compartment of the egg cylin-
der-stage mouse embryo [32]. Loss of SMAD1, a BMP sign-
aling effector, also affects the patterning of ExEc, leading 
to paradoxical expansion of this compartment as shown by 
EOMES and BMP4 expression, suggesting a role for BMP 
signaling in initiation of differentiation [33].

There is also a significant body of evidence pointing to 
a possible role for BMP4 signaling in the pre-implantation 
embryo (Fig. 2). Specifically, Graham et al. [34] have shown 
that in the first wave of mouse embryonic asymmetric cell 
divisions (the 16-cell stage), the outer cells, which are pro-
genitors of TE, are enriched for BMPR2 and show phospho-
rylation of SMAD1, while the inner cell mass (ICM) cells 
express BMP4 and -7. Inhibition of BMP signaling, using 
a dominant-negative form of either SMAD4 or BMPR2, or 
through small molecular inhibitors (including dorsomor-
phin and oxozeanol), led to the disruption of both TE and 
the primitive endoderm (PrE) [34]. Conversely, Home et al. 
[35] have shown that in vitro treatment of mouse embryos 
with BMP4 causes the embryos to arrest at the morula stage. 
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BMP4 appeared to induce nuclear localization of the tran-
scription factor TEAD4, leading to a TE-specific transcrip-
tional program, including induction of CDX2 expression in 
the ICM [35]. Finally, Rivron et al. [36] used “Blastoids,” 
formed from combination of mESC and mTSC, to identify a 
role for mESC-derived BMP4 in TE morphogenesis, medi-
ated through the BMP-inducible gene KLF6 within mTSC. 
These results suggest a role for inside-out (ICM-to-TE) BMP 
signaling in the correct development of TE, prior to implan-
tation, with a subsequent switch to outside-in (from TE-
derived ExEc to ICM-derived epiblast) BMP signaling in 
the post-implantation period, leading to PGC and mesoderm 
induction. While the latter processes have been significantly 
better studied, the former deserves more attention, in the 
context of both mouse and human embryonic development.

With respect to the human embryo, significantly less has 
been done compared to the mouse, for multiple reasons, until 
recently. The advent of single cell RNA sequencing (scR-
NAseq) platforms, as well as the development of optimized 
conditions for extended culture of the human embryo [37, 
38], have led to an explosion of research in this area. Data 
from these studies have also pointed to an enrichment of 
BMP signaling components in the TE of the human embryo, 
including expression of BMPR1/2 and SMAD1/5 [39]. How-
ever, to-date, no direct evaluation of BMP signaling on intact 
human embryos has been done.

BMP signaling in post‑implantation placenta 
and at the maternal–fetal interface

BMP ligands and receptors have also been studied in the 
embryo-endometrium interface. BMP2 is required for decid-
ualization of the endometrial stroma in mice [40], while 
BMP7 ablation causes defects in endometrial receptivity 
and implantation [41]. Uterine-specific knockout (achieved 
through use of Pgr-Cre mice) of both BMPR1A and BMPR2 
result in female infertility, the former due to defects in endo-
metrial receptivity and embryo attachment, and the latter 
due to abnormalities in decidualization and placentation [42, 
43]. Similarly, in human, BMP2 protein has been detected in 
decidualized human endometrial stromal cells, with exog-
enous administration significantly enhancing decidualization 
in vitro [44]. This process is mediated through BMPR1A 
and SMAD1/5, and inhibited by dorsomorphin treatment 
[45]. BMP7 has also been implicated in implantation, with 
mutations in the gene identified in patients experiencing 
recurrent pregnancy loss [46].

BMP ligands and receptors have not been studied in detail 
in the mouse or human placenta. However, using a mouse 
STEMbryo model, where mouse embryonic and trophoblast 
stem cells have been combined to generate an embryo-like 
structure, Zernicka-Goetz’ group has confirmed SMAD1 

signaling within the TE component of the STEMbryo [47] 
and more recently shown that BMP signaling is required 
to maintain this compartment [48]. In the human placenta, 
BMP2 has been identified in both decidua and trophoblast 
of the first trimester placenta and implicated in trophoblast 
function [49].

BMP signaling in pluripotent 
and trophoblast stem cells

BMP signaling components are expressed in both mouse and 
human pluripotent stem cells (PSC) [50, 51], emphasizing 
the potential for these cells to respond to BMPs either in an 
autocrine or paracrine manner. The effect of BMP signaling 
in these cells, the core of this review, is discussed further 
below.

Significantly less is known about BMP signaling in troph-
oblast stem cells (TSC). Au et al. [52] recently studied this 
in both mouse and human TSC, finding that both express 
various BMP ligands, including BMP4, BMP7, and low lev-
els of BMP2, the receptors BMPR1A and BMPR2, and the 
BMP effector proteins SMAD1 and SMAD5 [52]. Interest-
ingly, the transcription factors GATA2 and -3, which are 
implicated in TSC self-renewal, have been shown to directly 
regulate BMP4 expression in mouse TSC [53]. BMP signal-
ing is highest in the undifferentiated state, decreasing with 
differentiation [52]. Mouse and human TSC show variable 
responses to BMP inhibition in the undifferentiated state: the 
non-canonical inhibitor 5Z-7-oxozeaenol has the strongest 
effect, downregulating TSC stemness markers and upregulat-
ing differentiation markers in the mouse, with significantly 
more modest effects in human TSC [52]. Interestingly, how-
ever, continuous treatment of both mouse and human TSC 
with BMP4 in the presence of differentiation-inducing media 
blunted the terminal differentiation process, affecting both 
labyrinthine and junctional zone markers equally in mouse 
TSC, but with a stronger moderating effect on EVT (rather 
than STB) differentiation in human TSC [52]. These data are 
consistent with a role for autocrine BMP signaling within the 
trophoblast compartment of the post-implantation embryo, 
as also recapitulated by the mouse STEMbryo model [48].

Established functions of BMP signaling 
in pluripotent stem cells

In this section, we will describe the more established roles 
of BMP signaling in pluripotent stem cells (PSC), including 
both embryonic (ESC) and induced pluripotent stem cells 
(iPSC). For the most part, we will discuss findings from both 
mouse and human PSC, though at times, PSC from other 
species will also be discussed.
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The role of BMP4 in maintaining pluripotency: 
derivation of primed vs. naïve PSC

The original culture of mouse ESCs employed irradiated 
mouse embryonic fibroblasts (MEF) to provide a feeder layer 
and a medium supplemented with fetal bovine serum (FBS) 
as a source of other necessary factors for maintaining the 
pluripotent state [54]. Over time, this formula was simpli-
fied, following the discovery that the main active component 
controlling self-renewal in this complex medium was leu-
kemia inhibitory factor (LIF), a cytokine supplied by MEFs 
[55]. Later, it was discovered that FBS could be replaced by 
adding either BMP4, BMP2, or GDF6 [56], although the 
former became the reagent of choice, presumably because 
of its availability rather than rational choice based on known 
physiology. Without LIF present, however, BMP4 can nei-
ther promote self-renewal nor prevent spontaneous differen-
tiation of mESC. The role of BMP4 in enhancing stemness 
has been attributed both to its ability to upregulate Inhibitor 
of differentiation (ID) proteins, which are a family of nega-
tive transcriptional regulators, and to inhibit mitogen acti-
vated protein kinase (MAPK) pathways [57]. In particular, 
BMP4 appears to help preserve the potential of the ESC 
for multilineage differentiation, possibly through regulating 
their epigenetic state [58]. In other words, BMP/SMAD/
ID and LIF/STAT3 signaling in these so-called naïve state 
mESC may have more to do with protecting pluripotency 
than maintaining self-renewal [59]. Indeed, it was found that 
mESC could be kept as self-renewing entities, without the 
external presence of either LIF, BMP4 or any other extrin-
sic factor, as long as their propensity for differentiation was 
minimized by inclusion of inhibitors of MAPK and glycogen 
synthase kinase 3 (so-called “2i medium”) [59]. These cells 
exhibit phenotypic uniformity in culture and have a higher 
pluripotent potential than the ESC grown on more complex 
media. They appear to exist in a self-sufficient ground state, 
now most commonly referred to as naïve pluripotency [60].

When ESC were first generated from monkey [61] and 
human [62] blastocysts by Thomson and his colleagues in 
the late 1990s, it was evident that they differed markedly 
from mESC in a number of respects. Most obviously, their 
colonies were more flattened, and the cells could not be read-
ily propagated using trypsin dispersal, needing instead to be 
passaged in small clumps. They had no requirement for LIF 
but exhibited self-renewal with minimal differentiation when 
cultured on a complex medium supplemented with serum 
and a feeder layer of irradiated MEFs. Over time, defined 
media were formulated that supplied basic FGF (FGF2), 
and Activin A (a homodimer of INHBA), which could be 
substituted by the related cytokines NODAL and TGFB1 
[63–66]. These human ESC (hESC) expressed some of the 
same core transcription factors, including SOX2, POU5F1, 
and NANOG, as the mouse counterparts [67], but there were 

also major differences in their transcriptome profiles. The 
hESC were clearly pluripotent, based on their ability to form 
well-differentiated teratomas in immunodeficient mice and 
to differentiate along the three major germ-line lineages 
both in standard 2D-cultures [68] and when aggregated into 
embryoid bodies [69]. One curious feature, however, was 
that under certain differentiation protocols, namely exposure 
to BMP4 and certain of its relatives, they released human 
chorionic gonadotrophin (hCG) into the culture medium and 
displayed a set of marker genes characteristic of placental 
trophoblast [70]. Human ESC also appeared to spontane-
ously differentiate into hCG-secreting cells, both in 2D cul-
ture [71] and within 3D embryoid bodies [72, 73]. We will 
address the role of BMP4 in trophoblast emergence from 
pluripotent stem cells in a subsequent section below, as it 
has been a subject of considerable controversy.

The conundrum raised by the apparent existence of two 
kinds of pluripotent stem cells, one in mouse and the other 
in primates, was at least partially solved when mouse cells 
showing many of the phenotypic features of hESC were 
isolated from post-implantation epiblast of mouse embryos 
[74, 75]. These cells have been named primed-type mESC 
or mEpiSC on the basis of their origin from epiblast, rather 
than inner cell mass (ICM). Like hESC, mEpiSCs showed 
no requirement for LIF but had a similar dual dependency 
on Activin A-related growth factors and FGF2, and pos-
sessed similar transcriptomes. Unlike naïve-type mESC, 
when injected into blastocyst-stage embryos, mEpiSC were 
incapable of colonizing the ICM and contributing to chi-
meric offspring; nevertheless, it was subsequently shown 
that mEpiSC could, in fact, contribute to chimeric offspring 
when injected into post-implantation stage embryos, from 
which they originate [76]. mEpiSC also exhibit differences 
in epigenetic characteristics, including an overall higher 
degree of DNA methylation, as well as X-chromosome 
inactivation, compared to naïve state cells [77]. It was soon 
demonstrated that the ground/naïve state and primed/epiblast 
states of mESC were in fact interconvertible, if appropri-
ate selective culture conditions were employed [78]. More 
recently, homologous human naïve/ground state ESCs have 
been created [79, 80]; however, in both species, a phased 
progression between the two pluripotency states has been 
demonstrated, indicating that neither is a fixed configura-
tion [81].

The role of BMP4 in early differentiation 
of embryonic lineages

The more established roles for BMP signaling in differ-
entiation of pluripotent stem cells have been extrapolated 
from studies in the mouse embryo. As described above, 
this signaling pathway has been most well-studied in con-
text of induction of mesendoderm [82], particularly the 
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hematopoietic lineage [83], and specification of primordial 
germ cells [84]. Its role has also been well-described in 
derivation of epidermal lineage cells (keratinocytes) from 
pluripotent stem cells [85]. The role of BMP4 in induction 
of these lineages and associated protocols, starting with both 
mouse and human pluripotent stem cells, have been reviewed 
elsewhere [86, 87] and thus will not be discussed here in 
detail. However, several points will be mentioned here, due 
to the direct relevance to the discussion of trophoblast induc-
tion below. First, as correctly pointed out by Bernardo et al. 
[88] CDX2 is expressed in both early trophoblast and mes-
endoderm precursor cells, and as such, should not be used 
on its own to indicate trophoblast specification. In fact, there 
is not a single gene, but rather, a constellation of genes and 
functions that should be used to confirm trophoblast iden-
tity. However, the selection of such “trophoblast-associated” 
genes/gene networks should be based on the species being 
probed: as an example, Bernardo et al., wrongly claimed 
that the absence of EOMES in BMP4-treated hPSC is con-
sistent with their non-trophoblast identity. While EOMES 
is required for establishment of both early trophoblast and 
mesoderm in the mouse [89], it is completely absent from 
early human trophoblast, both pre- and post-implantation 
[39, 90]. Third, if there is one lesson to be drawn from these 
numerous studies on the various functions of BMP signal-
ing, it is that the effect of this growth factor on pluripotent 
stem cells is highly context-specific. Some of these cell- 
and environment-specific contexts have been described, both 
in vivo and in vitro; the most relevant of these to trophoblast 
induction is the simultaneous presence of other growth fac-
tors, particularly FGF and WNT signaling, which will be 
discussed further below.

In addition to the aforementioned lineages, the role of 
BMP signaling in amnion formation and patterning deserves 
mention here, as multiple groups have claimed this to be 
the identity of BMP4-treated primed hPSC (see below). 
As discussed above, BMP2 is required for proper pattern-
ing of amnion and chorion [23]. However, in vitro, hPSCs 
arranged in three-dimensional structures in Geltrex under 
pluripotency conditions upregulate expression of BMP2, -4, 
and -7, and self-organize into a squamous cyst-like struc-
ture identified as amnion [91]. This process is interrupted 
in the presence of SMAD-dependent BMP inhibitors, sug-
gesting induction of endogenous BMP signaling as the pri-
mary mechanism of amniogenesis [91]. The same group has 
developed a more elegant, microfluidic-based device, for 
modeling hPSC-derived amniogenesis, in which the hPSC-
derived cyst, exposed to BMP4 only on one side, forms an 
asymmetrically patterned disc, with a single layer of flat-
tened amnion-like cells on the BMP4-exposed side and a 
stratified epithelium resembling epiblast on the non-BMP4-
exposed side [92]. Interestingly, many of the markers used 
to confirm amnion identity in this setting are also markers 

of human villous cytotrophoblast (vCTB), including TP63, 
GATA2 and -3, and KRT18 [91–93]; however, at least in the 
context of the microfluidic device, in addition to the flat-
tened morphology of the cells, induction of PGC-like cells at 
the junction of the amnion-like and epiblast-like regions of 
the cyst, and subsequent induction of mesoderm within the 
epiblast-like region of the cyst, confirm the ability to reca-
pitulate peri-gastrulation events, including amniogenesis, 
by asymmetric application of BMP4 to hPSC [92]. Never-
theless, this still leaves open the problem of distinguishing 
trophoblast and amnion identity in the more commonly used 
two-dimensional context of BMP4-treated hPSC. In such 
analyses, the distinct developmental origins of the amnion 
should be kept in mind: specifically, that amnion formation 
occurs within the peri-gastrulation mouse embryo, but in 
the pre-gastrulation primate embryo [94]. While there is 
some single cell RNAseq data for amnion from cynomolgus 
monkey embryos [95], the datasets most commonly used for 
distinguishing these lineages in the human have been those 
of Xiang et al. [96], from extended culture human embryos, 
and Roost et al. [97], from first and second trimester human 
amnion. However, both datasets require further validation, 
particularly as Xiang et al., identified very few such cells 
(2 cells at day 12 and 11 cells at day 14 of cultured human 
embryos) and Roost et al.’s study lacked morphologic con-
firmation of their collected tissues.

Role of BMP4 in induction of trophoblast 
from pluripotency

There is a large amount of literature in this area, and there-
fore, we will first discuss data from mouse, and subsequently, 
human PSC. In each section, we will discuss potential mech-
anisms through which BMP4 may be mediating trophoblast 
induction, limitations of the experimental design, and future 
studies needed to address these limitations and resolve dis-
crepancies between different studies.

BMP4‑mediated trophoblast differentiation of mouse PSC

TE specification in the mouse occurs exclusively in the pre-
implantation stage, when a combination of signals establish-
ing cell polarity drives the asymmetric division of 8-cell-
stage blastomeres [98], leading to specification of inside 
vs. outside cells. The outside cells turn off Hippo signaling, 
leading to induction of Cdx2 and TE specification [99]. It 
is generally accepted that TE specification in the mouse is 
completed by the blastocyst stage, as very few mESC con-
tribute to TE-derived portions of the placenta when injected 
into blastocysts [100, 101]. One elegant study has used sin-
gle cell RNAseq to better define lineage segregation in the 
mouse embryo, concluding that some ICM cells in the early 
blastocyst retain the ability to generate TE, and that cellular 
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plasticity in mouse blastomeres is, in fact, linked to the win-
dow of sensitivity to Hippo signaling [102].

Once segregated, the mouse epiblast signals to the TE 
through FGF4, leading to expansion of polar TE, the TE 
cells closest to the epiblast [103]. In fact, mouse trophoblast 
stem cells (mTSC) were first derived, from either mouse pre-
implantation blastocysts or early post-implantation tropho-
blast, by using a combination of FGF4, heparin (which 
stabilizes FGF4), and a feeder layer (or feeder-conditioned 
media), later shown to be providing activin/TGFB [104, 
105]. Unlike mouse ESC, which are mostly excluded from 
trophoblast compartment of the mouse placenta [100, 101], 
mTSCs contribute solely to this compartment when injected 
into blastocyst-stage embryos [104]. Since then, more 
defined conditions have been established for mTSC deriva-
tion and self-renewal, although differentiation of these cells 
still requires a serum-containing medium [106]. Both the 
standard and defined (TX) media have been used in main-
taining primary TSC and TSC reprogrammed from mouse 
fibroblasts, using a combination of trophoblast-associated 
transcription factors Eomes, Tfap2c, and Gata3, and either 
Ets2 [107] or Myc [108].

mESC conversion to mTSC was first described through 
knockdown of Pou5f1 (a.k.a.Oct4) [109], and later, through 
forced overexpression of Cdx2, confirmed by the ability of 
these cells to contribute to the trophoblast portion of the 
placenta in vivo [110]. Subsequently, trophoblast-like cells 
were shown to arise from mESC by culture on various extra-
cellular matrices, including gelatin [111] and collagen IV 
[112], as well as by BMP4 treatment of mESC cultured in 
defined media on laminin [113]. Interestingly, culture of 
mESC on laminin was shown to first induce an epiblast-like 
state, based on both morphology and upregulation of Fgf5, 
with upregulation of trophoblast-associated gene expression 
(including Gata3, Dlx3, and Mash2) following BMP4 treat-
ment [113]. As mentioned above, when mouse epiblast stem 
cells (mEpiSC) were first derived from post-implantation 
embryos, they were described as being more akin to human 
ESC, based on their ability to make trophoblast-like cells in 
response to BMP4 [74, 75]. However, the trophoblast iden-
tity of these cells, whether derived from mESC (cultured in 
serum + LIF media) or mEpiSC, remained questionable, as 
they were only ever characterized based on in vitro assess-
ment, including morphology and gene expression, or at best, 
by hemorrhagic tumor formation assay in immunocompro-
mised mice; chimeric contribution to the trophoblast com-
partment in vivo was never published.

Since the identification of naïve (mESC cultured in 
2i + LIF) vs. primed (mESC cultured in serum + LIF, or 
mEpiSC cultured in FGF2/activin) pluripotency, multiple 
groups have reported some level of heterogeneity in these 
different culture conditions, including different propor-
tions of cells with some level of “totipotency.” The latter 

has been variously defined, as cells which transiently de-
repress murine endogenous retroviral (MERVL) elements, 
thus resembling cells in the two-cell (2C) stage of the mouse 
embryo [114], and/or cells which induce the endoderm 
marker Hex [115]. In these studies, such cells showed an 
ability to give rise to TSC in vitro, but also to contribute to 
trophectoderm in vivo [114, 115].

Recently, several groups have identified a role for BMP4 
in primed-to-naïve conversion of mESC, proposing sev-
eral mechanisms, including enhancing responsiveness of 
mEpiSC to LIF [116], increasing the activity of autotaxin, 
an extracellular LPA-producing enzyme [117], and chro-
matin remodeling [118]. At least one group has expanded 
this work, showing that in 3D cultures BMP4 is even able 
to induce mEpiSC to convert to a 2C-like state, as defined 
by activation of the MERVL reporter, and to give rise to 
implantation-competent blastocyst-like structures that con-
tain trophoblast-like cells [119, 120]. Nevertheless, these 
cysts fail to give rise to bona fide mTSC, and do not progress 
much beyond an egg cylinder-like stage in vivo [119]. Inter-
esting, a recent small molecule screen of media additives for 
generation of synthetic embryos (STEMbryos), made from 
a combination of mouse iPSC and TSC, identified BMP4 as 
a factor that best promoted formation of morphologically 
high-grade structures [121].

Still, to-date, both the ability of mESC to be fully repro-
grammed into mTSC without genetic manipulation and the 
potential role of BMP4 in this process, as well as in early 
embryogenesis, remain to be fully elucidated. Most recently, 
even the studies showing expanded potential/totipotency 
of mESC under specific conditions [122, 123], have been 
challenged by Posfai et al. [124], who have suggested more 
stringent criteria for defining totipotency. Specifically, they 
suggest including a morula aggregation assay with all such 
cells, followed by assessment of the developing embryo at 
blastocyst, egg cylinder, and post-chorioallantoic fusion-
stage placenta, for contribution to TE-derived structures 
[124]. However, given the required technical expertise and 
low efficiency of these assays, even with wild-type mTSC 
[104, 125], identification of a set of totipotency-associated 
genes and/or development of ancillary assays, such as stem 
cell aggregation into “STEMbryos” [47], may help stand-
ardize such assessment, not just in mouse, but also in the 
human embryo.

BMP4‑mediated trophoblast differentiation of human PSC

Unlike the mouse, TE specification in human is delayed, 
as shown by the ability of outer cells in pre-implantation 
embryos to contribute to the ICM when repositioned to the 
center of the embryo [126]. At least partly due to these, and 
other, differences between early development of mouse and 
human embryos [127], derivation of bona fide human TSC 
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(hTSC) did not quickly follow mouse TSC derivation. These 
differences converged on the required culture conditions, 
with the major discrepancy being in FGF signaling within 
the early embryo [128, 129]. hTSC can be isolated from both 
TE at the blastocyst stage and first trimester vCTB, under 
conditions that promote EGF and WNT and inhibit TGFB 
signaling, without any FGF signaling [129]. This publica-
tion has been a huge step forward for studies on human pla-
cental development, although such studies still have seri-
ous limitations due to restricted availability of embryos and 
early gestation placental tissues, as well as associated ethi-
cal objections and technical constraints. In addition, since 
the protocol is mainly applied to tissues where pregnancy 
has been interrupted early in gestation, it cannot be used to 
generate TSC linked to particular placental disease states, 
such as preeclampsia, which cannot be readily diagnosed 
until relatively late in gestation. To avoid the limitations 
of accessibility and to obtain TSC lines from more diverse 
genetic sources, the use of hPSC, including both embry-
onic and induced pluripotent stem cells, is a must. In fact, 
it has recently become possible to derive TSC from hPSC, 
including from both primed and naïve-type hPSC (discussed 
below, see Table 1). Additionally, most recently, two groups 
have reported reprogramming somatic cells directly to TSC 
[130, 131], a topic that is briefly addressed below, but fur-
ther detailed in Theunissen and David’s review in this issue. 
In this section, we will provide a historic review of hPSC 
conversion to trophoblast through use of different BMP4-
based protocols, focusing mostly on primed hPSC as starting 
material, while also addressing the controversy surrounding 
the role of BMP signaling in trophoblast emergence.

Trophoblast differentiation of primed hPSC: 
before there were naïve hPSCs…

The first publication showing BMP4-induced differentiation 
of hPSC came from the Thomson lab, in which this growth 
factor was applied to cultures in the presence of feeder-con-
ditioned media. After several days, they noted emergence 
of multinucleated cells producing the pregnancy hormone, 
hCG, resembling syncytiotrophoblast (STB) [70]. Soon, a 

flurry of publications from multiple independent groups 
followed [132, 133], including one showing differentiation 
into, not just STB-, but also extravillous trophoblast (EVT)-
like cells, mononuclear cells with HLA-G expression [134]. 
Subsequent studies documented formation of a cytotropho-
blast (CTB) precursor-like cell, co-expressing CDX2 and 
TP63, prior to terminal differentiation into STB- and EVT-
like cells [135]. TP63, a transcription factor, which, at least 
within the human placenta, is specific to CTB [136], was 
also shown to be required for BMP4-induced emergence of 
subsequent STB and EVT [135]. Further validation of this 
model emerged from the ability to recapitulate hypoxia-
inducible factor-dependent differentiation of human EVT 
and the STB differentiation defect of Trisomy 21-associated 
CTB, using this BMP4-based system [137].

As time progressed, BMP4-based protocols for tropho-
blast induction of hPSC evolved. In the initial study by Xu 
et al. [70], it was noted that FGF2 appeared to counteract 
trophoblast formation, an observation confirmed in numer-
ous later studies (reviewed in [132, 138]), including in Val-
lier et al. [139] and Yu et al. [140], who used a chemically 
defined medium to avoid the complicating effects of feeder 
cells and serum on differentiation. While the combination of 
FGF2 and BMP4 resulted in prolonged NANOG expression 
and up-regulation of primitive streak gene markers, espe-
cially T (BRACHYURY​), as well as mesoderm and endoderm 
marker genes, BMP4 alone, even at concentrations as low 
as 10 ng/ml, still favored expression of trophoblast lineage 
markers [139, 141]. Accordingly, most researchers seeking 
to follow trophoblast emergence no longer include FGF2 
in the medium once BMP4 is added, although it should be 
emphasized that this precaution does not exclude a contri-
bution from endogenously produced FGF2, which can be 
counteracted by providing FGF signaling inhibitors, such 
as PD173074 (Fig. 3) [140, 142]. Likewise, any autocrine/
paracrine effects of Activin A signaling can be minimized 
pharmacologically, for example, with SB431542 [143, 144] 
or A83-01, thus potentiating the effects of BMP4 [141, 145, 
146] (Fig. 3). It has also become clear that when BMP4 
and FGF2 are provided together, the extent of emergence 
of trophoblast and the contribution to mesoderm depends 

Table 1   TSC derivation studies 
by the PSC types

PSC type Approaches with BMP4 addition No addition of BMP4

Naïve PSC conversion to TSC (Io, Kabata et al. 2021) (Guo, Stirparo et al. 2021)
(Dong, Beltcheva et al. 2020)
(Cinkornpumin, Kwon et al. 2020)

EPSC conversion to TSC – (Gao, Nowak-Imialek et al. 2019)
Primed PSC conversion to TSC (Wei, Wang et al. 2021) (Li, Kurosawa et al. 2019)

(Mischler, Karakis et al. 2021)
(Soncin et al. 2022)
(Jang et al. 2022)
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on the relative concentrations of the two growth factors. 
By contrast, a defined medium supplemented with BMP4, 
FGF2 and high concentrations of Activin A mainly gener-
ates endoderm [88], while the same medium formulated for 
minimal Activin A signaling gives rise predominantly to 
mesoderm [88]. Additionally, Kurek et al. [147] found that 
BMP4 induction of mesoderm, but not trophoblast, requires 
WNT signaling, and, as such, WNT signaling inhibitors, 
such as IWP2 can be used to improve trophoblast emergence 
from primed hESC. Horii et al. [148] subsequently devel-
oped a two-step hPSC trophoblast differentiation protocol, in 
which the first step (CTB induction) occurs in basal medium 
containing only BMP4 and IWP2 (Fig. 3). Importantly, as 
discussed above, early cell fate decisions in primed hPSC 
appear to be controlled by the same signaling pathways as 
in mEpiSC [139], suggesting that cells of both species may 
be able to generate trophoblast in response to BMP4.

This context-dependent effect of BMP4 has also been 
reflected in multiple separate studies by Warmflash, Brivan-
lou, and colleagues, who first showed that circular micropat-
terns of hPSC exposed to BMP4 produced an outer ring 
of TE, with inner circles of mesendoderm and ectoderm 
(reviewed in [149]). This differentiation pattern is depend-
ent on BMP4-induced generation of waves of WNT and 
NODAL signaling, which move toward the colony center, 
with duration of these signals controlling mesoderm induc-
tion, and duration of BMP signaling controlling TE induc-
tion [150]. Precise titration of hPSC down to a few cells 
has shown that, when only 1–8 cells are present within a 
colony, BMP4 treatment exclusively produces trophoblast-
like cells, as defined by CDX2 and GATA3 expression, while 
this treatment in standard culture hPSC leads to a mixture of 
trophoblast-like and mesodermal cells [151]. Interestingly, 
differentiation into mesoderm could be modulated based on 
cell density, and completely prevented using inhibitors of 
activin/nodal signaling or high concentrations of BMP4, 
indicating a “community effect” controlling stem cell fate 
[151], highly analogous to cell fate decisions within the 
embryo.

Yang et al. [145] and Amita et al. [141] have shown that, 
in order for primed hPSC to differentiate fully to trophoblast, 
the presence of BMP4 is only necessary for the first 24 h; 
thereafter, differentiation toward trophoblast is guided by 
eliminating FGF2 and Activin A signaling. Between 24 and 
36 h, the treated cells also transiently expressed CDX2 [145], 
a gene associated with trophoblast stem cells [104] and tro-
phectoderm emergence in the mouse embryo [152], albeit 
with a less clear role in human TE [149]. These observa-
tions suggest that the BMP4-exposed cells may briefly pass 
through a stage in which the colonies are enriched in TSC-
like cells. Li et al. [135] also identified TP63/CDX2 double-
positive cells as early as 3 days after starting BMP4 treat-
ment of hPSC, and were able to develop a two-step protocol 

whereby the vCTB-like cells obtained at the end of this first 
“step” could be replated and differentiated into STB- and 
EVT-like cells in the second “step” [137]. In an attempt to 
isolate such a stem cell population, Yang et al. [145] disso-
ciated the BMP4-exposed colonies with trypsin and plated 
them out on a gelatin substratum, conditions that should 
not have supported primed hPSC growth. However, despite 
clear phenotypic differences between them and the initiating 
parental ESC, these “BMP-primed” cells still retained all the 
classical features of pluripotency rather than correspond-
ing to trophoblast. In particular, they formed well-differ-
entiated teratomas that included a trophoblast component 
when transplanted into immunocompromised mice [145]. 
The low FGF2 requirement of these cells, their high plat-
ing efficiency after trypsin dispersion, and their uniform 
NANOG expression, also clearly distinguished them from 
classical primed ESC. Although not named as such, these 
cells likely correspond to what has since become known as 
expanded potential stem cells or EPSC [122, 123, 153, 154], 
cells which are considered to be balanced in a metastable 
state somewhat intermediate between primed and naïve type 
ESC and poised to differentiate efficiently on multiple line-
ages given the right prompts. Their existence suggests that 
short-term BMP4 priming and inhibition of FGF/Activin A 
signaling are sufficient to launch primed ESC along the path 
for trophoblast emergence. This has also been confirmed 
by a study in which short exposures (no more than 24 h) 
of primed-type ESC to BMP4 triggered upregulation of a 
trophoblastic gene network circuit involving GATA2/GATA3/
TFAP2A/TFAP2C in primed hESC [155], prior to the cells 
progressing to a differentiated trophoblast state. These so-
called “trophectoderm four” (TEtra) genes are induced even 
before upregulation of CDX2 and TP63, and appear to be 
involved in both suppression of pluripotency and induction 
of a trophoblast-specific program [155].

Challenges to the trophoblast identity 
of BMP4‑treated primed hPSC: 
before and after derivation of naïve hPSCs

The identity of these BMP4-treated primed hPSC was chal-
lenged, even before naïve hPSC were derived, with many 
investigators dismissing the possibility that primed cells 
have the potential to convert to trophoblast, largely on 
the grounds that these cells represent a post-implantation 
epiblast stage, one beyond that of TE specification in the 
embryo [88, 156]. Instead, there have been different hypoth-
eses regarding the identity of these cells, with the first one 
being mesoderm, particularly based on the induction of 
BRACHYURY/T, an early mesoderm marker, shortly after 
initiation of BMP4 treatment [88]. However, the condi-
tions used by this group were optimized for mouse EpiSC, 
not hPSC, thus resulting in formation of a BRACHYURY/
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CDX2 double-positive intermediate, which is not seen in 
other BMP-treated primed hPSC [150]. In addition, as men-
tioned above, induction of mesoderm in this setting can be 
prevented by stringently omitting FGF2[141, 145], reducing 
cell density, using inhibitors of activin/nodal signaling or 
high concentrations of BMP4 [151], or combining BMP4 
treatment with a WNT inhibitor, such as IWP2[147, 148].

With advent of conditions for derivation of naïve hPSC, 
two independent groups soon converted these cells to TSC 
using media developed by Okae et al. [129] (Table 1). The 
first used naïve hPSC adapted to the 5i media (compris-
ing the five inhibitors, PD0325901, IM-12, WH-4-023, 
SB590885, Y27632, along with LIF and Activin A) and 
subsequently passaged in the Okae TSC media multiple 
times [157], while the second used naïve hPSC cultured in 
PXGL (PD0325901, XAV939, Gö6983 and LIF) media with 
subsequent culture in TSC medium followed by sorting for 
ITGA2+ cells [158]. Both groups compared their “transdif-
ferentiation” protocol between naïve and primed hPSC and 
showed that the former were significantly more efficient in 
derivation of such TSC [157, 158]; this is perhaps not sur-
prising as conversion to the naïve state results in significant 
epigenetic remodeling, including significant loss of DNA 
methylation, in the form of loss of imprinting and X chro-
mosome reactivation [159], and changes in the chromatin 
landscape [80]. More recently, two other groups provided 
a stepwise protocol for conversion of naïve hPSC, first to 
TE, and subsequently, to TSC. The first group, Guo et al. 
[160], also started with cells in PXGL media, subsequently 
removing all but PD0325901 and adding the ALK5 inhibitor 
A83-01 to induce the TE lineage over 2–3 days; they also 
showed that neither the addition of BMP2 nor the canonical 
BMP inhibitor, LDN-193189, affected TE induction in this 
setting [160]. Conversely, the second group, Io et al., who 
started with cells in yet another naïve-type media (t2iLGö, 
composed of PD0325901, CHIR99021, LIF and Gö6983), 
used a TE induction media containing BMP4, A83-01, and 
PD0325901 [161], a formulation not unlike that used in the 
BAP conversion of primed type hPSC to trophoblast [141]. 
BMP4 was only needed for 24 h, but, notably, removal of 
any of these three components (including BMP4) from the 
media significantly reduced the efficiency of TE induction 
(from ~ 50% down to 2–4%) [161]. Taken together, the role 
of BMP signaling in TE induction from naïve hPSC requires 
further study.

With the exception of Dong et al., all the above studies 
compared the transcriptomes of their naïve hPSC-derived 
TE to that of BMP4-treated primed hPSC, and concluded 
that, despite upregulation of many of the same genes and 
mostly because of co-expression of some “amnion-specific” 
genes, the latter have a differentiation trajectory ultimately 
leading towards amnion rather than trophoblast [158, 160, 
161]. The identification of such “amnion-specific” genes 

comes from transcriptome data from either cynomolgus 
monkey amnion [95], or human data, the two main sources 
being the highly limited number of amniotic cells from 
extended culture human embryos [96], or the highly variable 
first and second trimester human amnion cells [97], all of 
which lack validation. A recent re-analysis of Xiang et al.’s 
extended culture human embryo single cell transcriptome 
data [96] found misclassification of several lineages, includ-
ing amnion [162]. To discover a gene set that distinguishes 
amnion and TE, evaluation of more extended culture human 
embryos (containing a larger number of amniotic epithe-
lial cells), as well as purified amnion epithelial cells (sepa-
rated from underlying amniotic mesenchyme and chorionic 
trophoblast) and vCTB from early first trimester placentas, 
is needed to rigorously compare the transcriptomes of these 
cell types, with subsequent validation of potential lineage-
specific genes. Even in the absence of such data, however, 
such co-expression of trophoblast- and amnion-associated 
genes in primed hPSC treated with a short course of BMP4, 
does not exclude trophoblast as the ultimate identity of the 
differentiated cells. A recent comparison of these short-term 
BMP4-treated hESC to the transcriptome of the cynomolgus 
monkey embryo found these cells to more closely resemble 
monkey amnion than TE, but maintained the possibility that 
the cells pass through an amnion intermediate prior to devel-
oping into mature STB and EVT [162]. Another group has 
recently come to the same conclusion, identifying a transient 
population of “nascent amnion” that precedes formation of 
STB in the context of endogenous activation of BMP signal-
ing in primed hPSC [163]. Whether there is in fact a com-
mon precursor to amnion and TE within the human embryo, 
or whether at some point in gestation these two cell types 
can be interconverted, remains to be seen.

Conversion of primed hPSC to TSC

Nonetheless, there are now several published reports that 
bona fide TSC, with the expected transcriptome and pro-
tein identifiers and ability to differentiate to more advanced 
lineages, including STB and EVT, can arise from primed-
type hPSC [164–167], including a manuscript by our group 
[168] (Table 1). With one exception, a study reporting deri-
vation of TSC from iPSC-derived cysts using a micro-mesh 
technique [166], BMP4 was used to initiate conversions 
from prime-type hPSC to TSC, albeit with different culture 
medium formulations. One study used BMP4 combined with 
TGFB inhibitor SB43152 and S1PR3 agonist CYM-5541 in 
E7 medium for 3 days followed by switching to either Okae’s 
TSC medium, or to a medium (termed TM4) which con-
tained the S1PR3 agonist. While both media formulations 
led to formation of TSC, TM4 led specifically to formation 
of a CDX2/TP63 double-positive TSC population, which the 
authors propose to be akin to an early TE progenitor [164]. 
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Another study used the Okae TSC medium applied directly 
to hPSC, but learned that supplementation of this media 
with BMP4 for 5 days significantly improved efficiency of 
TSC derivation [165]. Our own study [168] applied the Okae 
TSC medium to cells treated with BMP4/IWP2 for 4 days, 
corresponding to the end of the first step of our previously 
described “two-step” trophoblast differentiation protocol 
[148].

While primed hPSC-TSC closely resemble primary 
hTSC, at the transcriptome level as well as functionally 
based on their ability to differentiate into STB and EVT 
in vitro [164, 165], the extent to which they have undergone 
epigenetic reprogramming remains to be fully addressed. 
Both Wei et al. [165] and [168] have demonstrated hypo-
methylation of the ELF5 promoter, and resulting expression 
of this gene, in primed hPSC-derived TSC, as occurs in pri-
mary hTSC [129] and early gestation human placenta [169]. 
However, the expression of another set of DNA-methylation-
sensitive genes, the C19 miRNA cluster, located in a mater-
nally imprinted region of chromosome 19 and known to be 
highly expressed in human trophoblast [170], remains low. 
While some members of the C19 miRNA cluster are upregu-
lated during the induction from primed hPSC to TSC, it is 
unclear whether their expression reaches the same levels as 
they do in primary hTSC [165, 168]. Nevertheless, to-date, 
no specific function for these genes has been described in 
hTSC, and thus the significance of their lower than expected 
expression in primed hPSC-TSC remains questionable. It 
should also be noted that naïve hPSC-derived TSC also 
showed some aberrations in their methylome, specifically 
at some imprinted loci, with resulting alterations in gene 
expression [158]. Given that culture in naïve conditions 
is known to result in widespread loss of imprinting [171, 
172], and the importance of many imprinted genes in human 
placental function (reviewed in [173]), future studies using 
iPSC to model placental disease should carefully choose the 
method of TSC conversion and evaluate the DNA methyl-
ome in the process.

Early insights into possible mechanisms of primed 
hPSC conversion to TSC

While much remains to be explored in context of naïve and 
primed pluripotency and TSC derivation from the respec-
tive pluripotent state, it should be noted that hPSC lines and 
cultures are highly heterogeneous [174]. With the advent 
of single cell RNAseq, this heterogeneity has been probed 
even within single cultures and single lines, resulting in the 
discovery of a population that is “intermediate” between 
naïve and primed state and has a unique transcriptome [175]. 
Interestingly, upregulated genes within this intermediate 
state include many trophoblast-associated genes, includ-
ing GATA2, GATA3, and VGLL1 [175], the latter being a 

transcriptional co-factor uniquely expressed in vCTB of 
early gestation human placenta [90].

Recently, a similar “intermediate” has been identified 
during somatic cell reprogramming. Specifically, two groups 
have generated human induced trophoblast stem cells (iTSC) 
by reprogramming fibroblasts with the standard transcrip-
tion factors used for iPSC generation, namely POU5F1, 
KLF4, SOX2 and MYC, also known as OSKM [130, 131]. 
Following introduction of these factors, which is most often 
done using non-integrating, non-replicating vectors, such 
as Sendai virus, into the somatic cell, the cells are often 
cultured in hPSC media until pluripotent colonies emerge, 
usually after about 4 weeks from vector introduction [176, 
177]. The above two independent studies reported the isola-
tion of iTSC by providing a medium that selects for TSC at 
about day 21, i.e., a week or so earlier than PSC emergence 
[130, 131]. Liu et al. also revealed molecular trajectories for 
cells undergoing various routes of reprogramming using a 
combination of single cell and single nucleus RNAseq per-
formed on different days, and showed that pathways to the 
primed and naïve state diverged late in the second week 
of reprogramming [131]. Importantly, cells expressing the 
transcription factors GATA2, GATA3, as well as TFAP2C 
(broken circle in Fig. 4A) and with other features of TE 
formed a secondary tract shortly after the branch point to 
primed pluripotency had emerged. These genes were only 
transiently upregulated in the path to the primed state and 
subsequently become silenced (Fig. 4B). By contrast, their 
expression was partially retained in naïve-type cells [131]. 
The switch to TSC-supportive media was able to “catch” this 
transitory intermediate state, stabilizing it as TSC, rather 
than returning it to the naïve state [131]. Upregulation of the 
TE-associated genes appeared to be an inherent and essen-
tial part of naïve state reprogramming, because knockdown 
of either GATA2 or TFAP2C in the initiating fibroblasts 
impaired iPSC generation [131]. Interestingly, endogenous 
BMP4 expression provided a similar pattern to that of the TE 
signature genes during reprogramming (Fig. 4B), raising the 
intriguing idea that BMP signaling may be required for such 
reprogramming, if not into the pluripotent state then at least 
for the TSC state. This could also explain a role for exog-
enous BMP4 in trophoblast emergence from primed pluripo-
tency. Specifically, BMP4 may not necessarily be promoting 
primed-to-naïve conversion as discussed above for mEpiSC, 
but instead promoting conversion to this “intermediate” state 
between primed and naïve pluripotency, allowing for easier 
capture of the TSC state.

Perhaps a similar process is at play during induction of 
“iBlastoids,” blastocyst-like structures containing epiblast, 
primitive endoderm (hypoblast), and an outer layer of TE. 
To date, these structures have been derived from extended 
potential stem cells (EPSC), cells in process of being 
reprogrammed (~ day 21 post-transduction, or “day-21 
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iPSC”), or naïve hPSC, but not primed hPSC. While naïve 
PSC appear able to generate blastoids without BMP4 sup-
plementation [154, 178, 179], blastoid formation from 
EPSC [180, 181] and from day-21 iPSC [182] require 
BMP4 supplementation. Both of these EPSC-blastoid stud-
ies used slightly different protocols to offset an otherwise 
dearth of TE cells in the assembled blastoid. While Sozen 
et al. [180] combined BMP4 and ALK inhibitor A83-01 
to promote TE differentiation, Fan et al. [181] mixed two 
different populations of EPSC, the first of which had been 
pretreated for 3 days with BMP4 to ensure TE fate tran-
sition, with the second untreated cell population provid-
ing the precursors of epiblast and hypoblast. Liu et al. 
[182] also created blastoids by placing ~ 100 cells of day 
21-iPSCs in an AggreWell in the presence of BMP4-sup-
plemented iBlastoid medium, where after aggregate for-
mation, they could be cultured for a further 6 days to yield 
blastocyst-like structures. Both the Sozen et al., and Liu 
et al., protocols reported higher efficiency rates (7.2% and 
5.8–18%, respectively) than Fan et al. (1.9%), likely due 
to addition of the ALK inhibitor A83-01, which has been 
shown to be necessary, both for derivation of TE [160, 

161], and for establishment of hTSC [129]. While meth-
ods for generating blastoids without BMP4 have reported 
efficiency rates above 70% [178, 179], these studies report 
efficiencies solely based on formation of a cavitated struc-
ture without verifying proper development of the three 
lineages using immune-localization, such as was done by 
Sozen et al. [180] (7.2%). It should be noted that a recent 
pre-print manuscript by Zhao et al. [183] has challenged 
the conclusions of Liu et al. [182], indicating that the TE 
component of the iBlastoids is most likely amnion and 
not trophoblast, based on expression of so-called amnion-
associated genes, GABRP and ISL1. However, as discussed 
above, a consensus list of amnion marker transcripts or 
proteins has yet to be attained; additionally, GABRP is 
readily detected in STB of first trimester placental tissue 
as demonstrated by immunohistochemistry [184]. Thus, as 
discussed above, such conclusions must await validation 
of a true set of amnion (vs. trophoblast)-specific markers.

In summary, there is a significant body of evidence, both 
for the ability of primed hPSC to give rise to trophoblast and 
for the role of BMP4 signaling in this process. The exact 
mechanisms, however, including whether this conversion 

Fig. 4   Roadmap for reprogramming human cells. A Either primed or 
naïve reprogramming trajectories, starting from fibroblast transduced 
with POU5F1, SOX2, KLF4, and MYC (OSKM). The single cell 
RNA sequencing (scRNAseq) data were visualized by force-directed 
layout (FDL), overlaid with in vivo trophectoderm (TE) signatures in 
color. Red shows high TE signature enrichment as exemplified with 
an inserted blastocyst drawing. Broken circle represents the inter-
mediate stage of reprogramming. Modified from Fig. 3A in [131]. B 

GATA2, GATA3, TFAP2C, and BMP4 gene expressions during repro-
gramming to naïve and primed human pluripotency prepared from 
interactive online tool (http://​hrpi.​ddnet​bio.​com/) by [131]. Gene 
expressions are shown in log-transformed log2 (FPKM + 1) and days 
(D) or passage numbers (P) from the OSKM transduction. Black, 
blue, and orange lines represent gene expression in fibroblast, naïve 
(t2iLGoY), and primed medium, respectively

http://hrpi.ddnetbio.com/
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occurs through an intermediate with similarities to both 
amnion and TE, remain to be elucidated.

BMP4 signaling in early embryonic 
development and pluripotent stem cells 
from comparative animal models

The involvement of BMP4 and its relatives on the devel-
opment of the extra-embryonic compartment in species 
other than human and mouse has been less-extensively 
explored. Studies in early development of rabbit embryos 
that employed in-situ hybridization showed spatio-temporal 
expression of BMP2 and BMP4 distinct from that observed 
in the mouse [185]. BMP4 was first observed in pre-gastru-
lation embryos (stage 2) across the embryonic disc and at 
the border between embryonic and extra-embryonic com-
partments, increasing in the gastrulating embryo but never 
detected in the extra-embryonic compartment [185]. Expres-
sion of BMP2 started earlier in a ring-like domain at the 
border between the embryonic disc and the extra-embryonic 
compartment, persisting in that region and in the nascent 
mesoderm at the onset of gastrulation [185]. BMP2 expres-
sion was detected in both epiblast and hypoblast cells of 
the embryonic compartment and in the yolk sac lining the 
trophoblast compartment [185]. However, without evalua-
tion of BMP signaling activity and knowledge of the spa-
tio-temporal localization of BMP receptors, it is difficult to 
implicate BMP signaling, including possible effects on TE 
[185]. BMP4 treatment of rabbit ESCs, which are of the 
primed type [186], caused differentiation into epithelial-like 
cells expressing trophoblast-associated markers, including 
CDX2, EOMES, HAND1, and GCM1 [187]. These cells were 
able to self-renew in vitro for over 60 passages in an FGF- 
and TGFB-dependent manner, could be differentiated into 
both relaxin (RLN)-secreting syncytiotrophoblast [188] and 
invasive trophoblast giant cells in vitro, and could contribute 
to placentas of chimeric embryos in vivo. Therefore, they 
were classified as bona fide rabbit trophoblast stem cells 
[187], suggesting a potential role for BMP4 signaling in 
trophoblast emergence in rabbit ESC.

Bovine embryos are a widely used model to study early 
embryonic development and have been used to examine 
BMP signaling in early development [189]. BMP receptors 
BMPR1A and BMPR2, ligands BMP2 and BMP7, and effec-
tor proteins SMAD1 and SMAD5, have all been detected 
by qRT-PCR during pre-implantation development, from 
the two-cell stage to early blastocyst [190, 191]. In addi-
tion, both BMP2 and BMP4, as well as the BMP response 
machinery, were expressed within the elongated peri-
implantation embryos (day 17 post-insemination) [192], and 
BMP4 expression has also been detected in extra-embryonic 
tissues post-implantation [193]. Treatment of bovine early 

pre-implantation embryos with BMP2, BMP4, or BMP5 dif-
ferentially affected embryo development: BMP2 treatment 
caused no changes in rates of cleavage and blastocyst forma-
tion but increased expression of both NANOG and CDX2 in 
the blastocysts [190]. BMP4 treatment decreased blastocyst 
formation and hatching rate of in vitro fertilized (IVF), but 
not parthenogenically activated (PA) embryos; but, surpris-
ingly, NOGGIN, an antagonist of BMP signaling, had a 
similar effect, along with a lower rate of cleavage of both 
PA and IVF embryos. No change in the number of total cells 
was observed in both BMP4- and NOGGIN-treated blasto-
cysts but a decrease in the number of POU5F1+ cells was 
observed with both treatments [194, 195]. BMP5 treatment 
increased the rate of blastocyst formation without affect-
ing cleavage, and increased the expression of POU5F1 and 
NANOG, but not SOX2 [191]. While there may be potential 
ligand-specific effects, these various results are likely also 
due to differences in medium/culture composition, as well 
as developmental time and duration of ligand treatment. 
Finally, addition of exogenous BMP4 boosted trophoblast 
cell line derivation from bovine blastocysts [196]. Alto-
gether, these data suggest a role for BMP4 signaling in the 
peri-implantation bovine embryo, possibly including tropho-
blast emergence.

Studies on porcine embryos showed expression of BMP4 
initially in a ring-like pattern between the epiblast and the 
TE of the peri-elongation embryos and subsequently in the 
posterior epiblast at the site of mesoderm formation during 
gastrulation [197]. Similar to the rabbit, expression of BMP2 
preceded that of BMP4, and was stronger in epiblast cells 
than in TE [197]. BMPR2 was detected in the TE of pre-
elongation embryos, but not in the embryonic compartment. 
BMP activity, detected by phosphorylation of SMAD1/5/8, 
was seen concentrated in the TE and extra-embryonic meso-
derm of the peri-elongation embryos, suggesting a paracrine 
signal of BMP2/4 from the embryonic compartment towards 
the TE [197]. With respect to pluripotency, it is notable that, 
to maintain porcine ESC in a naïve-like state, inhibitors of 
BMP and TGFB appear to be required, in addition to inhibi-
tors of MAPK and GSKβ signaling, suggesting that BMP4 
has a negative influence on maintaining naïve pluripotency, 
likely promoting differentiation [198]. These data strongly 
support a role for BMP signaling in TE emergence in the 
porcine embryo.

In the developing equine placenta, the chorionic girdle, a 
ring of trophoblast that circles the spherical preimplantation 
conceptus, beginning at about day 30, contains terminally 
differentiated, binucleated trophoblast cells, which produce 
equine chorionic gonadotropin and other hormones, while 
the chorion harbors trophoblast progenitor. One study has 
shown that the chorionic girdle expresses higher levels of 
the BMP receptors, BMPR1A and BMPR2, compared to the 
chorion, which, in turn, expresses BMP4. This might suggest 



	 R. M. Roberts et al.

1 3

447  Page 16 of 22

that a paracrine BMP signaling, from the chorion, promotes 
differentiation/maintenance of the terminally differentiated 
cells in the chorionic girdle [199]. Indeed, phospho-SMAD 
1/5/8 was detected between day 27 and 34 of embryonic 
development, with a peak at day 31, the time of initiation of 
binucleated cell differentiation. Moreover, treatment with 
exogenous BMP4 in vitro increased the number of binucle-
ated cells in the chorionic girdle suggesting a role in pro-
moting the terminal differentiation of trophoblast cells in 
equids [199].

Finally, data on the role of BMP signaling in non-human 
primate embryo development are scarce. Nakamura and 
colleagues [200] performed single-cell analysis of both 
pre- and post-implantation rhesus monkey embryos and 
identified BMP4 expression in the gene cluster of gastrulat-
ing cells. Following extended culture conditions for human 
embryos, Ma and colleagues [95] performed single-cell 
analysis on cynomologus monkey blastocysts, cultured up 
to 20 (days post-fertilization). They observed three clusters 
of POU2F1+/SOX2+/BMP4+ cells, which they identified 
as potential monkey amnion cells. However, both studies 
focused on the epiblast, and not TE-derived, compartments. 
Finally, treatment of cynomolgus monkey ESCs with BMP4 
did not up-regulate trophoblast markers, instead initiating 
primitive endoderm differentiation [201]. Therefore, further 
studies will be required to investigate the role of BMP sign-
aling in TE/trophoblast specification in primates.

Summary and future studies

While much has been done to probe the role of BMP sign-
aling in the peri-implantation period, significant questions 
remain, particularly with respect to the role of this pathway, 
both in establishment and development of the trophoblast 
compartment, as well as in reprogramming toward the troph-
oblastic fate. While the mouse provides a highly manipulat-
able system, particularly allowing assessment of contribu-
tion to chimeras which can develop in vivo, species-specific 
differences must be kept in mind, and hence, the need for 
further development of stem cell-based blastocyst-like struc-
tures, including iBlastoids and STEMbryos, which can be 
applied to human pluripotent stem cells.
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