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The placenta is an ephemeral organ containing diverse pop-
ulations of trophoblasts that are all derived from the embry-
onic trophectoderm but have morphological, functional, and
molecular diversity within and across species. In hemochorial
placentation, these cells play especially important roles,
interfacing with and modifying the cells of the maternal
decidua. Within the rapidly growing placenta, it has been
shown that there are trophoblast stem cells well character-

ized in the mouse and postulated but not well understood in
primates. This review will discuss the characteristics of
candidates for human and nonhuman primate trophoblast
stem cells, present the diverse methods of their generation, and
propose future prospects for experimental systems in which
they can shed light on developmental and pathophysiological
processes in human pregnancy. (Endocrine Reviews 30:
228–240, 2009)
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I. Introduction

STUDIES USING MAMMALIAN embryos have provided
considerable insight into the factors that regulate the

formation and maintenance of trophectoderm—the outer ep-
ithelial layer of the blastocyst that gives rise to the tropho-
blasts of the placenta. These studies have demonstrated that
a complex network of transcription factors regulates tro-
phectoderm formation (see Ref. 1 for a recent review). Al-
though there are similarities among species, it is clear that
there are also differences in certain aspects of the regulation
of trophectoderm formation and trophoblast differentiation
in the mouse and higher primates (2–4). This is perhaps not
surprising given the differences in the timing of implantation
and in the morphology of placentation between the mouse
and higher primates (5). For these reasons, understanding
the mechanisms that regulate trophoblast differentiation and
placental development across species presents a daunting
challenge.

For several decades we and many other laboratories have
successfully used cytotrophoblasts isolated from human and
rhesus monkey placental villous tissue as model systems
with which to study the regulation of villous trophoblast
differentiation and function. Trophoblasts isolated from
early gestation human and nonhuman primate placental/
endometrial tissues include both villous and extravillous
phenotypes. Cells with extravillous trophoblast characteris-
tics have also been obtained from outgrowths of early ges-
tation human placental villous explants. These primary cells
have the disadvantage that they do not replicate extensively
in vitro and must repeatedly be isolated from fresh tissue.
Each of these placental tissue-derived cell systems takes ad-
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vantage of the fact that some kind of trophoblast progenitor
cell is present within the tissue and can be manipulated in
vitro to undergo (or perhaps complete, if pathway selection
has already occurred) differentiation along the villous and/or
extravillous pathway. It is unclear whether trophoblast pro-
genitors in early gestation villous tissue are similar to tro-
phoblast progenitors in trophectoderm, but this seems un-
likely given the dramatic morphological and biochemical
transformations that take place from the time of implantation
through the formation of the definitive placenta later in the
first trimester (when human placental tissues become avail-
able for study).

In the past decade, using mouse genetic and stem cell-
based paradigms, remarkable progress has been made in
understanding the pathways that control the formation of
placental trophoblasts. In this review, we will focus primarily
on efforts to advance the study of primate (human and non-
human) trophoblast biology, making reference to important
principles revealed by mouse systems as appropriate. The
reader is referred to other excellent reviews for further de-
tailed discussion of progress in the mouse model (1, 6, 7).

II. Trophectoderm-Derived Trophoblast Stem Cells

Embryonic stem cells (ESC) classically derived from the
inner cell mass of mouse embryos have been shown to be
totipotent; that is, an individual mouse ESC can give rise to
all tissues in the body as demonstrated through aggregation
with mouse preimplantation embryos and analysis of the
resultant offspring. Thus far, this signal characteristic has
only been demonstrated for ESC derived from mouse em-
bryos, or recently, induced pluripotent stem cells repro-
grammed from adult mouse cells (8). Cells derived from the
inner cell mass of human or rhesus monkey blastocysts also
have extensive pluripotency, in that they can give rise in vitro
to derivatives of all the embryonic germ layers, and these
cells are conventionally referred to as ESC. However, primate
ESC have not been demonstrated to be pluripotent by the
classic criterion of aggregation and differentiation to tissues
in live offspring. Although not ethically feasible to test plu-
ripotency with human ESC and embryos, it remains possible
with resources developed from nonhuman primates.

Trophoblast stem cells (TSC) are defined as pluripotent
cells whose differentiated derivatives are restricted to the
trophoblast lineages. Upon aggregation with mouse em-
bryos, they can give rise to all trophoblast elements of the
definitive mouse placenta (9), but they do not contribute to
the embryonic germ layers giving rise to the tissues of the
fetus proper. TSC derived directly from trophectoderm offer
an appealing system with which to investigate the regulation
of trophoblast differentiation because they putatively rep-
resent the earliest trophoblast progenitor population (10).

There have been efforts, where approved by local ethical
oversight, to directly derive TSC from human embryos (11).
The methods developed to successfully derive TSC from
mouse embryos have not been reported to yielded compa-
rable cells from human blastocysts. It is not clear why this
should be the case. However, the growth factor requirements
and regulatory pathways for ESC derivation and differen-

tiation are diverse between mouse and human. For example,
it was determined early on during work on nonhuman pri-
mate (12) and subsequently human (13) ESC derivation, that
whereas leukemia inhibitory factor is critical for sustaining
mouse ESC, it was ineffectual in the human system. The
pathways that sustain undifferentiated growth in human
ESC have subsequently been shown to rely primarily on
fibroblast growth factor (FGF) 2 and TGF-�/activin signal-
ing, directing suppression of bone morphogenetic protein
(BMP) signaling, for undifferentiated growth of ESC (14). It
seems reasonable to predict that TSC could eventually be
derived from human embryos given sufficient material with
which to evaluate a broad range of culture conditions; how-
ever, the ongoing scarcity of these resources for experimental
purposes makes the development of alternative approaches
necessary for progress beyond the mouse model.

A. Growth factor requirements of trophectoderm-derived
stem cells

In the mouse, TSC are readily obtained by culturing cells
from the extraembryonic ectoderm of implanting embryos or
from outgrowths of cultured blastocysts (9, 11). A key feature
of mouse TSC is their expression of transcription factors
shown to be crucial in placental development, the homeobox
transcription factor CDX2, the T box factor eomesodermin
(EOMES), and the steroid receptor superfamily member es-
trogen receptor-related protein-b. This review will not pro-
vide a detailed account of the work relating to these tran-
scription factors because the topic is well-covered elsewhere
(1, 3, 15). Survival of mouse blastocyst-derived TSC requires
FGF4 and embryonic fibroblast-conditioned medium (sup-
plying TGF-� and activin-A) (16). In the presence of these
factors, mouse TSC exhibit sustained undifferentiated pro-
liferation, without significant expression of the phenotypic
markers of placental trophoblasts, such as placental lactogen,
or placental prolactin-related proteins. Removal of FGF4 re-
sults in rapid trophoblast giant cell formation and onset of
hormone gene transcription (9).

Cells with TSC characteristics have also been obtained
from outgrowths of bovine and porcine blastocysts (17, 18),
although their analysis has been much more limited than in
the mouse. Isolation of trophectoderm-derived stem cells
from primate embryos proved more difficult, and it is only
recently that cells with TSC characteristics were obtained
from rhesus blastocyst outgrowths plated on collagen-coated
dishes after initial expansion with rhesus embryonic feeder
cells (19). These cells were maintained as continuously rep-
licating cultures in the absence of growth factors or feeder
layers, distinguishing blastocyst-derived TSC in the mouse
and the rhesus monkey.

As with mouse and primate ESCs, the growth factor re-
quirements for maintaining rhesus trophectoderm-derived
stem cells also differ from those of mouse TSC. Bovine and
porcine trophectoderm-derived stem cells also require feeder
layers for maintenance, although in one report bovine TSC
were maintained in the presence of fibroblast-conditioned
medium alone (18). On the other hand, we found that rhesus
trophectoderm-derived cells could be maintained in culture
without feeder layers or the addition of BMP4 or FGFs (19).
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It is likely important to note that whereas rhesus trophec-
toderm-derived trophoblasts do not require endogenous
growth factor addition for their expansion, it may be that
specific constituents of the culture medium, which contains
15% fetal bovine serum, specifically support growth.

Rhesus trophectoderm-derived trophoblasts express tro-
phoblast markers CG�, CD9, and CK7 and form multinu-
cleated syncytiotrophoblast-like structures. Surprisingly, the
cells do not express the mouse trophectoderm marker CDX2,
although they do express EOMES. However, when these
cells are cultured in the presence of activin-A, CDX2 expres-
sion (determined by Western blotting) is increased (P. Kumar
and G. C. Douglas, unpublished observations). It is interest-
ing to compare these findings with the effects of activin-A on
human first trimester villous explants. In the latter case,
activin appears to promote outgrowth of extravillous cells,
suggesting that it may be involved in cytotrophoblast col-
umn formation in vivo (20, 21). Activin has also previously
been shown to increase the secretion of human chorionic
gonadotropin (hCG) by human villous syncytiotrophoblasts
(22), suggesting that it may promote trophoblast differenti-
ated function during pregnancy as well as trophoblast ex-
pansion in culture paradigms.

B. Transcription factors involved in trophoblast stem cell
maintenance and differentiation

The maintenance of progenitor or stem cell pluripotency
and initiation of differentiation are controlled by subtle
changes in the expression levels of a network of transcription
factors (23–25) as well as by interactions between them. As
far as trophectoderm formation is concerned, key roles
have been ascribed to the POU-family transcription factor
POU5F1 (OCT4) and the homeobox domain transcription
factor CDX2 (26, 27). With OCT4 as a key regulator main-
taining pluripotency, studies of the effects of reduced ex-
pression have helped provide further insight into the im-
portant role of CDX2 in the mouse for trophectoderm
differentiation. Studies with mouse ESC have demonstrated
differentiation to the trophectoderm lineage upon condi-
tional repression of OCT4 (27–29), and this differentiation
relies on interactions of CDX2 with OCT4 in regulation of
OCT4 target genes (26). CDX2 is essential for entry to the
trophectoderm lineage, although it has recently been shown
to be downstream of TEAD4 in trophoblast lineage specifi-
cation in the mouse (30, 31).

The role of OCT4 and particularly CDX2 in human and
nonhuman primate trophectoderm formation and in TSC
differentiation is less clear than in the mouse, and it may be
different. In human blastocysts, OCT4 is expressed by tro-
phectoderm, although at lower levels than the inner cell mass
(ICM) (32). Expression of OCT4 by both the ICM and tro-
phectoderm has also been reported for porcine and bovine
embryos (3, 33). OCT4 expression was found in the ICM and
trophectoderm of early rhesus monkey blastocysts, although
in hatched blastocysts expression it was only found in the
ICM (34). Thus, unlike the mouse, OCT4 expression may not
be restricted to pluripotent cells in all preimplantation em-
bryos. OCT4 is expressed in undifferentiated human ESCs
and in early differentiated ESCs (35) but is lost as differen-

tiation proceeds (36). OCT4 is expressed by rhesus ESCs (12,
37, 38) but was still detected as the cells differentiated (39).

An important difference between OCT4 expression in mice
and primates is the existence of splice variants in the human
and the rhesus (40, 41), termed OCT3A and OCT3B, arising
from alternative splicing (40). Two splice variants are also
expressed in cynomolgus monkeys (Macaca fascicularis) (41).
In the human blastocyst, OCT3A and OCT3B have different
intracellular distributions suggesting possible differences in
function (25). In cynomolgus monkey ESCs, transient over-
expression of OCT3A caused ESC differentiation into
endodermal and mesodermal lineages, whereas overexpres-
sion of OCT3B failed to induce ESC differentiation (41). The
existence of these splice variants indicates that care should be
used in the selection of antibodies used for expression stud-
ies. Similarly, the presence of OCT4 pseudogenes can confuse
the interpretation of RT-PCR data unless primer design is
carefully controlled (42).

Other studies with human or primate oocytes or embryos
indicate that the intracellular dynamics of critical transcrip-
tion factors warrant careful attention. For example, OCT4
transcripts are expressed by human oocytes and cleavage
stage embryos, but OCT4 protein is found in the cytoplasm.
In compacted embryos, OCT4 is found in the nucleus (25).
Other results in the same study also suggest that the intra-
cellular distribution of OCT4 variants (OCT3A and OCT3B)
is different. Other transcription factors (including CDX2; see
Section C) can also be found in the cytoplasm or nucleus (or
both) depending on developmental stage or cell type (43).

C. CDX2 and trophectoderm determination

Microarray studies show that CDX2 transcripts are ex-
pressed by trophectoderm isolated from human blastocysts
(44). Interestingly, CDX2 expression was not discussed in a
review of primate ESCs (45) or in recent reports dealing with
rhesus ESC characterization (37, 38). Previously we reported
that rhesus trophectoderm did not express CDX2 based on
immunocytochemical staining of blastocysts (19). However,
the antibody (ab22586; AbCam Inc., Cambridge, MA) used
for characterization has since been withdrawn by the man-
ufacturer due to concerns about specificity. Using a better-
characterized anti-CDX2 antibody (clone CDX2–88; Cell-
Marque, Rocklin, CA) we have been able to confirm that
rhesus trophectoderm does express CDX2 (Fig. 1). Similar
results have been reported in abstract form (46). We have so
far not been able to confirm CDX2 expression by the initial
cell outgrowths derived from rhesus blastocysts. After many
passages in the absence of added growth factors or a feeder
layer, rhesus blastocyst-derived TSC do not express CDX2
(measured by immunocytochemistry, Western blotting, and
RT-PCR). However, CDX2 expression can be induced by
culturing these cells with activin-A (see Section A).

To our knowledge, no forced CDX2 expression or silencing
studies have been published using primate stem cells. In the
cow, trophoblasts covering the embryonic disc express OCT4
and NANOG, but these trophoblasts show no expression of
EOMES and only weak expression of CDX2 (47). It is there-
fore not clear whether CDX2 regulates trophectoderm for-
mation and proliferation in primates (and ruminants) as it
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does in the mouse. Also, although TEAD4 appears to regu-
late CDX2 expression in the mouse (30, 31), its role in reg-
ulating CDX2 expression and trophectoderm lineage speci-
fication in primates has not been established.

D. Role of FOXD3 in trophoblast stem cell
lineage determination

A transcription factor that has received relatively little
attention with regard to trophoblast differentiation is the
winged helix transcription factor FOXD3, which belongs to
the Forkhead Box (Fox) family (48). All members share the
highly conserved forkhead domain that is responsible for
DNA binding and also for interaction with homeodomain
transcription factors. FOXD3 and OCT4 have been shown to
bind to identical regulatory DNA sequences, and OCT4 can
bind to the FOXD3 DNA binding site, thereby repressing its
activity (49).

Much of what is known about FOXD3 has come from
studies of its role in neural crest determination in several
species. However, FOXD3 also plays a crucial role in the
maintenance of progenitor cells in both the epiblast and
trophectoderm in the mouse (50, 51). Trophoblast progeni-
tors in null Foxd3 mouse embryos are unable to self-renew
and are not multipotent (51). The mutant cells give rise to an
excess of trophoblast giant cells without development of the
spongiotrophoblast and labyrinthine lineages. FOXD3 is ex-
pressed by trophoblast giant cells in the gastrula-stage mouse
embryo, but expression is down-regulated at later stages of
development. Recent studies using mouse ESCs harboring
an inducible FOXD3 deletion mutation suggest that FOXD3
functions to maintain ESCs in an undifferentiated state by
repressing differentiation toward extraembryonic and em-
bryonic lineages (51).

Whereas FOXD3 is expressed by human and rhesus ESCs
(37, 52) and its expression appears to be regulated by OCT4,
virtually nothing is known of its role in trophectoderm/

trophoblast differentiation in human and nonhuman pri-
mates. Indeed, a general assumption seems to be that FOXD3
expression is restricted to pluripotent stem cells and to mul-
tipotent neural crest cells.

Our RT-PCR, Western blotting, and immunocytochemical
results (Fig. 2) show that FOXD3 is expressed by rhesus
blastocyst-derived TSC as well as by primary cultures of
early gestation rhesus trophoblasts. In some of these cells
(Fig. 2C, upper and middle rows), FOXD3 is found only in the
cytoplasm, whereas in other cells both a nuclear and cyto-
plasmic distribution is evident. We also found strong cyto-
plasmic FOXD3 expression in villous cytotrophoblasts and
syncytiotrophoblasts (identified by positive cytokeratin
staining) in sections of early gestation macaque placental/
decidual tissue (Fig. 2C, bottom row). Trophoblasts in the cell
columns (also identified by positive cytokeratin staining) of
anchoring villi had low/absent FOXD3 expression, but ex-
pression was found in extravillous trophoblasts in the tro-
phoblastic shell. The latter cells showed both nuclear and
cytoplasmic FOXD3 expression. The persistence of FOXD3
expression in differentiated villous trophoblast cells and ex-
travillous trophoblasts is clearly different from the pattern of
expression in the mouse placenta and raises the obvious
question as to its function in these cells. The exclusive cy-
toplasmic expression of FOXD3 in villous trophoblasts sug-
gests that an extranuclear function predominates in these
cells. Nonnuclear, nontranscriptional roles have been as-
cribed to other transcription factors (53–55), and so a cyto-
plasmic function for FOXD3 in villous trophoblasts cannot be
discounted. The nuclear expression of FOXD3 in some ex-
travillous trophoblasts in the trophoblastic shell region sug-
gests that it could be active as a transcriptional regulator.
Although the exact role of FOXD3 in extravillous tropho-
blasts is not currently known, we are investigating the idea
that FOXD3 somehow regulates migratory behavior or the
formation of migratory trophoblasts.

E. FOXD3 is expressed by migratory cells and regulates
adhesion molecule expression

FOXD3 is generally considered to be a transcriptional re-
pressor and to be involved in the maintenance of pluripo-
tency. However, FOXD3 can also function as a transcrip-
tional activator (23), and additional roles for FOXD3 are
emerging particularly with regard to the differentiation of
migratory cell phenotypes. FOXD3 is expressed in premi-
gratory and migratory neural crest cells, and ectopic expres-
sion of FOXD3 was found to induce the expression of mi-
gratory neural crest markers and stimulate their migratory
activity away from the neuroepithelium (56). During this
epithelial-mesenchymal transformation, FOXD3 appears to
regulate the expression of cell-cell adhesion molecules such
as �1 integrin and cadherin 7 that are required for neural
crest migration (57). While promoting the neural crest cell
fate, FOXD3 blocks dorsal neuroepithelial cell differentiation
into interneurons (56).

The formation of invasive trophoblasts has some features
in common with epithelial-mesenchymal transformation
(58). Changes in E-cadherin expression occur during embry-
ogenesis and trophoblast invasion in the mouse and human

FIG. 1. Expression of CDX2 by the rhesus monkey blastocyst.
Hatched rhesus blastocysts were fixed in paraformaldehyde, perme-
abilized with Triton X-100, and then incubated with mouse mono-
clonal anti-CDX2 antibody (CDX2–88, Cell-Marque, Rocklin, CA)
followed by AlexaFluor488-conjugated rabbit antimouse secondary
antibody (green fluorescence). Controls were incubated with isotype-
matched mouse Ig instead of the anti-CDX2 antibody. Nuclei were
stained with 4�,6-diamidino-2-phenylindole (blue). The location of the
inner cell mass is indicated by an asterisk.
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(59, 60). Changes in integrin expression and metalloprotein-
ase expression also occur during the formation of invasive
trophoblasts (61). It is tempting to speculate that FOXD3 may
play a role in trophoblast lineage specification in primates
either by promoting or suppressing differentiation of villous
and/or extravillous trophoblasts. However, this hypothesis
is essentially unexplored.

F. Additional considerations

Because canonical transcription factor function is depen-
dent on nuclear localization, this implies that more attention
should be given to understanding the regulation of tran-
scription factor nucleocytoplasmic shuttling. Some informa-
tion about the regulation of OCT4 nuclear import is already
known for mouse ESCs (62). Phosphorylation of CDX2 reg-
ulates its nuclear translocation and degradation in human
intestinal epithelial cells (63, 64). The mechanisms that reg-
ulate FOXD3 nucleocytoplasmic shuttling are not known.
However, Akt-mediated phosphorylation of certain other
forkhead family transcription factors causes their exit from
the nucleus and retention within the cytoplasm (65, 66).
Other studies have shown changes in the expression of im-
portins and exportins during embryogenesis and stem cell

differentiation (67, 68), but more work is needed in the con-
text of trophectoderm maintenance and differentiation. Fi-
nally, transcription factor (including OCT4) expression/
function may also be controlled by epigenetic factors (69, 70)
and by exogenous factors such as hormones, growth factors,
or oxygen levels (27, 71–73). These are all recognized as
critical influences in preimplantation embryo development.

G. Summary

The availability of TSC offers real advantages to advancing
our understanding of trophoblast differentiation and func-
tion. However, the approaches for deriving TSC in human
and nonhuman primates from preimplantation embryos still
require development. The ethical considerations and/or ex-
pense of conducting studies on periimplantation embryos
and very early pregnancy implantation sites limit the studies
that can be performed in vivo to elucidate trophoblast func-
tion and mechanisms of differentiation. Such in vivo studies
in the murine model have provided the basis for validating
TSC lines with specific gene expression profiles (10), but
without similar guidance in primates the assumption cannot
be made that in vitro-derived TSC function in an identical
manner to their in vivo counterparts. The rhesus monkey

FIG. 2. Expression of FOXD3 by rhesus trophoblasts. A, RT-PCR analysis of rhesus trophoblast stem cells (1192T). RNA was incubated with
or without reverse transcriptase (RT), and the cDNA was analyzed using primers against FOXD3 (forward, caccagcagcccctgacatt; reverse,
gtgatgagcgcgatgtacga; product size 229 bp). B, Western blot analysis of trophoblast stem cells. Cells were lysed, heated in sample buffer, and
subjected to Western blotting using rabbit anti-FOXD3 antibody (Ab64807; AbCam Inc., Cambridge, MA). C, Immunofluorescence analysis of
FOXD3 expression in rhesus TSC, primary culture of early gestation trophoblasts (Troph), and paraffin-embedded placental/endometrial tissue
(anchoring villus). Cultured cells were fixed and permeabilized using paraformaldehyde and Triton X-100. Tissue from a pregnant (GD35) rhesus
implantation site was fixed in formalin and embedded in paraffin. Sections were subjected to antigen retrieval (Antigen retrieval tablets;
GeneTex, Inc., San Antonio, TX). Fixed cells and tissue sections were stained using rabbit anti-FOXD3 antibody (AbCam), followed by
AlexaFluor488-labeled goat anti-rabbit Ig. Tissue sections were double-stained with a mouse anti-pan-cytokeratin antibody (Biomeda Corp.,
Foster City, CA), followed by a AlexaFluor647-labeled goat antimouse secondary antibody. Controls were incubated with nonimmune rabbit
Ig instead of the anti-FOXD3 antibody. CC, Cytotrophoblast column; CS, cytotrophoblast shell; VT, villous trophoblast. The scale bar represents
50 �m.
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model is particularly important in determining appropriate
markers for primate TSC function because the gene expres-
sion of embryos and early TSC outgrowths can be monitored
without the ethical concerns of such work using human
embryos. With improved methods for quantitative PCR and
dot blot hybridization, it is possible to monitor gene expres-
sion in single primate embryos and in very small cell num-
bers such as those available during the initial outgrowth of
the trophectoderm (74).

III. Embryonic Stem Cells as a Source for the
Derivation of Trophoblast Stem Cells

The distinct advantage of deriving TSC from nonhuman
primate embryos and those of other experimental and do-
mestic species is the opportunity to directly study those cells
with in vivo aggregation and microinjection studies. These
studies will provide the best opportunities for testing hy-
potheses on maternal-placental signaling, transcriptional
control of differentiation, and immune influences on endo-
metrial biology, areas of placental biology with direct impact
on pregnancy success and pathophysiological implantation.
However, it is of course most desirable to be able to directly
test, where possible, cellular and molecular hypotheses with
human-derived cells to best consider possible therapeutic
approaches for threatened or failing pregnancies. With the
advent of embryonic stem-like cells from primates, the pos-
sibility of these cells serving as embryonic surrogates for the
study of trophoblast development has been of interest. This
section will summarize the current findings and future op-
portunities with emphasis on human and nonhuman pri-
mate cells.

A. Spontaneous differentiation of ESC to trophoblasts

With the first studies of rhesus monkey ESC, it became
clear that in addition to growth factor dependence, there
were other fundamental differences between mouse and pri-
mate ESC. Mouse ESC do not contribute to the trophoblast
lineage in aggregated preimplantation embryos, and the in
vitro differentiation of trophoblasts from mouse ESC only
proceeds under certain experimental circumstances. As men-
tioned earlier, OCT4 repression allows CDX2 to promote
formation of the trophectoderm lineage (26). Mouse ESC
lacking poly (ADP-ribose) polymerase expression show en-
hanced spontaneous differentiation of trophoblast giant cells
(75). Recently, it has also been reported that collagen type IV,
a basement membrane constituent, can direct differentiation
of mouse ESC toward the trophectoderm lineage (76).

Rhesus ESC allowed to spontaneously differentiate in cul-
ture led to the formation of trophoblasts, as revealed by the
secretion of chorionic gonadotropin (CG) into the culture
medium (12). The secretion of CG was confirmed by in-
creased gene expression of both the �- and �-subunits of
rhesus CG (12), which is a primate-specific marker of tro-
phoblast differentiation. With the subsequent derivation of
human ESC, the novel attribute of trophoblast differentiation
seen with rhesus ESC was underscored in that human ESC
likewise were able to spontaneously differentiate into tro-

phoblasts, again, with the secretion of hCG as the signal
hallmark of differentiation.

B. Directed trophoblast differentiation from human ESC

The use of human ESC as a model for studying early
trophoblast differentiation was subsequently moved for-
ward with a serendipitous observation made by Ren-He Xu
in the Thomson laboratory (77). In the continuous presence
of FGF2 and mouse embryonic fibroblast-conditioned me-
dium (which typically sustain undifferentiated human ESC
growth), addition of BMP-4 (or related ligands for BMP re-
ceptor IB, BMP-2, -7, or GDF-5) resulted in the differentiation
of human ESC to cells of a uniform epithelial appearance. At
low doses, morphological differentiation was detectable with
4-5 d and proceeded more rapidly at higher doses. Microar-
ray analysis to define the phenotype of these cells revealed
that the most highly differentially regulated genes included
differentiated secretion products of trophoblasts, transcrip-
tion factors, and growth factors associated with trophoblast
differentiation (e.g., CG�, GCM1, HASH2, HLA-G). Confir-
mation of this trophoblast molecular phenotype was pro-
vided by the measurement of secreted hormones, including
hCG, progesterone, and estradiol-17�. The cosecretion of
gonadotropic and sex steroid hormones is most logically
interpreted as indicating advanced trophoblast differentia-
tion after BMP-4 treatment. An additional important mor-
phological characteristic of these cells was the formation of
occasional multinuclear syncytiotrophoblasts, the terminally
differentiated cell of the chorionic villi. However, the mono-
nuclear cell population did not exhibit unlimited growth and
propagated poorly. It remains unclear whether this indicates
senescence or dedifferentiation of the cells with prolonged
culture, or whether culture/growth factor conditions can
be identified that will sustain these cells for prolonged
proliferation.

Other investigators have made additional use of this par-
adigm since it was first reported, utilizing both spontaneous
differentiation (78) and the BMP treatment approach (79) to
evaluate regional trophoblast differentiation within individ-
ual ESC colonies. A potentially significant role of cell-cell
interactions was seen, with the cells located at the periphery
of the ESC colonies undergoing more rapid differentiation
and the more densely aggregated centrally located cells re-
taining OCT4 expression despite the presence of BMP-4.
Whether this reflects differential expression of receptors or
downstream signaling molecules has not been addressed.
The time course of differentiation has been defined by further
microarray studies, and the coordinate increase in the ex-
pression of genes associated with trophoblast differentiation
and a decrease of genes associated with the maintenance of
pluripotency (OCT4, NANOG, SOX2) supports the morpho-
logical observations (80). Some cells at the periphery of dif-
ferentiation colonies also express HLA-G, typically an ex-
travillous trophoblast marker. The apparent mixture of
villous (hCG expression) and extravillous (HLA-G expres-
sion) phenotypes does suggest that multipotent trophoblast
progenitors appear during ESC colony differentiation, which
can give rise to both pathways of trophoblast development.
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C. Oxygen tension and ESC differentiation

Numerous studies have demonstrated the crucial role of
oxygen in the control of trophoblast differentiation across a
spectrum of functional characteristics. A critical aspect of
primate placental function is to provide extravillous tropho-
blasts that invade the endometrial stroma (interstitial inva-
sion), as well as the maternal spiral arterioles of the decidua
(endovascular trophoblasts). These latter cells play a critical
role in the remodeling of these maternal vessels in implan-
tation. Although all contributing mechanisms are not yet
entirely understood (81, 82), it is clear that removal of the
vascular endothelium with endovascular trophoblast migra-
tion and subsequent loss of the smooth muscle of the tunica
media result in the formation of maternal vessels in the
proximity of the placenta lacking vasoreactive smooth mus-
cle and potentially proinflammatory endothelia. It is also
clear that in pathological pregnancies characterized by poor
placentation, including reduced extravillous trophoblast mi-
gration and deranged remodeling of the spiral arterioles, the
trophoblasts in these placentas have an inappropriate phe-
notype, which suggest inadequate differentiation, and inap-
propriate responses or expression of factors important for
oxygen sensing and the normal downstream responses to
relative hypoxia (83). The poor outcome of these pregnancies,
with reduced oxygenation at the maternal-fetal interface,
thus may be due to inappropriate trophoblast differentiation.
Thus, trophoblast function by oxygen tension is of funda-
mental clinical as well as biological importance.

The role of oxygen in trophoblast differentiation in mice
has been creatively addressed with the derivation of TSC
lacking the oxygen-sensing components HIF-1a, HIF-2a, and
ARNT, interacting subunits of the hypoxia-inducible factor
(HIF) transcriptional regulatory complex (84). The differen-
tiation capacity of these cells is skewed toward formation of
labyrinthine trophoblasts and a concomitant reduction in
spongiotrophoblast and giant cell differentiation, likely at
least in part due to changes in mash2 expression [a basic
helix-loop-helix transcription factor important in trophoblast
differentiation (85)]. Because in implantation low oxygen
tension will typically be sensed by trophoblasts and other
important cellular components of the developing placenta
(particularly endothelial cells), it is logical for physiologically
low oxygen to coordinately promote differentiated tropho-
blast function as well as angiogenesis and migration, “core
processes of placentation” (86). Hypoxia-insensitive mouse
TSC lacking HIF1a/HIF-2a/ARNT exhibit decreased migra-
tion, likely linked to decreased aVb3 integrin expression. In
addition, OCT4 has been shown to be a direct target of
HIF-2a, which up-regulates OCT4 expression in response to
reduced oxygen tension, and thus may be crucial in the
regulation of stem cell maintenance vs. proliferation.

The effects of oxygen on mouse TSC have parallels to
results with human placental trophoblasts. Culture of human
extravillous trophoblasts in “low” (physiological) oxygen
tensions of 2.5–5% promotes proliferation of human placen-
tal cytotrophoblasts. Transition to higher O2 (8%, as might be
encountered in the maternal endometrial vascular bed) pro-
moted invasive differentiation, and a broad spectrum of ac-
tivities that collectively define the extravillous phenotype

(87). These include expression of HLA-G, secretion of matrix
metalloproteinases, and integrin switching to an extravillous
phenotype (83). There have been excellent reviews of the
regulation of trophoblasts by oxygen tension (88, 89), and the
reader is referred to those for further discussion, which is
beyond the scope of this current review.

Because both early embryo development and trophoblast
differentiation proceed under relatively low intrauterine ox-
ygen tensions, it could be suggested that culture of human
ESC in conditions of relative hypoxia may either predispose
them to differentiation toward the trophoblast lineage or
sustain undifferentiated growth. Studies from the Roberts
laboratory (78) have shown that the effects of reduced oxy-
gen tension were to restrain differentiation (including BMP4-
mediated trophoblast differentiation) and maintain the un-
differentiated pluripotent state. Atmospheric oxygen tension
accelerated trophoblast differentiation and the formation of
multinuclear syncytiotrophoblasts (79). These results under-
score the central importance of the transcriptional milieu in
trophoblast differentiation, with other environmental cues
such as oxygen tension having a variety of potential mod-
ulatory effects.

D. The embryoid body paradigm for trophoblast
differentiation

Other paradigms for the differentiation of trophoblasts
from human ESC have been explored as well. The formation
of embryoid bodies is a long-standing approach for studying
ES cell differentiation. With mouse ESC, embryoid bodies
can be formed from small aggregates in hanging drops, in
suppression culture in bacterial grade dishes, or in carboxy-
methyl cellulose gels (90). Embryoid bodies derived from
human ESC also provide an environment for differentiation
and have been used to initiate differentiation of endodermal,
mesodermal, and ectodermal lineages (91). We considered
the possibility that embryoid body formation represented an
opportunity to provide spatial cues to the ESC that could
promote formation of cells representing the trophectoderm
lineage. Embryoid body formation was initiated by treat-
ment with dispase and collagenase to liberate the human ESC
colonies, and they were maintained in suspension to “rean-
neal” into spherical structures (92). Careful attention to
growth of ESC colonies is important to provide consistent
and homogeneous populations of human ESC embryoid
bodies. Our prediction of trophoblast differentiation was
borne out by endocrine and immunohistochemical criteria.
We noted that within 48 h of initiation of embryoid body
formation, there was a small but consistently detectable in-
crease in the secretion of hCG, progesterone, and estradiol-
17� into the culture medium (92). However, there was no
further increase in hormone secretion from embryoid bodies
maintained for up to 9 wk in continuous suspension culture.
Thus, these data suggest that trophoblast differentiation may
be initiated but does not progress in embryoid bodies in
suspension culture to a phenotype with substantially in-
creased endocrine differentiation.

We hypothesized that maintaining these embryoid bodies
in suspension culture does not effectively mimic the process
of embryo implantation. We have developed two paradigms
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to further study the trophoblast population initiated by em-
bryoid body formation. Reasoning that the rapid invasion of
the human embryo into the decidua at the implantation site
includes, at least in part, interactions of trophectoderm with
the extracellular matrix of the endometrial stroma (83), a
paradigm was developed based on studies utilizing chori-
onic villus explants placed onto droplets of solidified Ma-
trigel extracellular matrix (93). Matrigel is soluble at 4 C but
takes on a gel consistency at 37 C. Its principal extracellular
matrix components of collagen IV, laminin, heparan sulfate
proteoglycan (perlecan), and nidogen are similar to that de-
scribed for the human first trimester decidual matrix (94).
Embryoid bodies were formed in suspension culture and
after 2–8 d were placed into extracellular matrix droplets,
which in turn were maintained in suspension. Within 1–2 wk,
cellular processes were seen to be extending outward from
the surface of the embryoid bodies, and these processes con-
tinued to grow outward for at least several weeks. Intrigu-
ingly, as the outgrowths extended from the surface of the
embryoid bodies, there was a concomitant and progressive
rise in the secretion of hCG, progesterone, and estradiol-17�
into the culture medium. Further studies confirmed that all
these were undetectable in cultures without embryoid bod-
ies, and that estradiol secretion relied on androgen substrate
present in the fetal bovine serum, a component of the culture
medium (92).

Although these results were intriguing, it is exceedingly
tedious to work with this “three-dimensional” embryoid
body culture paradigm, and we sought to simplify the sys-
tem and allow direct access to the outgrowths from the
embryoid bodies. Thus, we coated culture dishes with a thin
layer of Matrigel and plated embryoid bodies directly onto
the dish surface, or a “two-dimensional” culture paradigm
(92). In this paradigm, we also noted substantial (and rapid)
outgrowth of cells from the embryoid body culture surface.
Within approximately 1 wk, there was detectable hCG, pro-
gesterone, and estradiol-17� secretion into the culture me-
dium, presumably from the outgrowth cells. After 2 wk
however, hormone secretion began to decrease and it was
very low by 4 wk of culture, as cells became confluent.
Further passage failed to reinitiate hormone secretion. Given
these results, what are we able to conclude? First, with the
H1 and H9 lines used in our studies, there is spontaneous
formation of trophoblasts upon embryoid body formation. It
is not known whether the phenotype of these trophoblasts is
similar to those cells that are secreting hCG in spontaneously
differentiating human ESC. In addition, it has not yet been
feasible to isolate the outgrowths in three-dimensional cul-
ture, which is likely the primary source of hCG secretion,
based on interpretation of immunohistochemical analyses of
three-dimensional embryoid body cultures (92).

The two-dimensional paradigm provides a better oppor-
tunity for defining the outgrowth population. We have con-
ducted preliminary studies of 2-wk outgrowths from em-
bryoid bodies, demonstrating that the cells are essentially
pure populations of hCG- and cytokeratin 8-postiive cells (G.
Gerami-Naini, O.V. Dovzhenko, S.V. Dambaeva, M. Durn-
ing, M.A. Garthwaite, R.L. Grendell, T.G. Golos, in prepa-
ration). Examination of these cells by flow cytometry for cell
surface markers and by microarray to better define their

phenotype allows some potential conclusions. First, the cells
are clearly within the trophoblast lineage. They express a
broad spectrum of markers of trophoblast differentiated
function (Table 1), as well as transcription factors associated
with trophoblast differentiation in mouse placenta and also
expressed in the human placenta. The cells are likely to
represent cells relatively early in the pathway of placental
development because they do not express certain markers of
later differentiation (e.g., chorionic somatomammotropin or
placental GH). However, once again, they express genes for
steroidogenic enzymes considered to be primarily indicative of
villous syncytiotrophoblast differentiation. Thus the pheno-
type of these cells within the well-defined trophoblast com-
partments of the definitive placenta remains unclear.

Other investigators have used the embryoid body para-
digm to study trophoblast differentiation. Harun et al. (95),
utilizing H7 and H14 human ESCs, cultured individual em-
bryoid bodies in microtiter wells, using mouse TS medium
(9) to “screen” for cells with elevated hCG secretion as an
indicator of trophoblast differentiation. This approach al-
lowed the identification of a subset (approximately 4%) of
embryoid bodies that were then disaggregated, passaged
and expanded, and evaluated for evidence of further differ-
entiation. Morphological differentiation was assessed in cul-
ture dishes on Matrigel, and it was observed that a subset of
cells expressed HLA-G as evidenced by immunohistochem-
ical and flow cytometric staining. These cells were also eval-
uated in cocultures with endometrial stromal and epithelial
cells or in a migration assay for invasive activity, and it was
determined that they were able to migrate through Matrigel,
as well as displace endometrial cells from culture dishes.
There was morphological evidence of syncytiotrophoblast
differentiation. These authors concluded that the potential to
form cells expressing HLA-G, as well as capable of morpho-
logically forming syncytia, supports a cytotrophoblast stem
cell-like identity.

Other human ESC lines may differ in their ability to dif-
ferentiate into trophoblasts. Although it is clear that several
cell lines tested from different laboratories respond to BMP
treatment with trophoblast differentiation, there are also re-
ports of different responses to BMP treatment. Treatment of

TABLE 1. Differential gene expression between embryoid body
outgrowths and undifferentiated H1 human embryonic stem cells

Gene name Fold-induction Gene name Fold-induction

CG� 8194 HAND1 356
GATA3 2431 CYP11A1 253
S100P 1269 GCM1 55
HSD3� 1130 CRH 33
CG� 648 PSG1-9 9–80
AP2� 614 GnRH2 5.7

BHLHB2 (stra13) 5

Five independent samples of undifferentiated human ESC RNA
samples and five RNA samples from outgrowths of human ESC em-
bryoid bodies were analyzed by Affymetrix microarray. Differential
gene expression was examined to determine the fold-difference of
mean intensity levels of each Affymetrix probe set. Values presented
are the ratios of the mean intensity of five Affymetrix microarrays of
two-dimensional trophoblastic embryoid body outgrowths to un-
differentiated human ESC. Selected genes are presented, repre-
senting trophoblast hormones, steroidogenic enzymes, or tran-
scription factors.
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the HES-2 or HES-3 cell lines with BMP 2 resulted primarily
in differentiation of extraembryonic endoderm (96), with the
authors commenting that only occasionally were small foci
seen that morphologically resembled trophoblasts. It is not
understood what the intrinsic (cellular) or extrinsic (culture
condition) differences may be that result in these differences.

E. Criteria for defining ESC-derived trophoblasts as TSC

The intriguing question that arises from studies with hu-
man ESC is whether the trophoblast-like cells that differen-
tiate directly from these cells represent at least a first ap-
proximation of human TSC. To meet the definition of TSC
identity, several critical criteria must be fulfilled. First, at a
molecular level, extensive work with mouse TSC has estab-
lished the salient expression of the critical transcription fac-
tors EOMES, ERR�, and CDX2. As discussed above, there
have been conflicting reports that these factors are not ex-
pressed in human or nonhuman primate embryos, placentas,
or trophoblasts. In human ESC studies, we have failed to
confirm induction of CDX2 expression in embryoid body-
derived trophoblasts. There was no induction of CDX2 in
BMP-4-induced trophoblasts (see Supplemental Table 2 in
Ref. 73). On the other hand, some (97), but not all (98) studies
have reported CDX2 up-regulation with OCT4 suppression
in human ESC (97, 98), although in these latter cases specific
trophoblast expression was not demonstrated. Similarly, we
have failed to demonstrate EOMES or ERR� mRNAs in em-
bryoid body-derived trophoblasts, nor are they up-regulated
in BMP-4-derived trophoblasts (77). It is possible that these
different outcomes may arise in part from different reagents,
methodological procedures, or genetic background of spec-
imens analyzed, or that these canonical markers for mouse
TSC may not be precisely recapitulated in human cells.

The second criterion would be the ability to give rise to all
the trophoblast populations of the definitive placenta. On the
one hand, investigators have shown human ESC differenti-
ation to cells with the morphological demonstration of syn-
cytium formation, indicating a villous cytotrophoblast phe-
notype, terminally differentiating to syncytiotrophoblasts. In
addition, there is some indication of expression of HLA-G, an
extravillous trophoblast marker (79, 95, 99), as well as dem-
onstration of invasive activity as a marker of the movement
of extravillous cells from the anchoring villus columns to
interstitial and endovascular compartments (95). Syncytium
formation and invasive activity are also noted in rhesus
trophectoderm-derived trophoblasts (19). These observa-
tions support a judgment of a “stem” population arising from
rhesus embryos and human ESC. Goals for future studies
should be (based on hallmark mouse TSC studies) to define
a transcriptional phenotype that defines the human/primate
TSC population. In addition, defining genes up- and down-
regulated during the differentiation toward the villous and
extravillous pathways is needed.

From a cellular perspective, mouse TSC derived from blas-
tocysts represent a stable cell population that can be ex-
panded and maintained in an “undifferentiated” state with
FGF4 and TFG�/activin (16). Rhesus trophectoderm-derived
cells (19) or human ESC-derived trophoblasts (95) can be
maintained and expanded in culture; however, whether they

represent a stable progenitor analogous to mouse TSC is not
clear. Essentially all studies of trophoblast derivation from
human ESC also use CG secretion or mRNA expression as a
marker for the trophoblast phenotype. The question arises as
to whether CG is a marker of differentiated trophoblasts or
whether it could serve as a TSC marker for primates. Al-
though CG secretion is generally considered a characteristic
of differentiated syncytiotrophoblast function, the secretion
of CG is in fact initiated in cultured rhesus (100), baboon
(101), marmoset (102), and human (103) blastocysts in ad-
vance of implantation. That is, it is secreted by the blastocyst
trophectoderm even before attachment to the endometrium
and initiation of the differentiation steps that culminate in the
formation of the villous and extravillous trophoblast com-
partments. Thus it is reasonable for CG expression to be
considered a potential characteristic of human and nonhu-
man primate TSC.

In addition to previous studies with the R278.5 rhesus ESC
(12), we have used other rhesus cell lines derived in the
Thomson laboratory. Our approach has been to systemati-
cally employ the rhesus cells in our established paradigms
for human ESC differentiation: BMP-4 treatment, embryoid
body formation, and two-dimensional and three-dimen-
sional culture in Matrigel environments. Analysis of these
studies remains preliminary, but we have been surprised by
apparent heterogeneity among the rhesus ESC lines. Embry-
oid body formation is consistent with all the lines, although
the cell lines do exhibit different growth characteristics. Out-
growths from the embryoid bodies in both two-dimensional
and three-dimensional culture is also reliably seen. Our ini-

FIG. 3. Growth of rhesus monkey blastocysts in Matrigel explant
culture. Rhesus monkey blastocysts were produced by in vitro fertil-
ization and the day after hatching were placed into solidified Matrigel
droplets. A, Day of placement into the Matrigel. B, Fourteen days
after placement into Matrigel. Invasive outgrowths from the surface
of the embryo are seen migrating into the Matrigel. C and D, Low-
magnification and high-magnification appearance of histological
sections of representative embryonic outgrowths from a Matrigel-
cultured embryo embedded in paraffin, sectioned, and immuno-
stained with an antibody against cytokeratin 7/8. The Matrigel be-
yond the outgrowths is undisturbed, whereas the Matrigel through
which the outgrowths migrated has been substantially digested. Fig-
ure 4 presents a low-magnification image of the digestion of Matrigel
at the periphery of an embryo cultured in Matrigel.
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tial studies with immunohistochemical analysis of suspen-
sion embryoid bodies indicates, however, that even the sim-
ple formation of a cytokeratin-positive outer surface of the
embryoid bodies is not consistent among cell lines. The for-
mation of this layer would seem to be essential for the ini-
tiation of trophoblast differentiation, and the R278.5 cell line
used in initial studies of trophoblast differentiation remains
the most reliable cell line for this step. For example, out-
growths from embryoid bodies in two-dimensional culture
express the trophoblast-specific major histocompatibility
complex-class I molecule Mamu-AG (M.A. Garthwaite, S.V.
Dambaeva, T.G. Golos, unpublished data).

F. Future prospects for study of TSC
differentiation potential

It will be important to have both in vitro and in vivo systems
for defining the differentiation capacity of candidate TSC.
Drawing on the embryoid body paradigm, we have been
working to develop an in vitro system in which the devel-
opment of rhesus embryos can be interrogated, much like the
development of embryoid bodies with regard to outgrowth
formation. We have piloted the placement of rhesus monkey
blastocyst stage embryos obtained by in vitro fertilization into
the three-dimensional Matrigel explant system. The hypoth-
esis is that blastocyst trophectoderm will initiate extravillous
trophoblast differentiation and invasion of the Matrigel. Dif-
ferentiation of embryonic epiblast will give rise to heman-
gioblastic precursors and embryonic mesenchyme, which
will become invested into the expanding trophoblastic shell,
and establish cell-cell contact and interactions likely to be
necessary for chorionic villus formation. Thus, an ultimate
goal could be the formation in vitro of the fundamental com-
ponents of a villous placenta. We have seen in our pilot
studies outcomes of embryo placement into the three-dimen-
sional Matrigel system that are supportive of the feasibility
of this goal. In particular, embryos growing in Matrigel ex-
plants send invasive, cytokeratin-positive cells into the sur-
rounding matrix (Fig. 3), which is degraded in the proximity
of the embryo, likely as a result of matrix metalloproteinase
secretion. At the same time, these embryos initiate the se-
cretion of CG and steroid hormones into the culture medium,

similar to previous results with embryoid bodies (T.-C.
Chang, G.I. Bondarenko, B. Gerami-Naini, J.G. Drenzek,
M. Durning, M.A. Garthwaite, T.G. Golos, manuscript in prep-
aration). Thus the methods established with embryoid bodies
will be applicable to embryo culture as well and illustrate the
synergistic approaches feasible with the nonhuman primate
model, using both embryonic and ESC models.

With a potential system available for in vitro embryo de-
velopment, efforts must now be put into establishing aggre-
gation approaches with ESC, TSC, and the three-dimensional
culture system. It should be feasible to apply the experience
available in the production of chimeric mouse embryos to
optimize, in vitro, methods to promote incorporation of rhe-
sus ESC or TSC candidates into developing embryos (Fig. 4).
One of the significant drawbacks of the nonhuman primate
model is the difficulty and cost of establishing successful
pregnancies with in vivo transfer of manipulated embryos
(104, 105). The three-dimensional culture system will hope-
fully allow progress with a more cost-effective paradigm of
potential ways to improve ESC and TSC integration into
developing embryos. ESC are advantageous for the deriva-
tion of TSC because they can (in theory) be genetically ma-
nipulated to explore the roles of specific factors in the func-
tion of TSC, in their contribution to differentiation events as
cultured cells, in aggregated embryo paradigms, and ulti-
mately, in vivo, with transfer of aggregated or manipulated
embryos.
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(in Matrigel three-dimensional culture)
and in vivo (with transfer to rhesus
monkey transfer recipients) study of
putative TSC allocation into differenti-
ated trophoblasts.

Douglas et al. • Trophoblast Stem Cells Endocrine Reviews, May 2009, 30(3):228–240 237

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/30/3/228/2355001 by guest on 16 August 2022



Address all correspondence and requests for reprints to: Thaddeus G.
Golos, Ph.D., Wisconsin National Primate Research Center, University
of Wisconsin, 1223 Capitol Court, Madison, Wisconsin 53715-1299. E-
mail: golos@primate.wisc.edu

This work was supported by National Institutes of Health (NIH)
Grants R01 HD057114 (to G.C.D.), RR13439 (to C.A.V.), AA014173 (to
C.A.V.), P51 RR00169 (to C.A.V.), R21 HD46919 (to T.G.G.), and P01
HD38843 (to T.G.G.); March of Dimes Grant 6-FY00-164 (to T.G.G.); and
Children’s Miracle Network Research Grant S-CMNGD06 (to G.C.D.).
This publication was made possible in part by NIH Grant P51 RR000167
from the National Center for Research Resources (NCRR), a component
of the NIH, to the Wisconsin National Primate Research Center, Uni-
versity of Wisconsin-Madison. This research was conducted in part at
a facility constructed with support from Research Facilities Improve-
ment Program Grants RR15459-01 and RR020141-01. The contents of this
publication are solely the responsibility of the authors and do not nec-
essarily represent the official views of the NCRR or NIH.

Disclosure Summary: The authors have nothing to disclose.

References

1. Rossant J 2008 Stem cells and early lineage development. Cell
132:527–531

2. Koestenbauer S, Zech NH, Juch H, Vanderzwalmen P,
Schoonjans L, Dohr G 2006 Embryonic stem cells: similarities and
differences between human and murine embryonic stem cells. Am J
Reprod Immunol 55:169–180

3. Kuijk EW, Du Puy L, Van Tol HT, Oei CH, Haagsman HP,
Colenbrander B, Roelen BA 2008 Differences in early lineage seg-
regation between mammals. Dev Dyn 237:918–927

4. Roberts RM, Ezashi T, Das P 2004 Trophoblast gene expression:
transcription factors in the specification of early trophoblast. Re-
prod Biol Endocrinol 2:47–56

5. Carter AM 2007 Animal models of human placentation—a review.
Placenta 28:S41–S47

6. Kunath T, Strumpf D, Rossant J 2004 Early trophoblast determi-
nation and stem cell maintenance in the mouse—a review. Placenta
25(Suppl A):S32

7. Oda M, Shiota K, Tanaka S 2006 Trophoblast stem cells. Methods
Enzymol 419:387–400

8. Takahashi K, Yamanaka S 2006 Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 126:663–676

9. Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J 1998
Promotion of trophoblast stem cell proliferation by FGF4. Science
282:2072–2075

10. Rielland M, Hue I, Renard JP, Alice J 2008 Trophoblast stem cell
derivation, cross-species comparison and use of nuclear transfer:
new tools to study trophoblast growth and differentiation. Dev Biol
322:1–10

11. Rossant J 2001 Stem cells from the mammalian blastocyst. Stem
Cells 19:477–482

12. Thomson JA, Kalishman J, Golos TG, Durning M, Harris CP,
Becker RA, Hearn JP 1995 Isolation of a primate embryonic stem
cell line. Proc Natl Acad Sci USA 92:7844–7848

13. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel
JJ, Marshall VS, Jones JM 1998 Embryonic stem cell lines derived
from human blastocysts. Science 282:1145–1147

14. Xu RH, Peck RM, Li DS, Feng X, Ludwig T, Thomson JA 2005
Basic FGF and suppression of BMP signaling sustain undifferen-
tiated proliferation of human ES cells. Nat Methods 2:185–190

15. Ralston A, Rossant J 2005 Genetic regulation of stem cell origins
in the mouse embryo. Clin Genet 68:106–112

16. Erlebacher A, Price KA, Glimcher LH 2004 Maintenance of mouse
trophoblast stem cell proliferation by TGF-[�]/activin. Dev Biol
275:158–169
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Auclair BA, Lainé J, Asselin C, Rivard N 2005 Cdk2-dependent
phosphorylation of homeobox transcription factor CDX2 regulates
its nuclear translocation and proteasome-mediated degradation in
human intestinal epithelial cells. J Biol Chem 280:18095–18107

64. Gross I, Lhermitte B, Domon-Dell C, Duluc I, Martin E, Gaiddon
C, Kedinger M, Freund JN 2005 Phosphorylation of the homeotic
tumor suppressor Cdx2 mediates its ubiquitin-dependent protea-
some degradation. Oncogene 24:7955–7963

65. Jackson JG, Kreisberg JI, Koterba AP, Yee D, Brattain MG 2000
Phosphorylation and nuclear exclusion of the forkhead transcrip-
tion factor FKHR after epidermal growth factor treatment in human
breast cancer cells. Oncogene 19:4574–4581

66. Van Der Heide LP, Hoekman MF, Smidt MP 2004 The ins and outs
of FoxO shuttling: mechanisms of FoxO translocation and tran-
scriptional regulation. Biochem J 380:297–309

67. Sasai Y 2007 A matter of some importins: nuclear transport factors
in ES cell maintenance and differentiation. Dev Cell 12:172–174

68. Okada N, Ishigami Y, Suzuki T, Kaneko A, Yasui K, Fukutomi
R, Isemura M 2008 Importins and exportins in cellular differenti-
ation. J Cell Mol Med 12:1863–1871

69. Hattori N, Nishino K, Ko YG, Hattori N, Ohgane J, Tanaka S,
Shiota K 2004 Epigenetic control of mouse Oct-4 gene expression
in embryonic stem cells and trophoblast stem cells. J Biol Chem
279:17063–17069

70. Tsuji-Takayama K, Inoue T, Ijiri Y, Otani T, Motoda R, Nakamura
S, Orita K 2004 Demethylating agent, 5-azacytidine, reverses differ-
entiation of embryonic stem cells. Biochem Biophys Res Commun
323:86–90

71. Chambers I 2004 The molecular basis of pluripotency in mouse
embryonic stem cells. Cloning Stem Cells 6:386–391

72. Covello KL, Kehler J, Yu H, Gordan JD, Arsham AM, Hu CJ,
Labosky PA, Simon MC, Keith B 2006 HIF-2� regulates Oct-4:
effects of hypoxia on stem cell function, embryonic development,
and tumor growth. Genes Dev 20:557–570

73. Westfall SD, Sachdev S, Das P, Hearne LB, Hannink M, Roberts
RM, Ezashi T 2008 Identification of oxygen-sensitive transcrip-
tional programs in human embryonic stem cells. Stem Cells Dev
17:869–881

74. Latham KE 2006 The primate embryo gene expression resource in
embryology and stem cell biology. Reprod Fertil Dev 18:807–810

75. Hemberger M, Nozaki T, Winterhager E, Yamamoto H, Nakagama
H, Kamada N, Suzuki H, Ohta T, Ohki M, Masutani M, Cross JC
2003 Parp1-deficiency induces differentiation of ES cells into tropho-
blast derivatives. Dev Biol 257:371–381

76. Schenke-Layland K, Angelis E, Rhodes KE, Heydarkhan-Hagvall
S, Mikkola HK, Maclellan WR 2007 Collagen IV induces tropho-
ectoderm differentiation of mouse embryonic stem cells. Stem Cells
25:1529–1538

77. Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, Zwaka TP,
Thomson JA 2002 BMP4 initiates human embryonic stem cell dif-
ferentiation to trophoblast. Nat Biotechnol 20:1261–1264

78. Ezashi T, Das P, Roberts RM 2005 Low O2 tensions and the
prevention of differentiation of hES cells. Proc Natl Acad Sci USA
102:4783–4788

79. Das P, Ezashi T, Schulz LC, Westfall SD, Livingston KA, Roberts
RM 2007 Effects of FGF2 and oxygen in the BMP4-driven differ-
entiation of trophoblast from human embryonic stem cells. Stem
Cell Res 1:61–74

80. Schulz LC, Ezashi T, Das P, Westfall SD, Livingston KA, Roberts
RM 2008 Human embryonic stem cells as models for trophoblast
differentiation. Placenta 29(Suppl A):S10–S16

81. Naruse K, Lash GE, Innes BA, Otun HA, Searle RF, Robson SC,
Bulmer JN 2009 Localization of matrix metalloproteinase (MMP)-2,
MMP-9 and tissue inhibitors for MMPs (TIMPs) in uterine natural
killer cells in early human pregnancy. Hum Reprod 24:553–561

82. Fons P, Chabot S, Cartwright JE, Lenfant F, L’Faqihi F, Giustiniani
J, Herault JP, Gueguen G, Bono F, Savi P, Aguerre-Girr M, Fournel
S, Malecaze F, Bensussan A, Plouët J, Le Bouteiller P 2006 Soluble
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