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lineages only on tibronectin or laminin. Thus, our findings
suggested that laminin regulates mESCs differentiation into
trophoblast in the defined culture condition. Previous
studies using serum or serum replacement which contain a
variety of ECM components most likely associated with an
ill-defined cocktail of growth factors. We have suggested
that serum hampers the elucidation of the biological
mechanisms and gives rise to apparently different con-
clusions on the ability of ESCs to differentiate into
trophoblast.

HESCs have been reported to express trophoblast
markers after treatment with BMP4 in vitro (Xu et al.
2002). Previous studies reported that mouse epiblast stem
cells or a subpopulation of epiblast-like mESCs express
trophoblast markers in response to BMP4 (Brons et al.
2007; Hayashi et al. 2008). Mouse epiblast stem cells
resemble hESCs more closely than mESCs (Brons et al.
2007; Tesar et al. 2007; Hayashi et al. 2008). We have
previously found polarized cell morphology and the
upregulation of Fgf5 expression and downregulation of
some self-renewal marker gene expression in mESCs
cultured on laminin or fibronectin (Hayashi et al. 2007).
These are characteristics of epiblast cells. In this study, cells
were treated with BMP4 on laminin in our defined culture
conditions. Our findings suggest that the differentiation via
an epiblast-like state is important for mESC differentiation
into trophoblast, and BMP4 can induce from both human
and mouse pluripotent stem cells to differentiate into
trophoblast.

As described above, BMP4 is a key component
promoting trophoblast differentiation from both mESCs
and hESCs (Xu et al. 2002). These findings contradict
previous reports in which BMP4 supported cell self-
renewal. However, that was observed with BMP4 in
conjunction with LIF (Ying et al. 2003; Qi et al. 2004).
BMP4 supports mESC self-renewal by inhibiting neural
differentiation which is not inhibited by LIF. We have
shown in this study that LIF inhibits trophoblast differen-
tiation by BMP4. These results suggest that LIF and BMP4
reciprocally inhibit differentiation of mESCs into neural or
trophoblast lineages and lead to maintain self-renewal of
mESCs. Previous studies have also reported that BMP4 is
also thought to be involved in mesoderm differentiation
from ESCs (Johansson and Wiles 1995; Wiles and
Johansson 1999; Nostro et al. 2008; Sumi et al. 2008).
These studies employed other signal activation by cyto-
kines or tight cell-cell attachments. Our results suggest that
BMP4 induces differentiation into trophoblast in defined
conditions in the absence of other activating signals and
that differentiation was perturbed by the addition of serum.
Thus, BMP4 may function as trophoblast inducer when it
acts alone and as mesoderm inducer when it is coordinated
with other as yet unidentified signals.

@ Springer

Figure 7. Direct activation of Cdx2 by BMP-Smad pathway. (4)p
Conserved sequence domain in the genomic region of Cdx2 gene in
vertebrates. Colored peaks (purple, coding; pink, non-coding) indicate
the regions of at least 100 bp and 60% homology. Magnified sequence
of CICS! compared between human and mouse is shown in the
bottom part. Putative Smadl protein binding sequences (GCCG or
CGGC) are enclosed in green box. (B) Dual-luciferase assay of CICS1
transcriptional activity by BMP4. The cells carrying the reporter
vectors constructed with the sequence containing CICSI were cultured
in BMP4-supplemented ESFS medium for 48 h. N.C. indicates empty
vectors. The values are the mean = SEM (n=4). (C) EMSA of CICSI
bound by Smadl and the cofactor, Smad4. (D) ChIP assays of CICS1
bound by pSmadl. Genomic fragments of CICSI1, 4 kb upstream or
4 kb downstream regions bound by pSmadl/5/8 protein, were
immunoprecipitated with anti-pSmad1/5/8 antibody and were ana-
lyzed by PCR. (£) Quantitative graphs of ChIP assays calculated from
the ratio of the amount of bound anti-pSmadl antibodies to the
amount of control IgG. The values are the mean + SEM (n=4). *
indicates p<0.05 by Student’s ¢ test.

We demonstrate that the BMP4-Smad pathway is involved
in mESC differentiation into trophoblast. Components of
BMP-Smad pathway are expressed in extraembryonic tissues
and affect their development (Lechleider et al. 2001;
Tremblay et al. 2001). Previous study reported that Nanog
protein, which maintains mESC self-renewal, binds to
Smad! protein and inhibits the transcriptional activity of
Smad! protein in mESCs (Suzuki et al. 2006). Our results
reveal that the expression of Nanog protein was absent from
cells cultured with BMP4 in ESF5 but expressed in cells in
the presence of LIF. Thus, Nanog expression induced by LIF
might inhibit mESC differentiation into trophoblast.

Our knockdown experiment showed that the cells which
have reduced Cdx2 expression did not express EsxI, Psxl,
and Cdh3. Cdx2 is essential for trophoblast lineages
development in vivo (Niwa et al. 2003; Strumpf et al.
2005). Thus, our data imply that these cells may differen-
tiate into cell lineages other than trophoblast. Although the
characterization of these cell lineages is interesting for
further experiment, they may be induced by BMP4 and not
express Cdx2.

We also demonstrate that BMP—Smad pathway activates
the Cdx2 expression during the differentiation of mESCs
into trophoblast and that the Cdx2 expression is directly
regulated by the BMP-Smad pathway through binding
of Smadl protein with evolutionary conserved intronic
enhancer in Cdx2 gene. Correlation between BMP—Smad
pathway and CDX2 expression is reported in human gastric
cancer cell lines (Barros et al. 2008). Together with the fact
that BMP4 increases the trophoblast marker gene expres-
sion in hESCs (Xu et al. 2002), we conclude that common
developmental and molecular mechanisms are involved in
the differentiation of mammalian pluripotent stem cells into
trophoblast. We believe that our methods and findings in
this study provide a better understanding of the molecular
mechanisms that regulate the differentiation of pluripotent



BMP4-SMAD-CDX2 INDUCE TROPHOBLAST FROM MESCS

A Cdx2 gene

Human/Rhesus v

Human/Dog |
Human/Mouse:

i
Human/Chicken i/

Putatwe Smacn Bsnding Sec;uence

GST-Smad4 +

GST-Smadi +

Probe + + + +

Doubleshift—
Shift-—

B

Downstream 4kb

5 .
z | |
2z
&
23
o
i I
8
421
4
2
a
B ] l l
0
BMPoonc. O
{ngfmi} *
Noggin
Unstimulated  BMP4 stimulated
0 )
&,bb‘”@ & @"’é&@
§ O &' &
CICS1
Upstream 4kb

25 F

Relative Enrichment
&

05

BMP4

Sequence

CICS1

Up

eam 4kb

@ Springer



HAYASHI ET AL.

stem cells into trophoblast and placenta during early
mammalian development.
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Abstract

in 1998, human embryonic stem (hES) cells have been established.

In 2007, human induced

Key Words

pluripotent stem (hiPS) cells have been developed. Since then, the hES/iPS cells have been
used as a tool for understanding the mechanisms in human development and regeneration
application research in the world. hES cells are retrieved from the inner cell mass of human
blastocyts. Therefore, it has been considered that hES cells should posses the possibility to
differentiate into all cell types in human body. hiPS cells might have the similar characteristics
to those of hES cells. To develop hES/IPS cell lines, it should be important to determine the
pluripotency of the cells. In this review, | have summarized the differentiation potency of
human ES and iPS cells.

human ES cells, human iPS cells, embryoid body, differentiation
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