Research article

5277

Distinct GATA6- and laminin-dependent mechanisms regulate
endodermal and ectodermal embryonic stem cell fates

Li Li 1, Esther Arman 1, Peter Ekblom 2, David Edgar 3, Patricia Murray 2 and Peter Lonai **

1Department of Molecular Genetics, The Weizmann Institute of Science, Rehovot 76100, Israel
2Department of Cell and Molecular Biology, Lund University, Box 94, S-221 00, Lund, Sweden
3Department of Human Anatomy and Cell Biology, University of Liverpool, Liverpool L69 3G3E, UK

*Author for correspondence (e-mail: peter.lonai@weizmann.ac.il)
Accepted 20 August 2004

Development 131, 5277-5286
Published by The Company of Biologists 2004
doi:10.1242/dev.01415

Summary

This study investigates the establishment of alternative cell
fates during embryoid body differentiation when ES cells
diverge into two epithelia simulating the pre-gastrulation
endoderm and ectoderm. We report that endoderm
differentiation and endoderm-specific gene expression,
such as expression of laminin 1 subunits, is controlled by
GATAG6 induced by FGF. Subsequently, differentiation of
the non-polar primitive ectoderm into columnar epithelium
of the epiblast is induced by laminin 1. Using GATA6
transformed Lamcl-null endoderm-like cells, we
demonstrate that laminin 1 exhibited by the basement
membrane induces epiblast differentiation and cavitation
by cell-to-matrix/matrix-to-cell interactions that are
similar to the in vivo crosstalk in the early embryo.
Pharmacological and dominant-negative inhibitors reveal
that the cell shape change of epiblast differentiation

requires ROCK, the Rho kinase. We also show that
pluripotent ES cells display laminin receptors; hence, these
stem cells may serve as target for columnar ectoderm

differentiation. Laminin is not bound by endoderm
derivatives; therefore, the sub-endodermal basement
membrane is anchored selectively to the ectoderm,

conveying polarity to its assembly and to the differentiation
induced by it. Unique to these interactions is their flow
through two cell layers connected by laminin 1 and their
involvement in the differentiation of two epithelia from the
same stem cell pool: one into endoderm controlled by FGF
and GATAG6; and the other into epiblast regulated by
laminin 1 and Rho kinase.

Key words: FGF signalling, GATA6, GATA4, Basement membrane,
Polarization, Early development, ES cells

are similar to the egg cylinder embryo, but, in contrast to it,

Introduction
The inner cell mass (ICM) of preimplantation and earlythey can be grown in large quantities, providing a useful model

postimplantation mammalian embryos contain cells ancestrif’ €arly émbryogenesis. In their classical paper, Coucouvanis
to the entire individual, which undergo extensiveand Martin set out thg mechanism of EB d|fferent|at|oq as a
morphological change prior to gastrulation. In the blastocys'andeI for pregastrulation development and tube formation by

: : avitation. EBs have an external endoderm that is similar to the
and early egg cylinder the_ ICM consists of an aggregate of r‘Oﬁ'rimitive or visceral endoderm of the embryo and is separated
polar stem cells, which before gastrulation underg

DT o . .~ from the inner columnar ectoderm by a basement membrane
epithelialization and cavitation, creating a pseudostratifie BM). Using a genetically undefined spontaneous mutation
columnar epithelium that surrounds a central cavity similar t : '

h o | of th | b C . hich fails to form the columnar ectoderm layer, it was
the proamniotic canal of the early embryo (Coucouvanis ang nseq that cavitation is regulated by two signals: one

Ma_lrtin, 1995). The pseudostratified columnar epithelium o manating from the outer endoderm layer was thought to be
epiblast attaches to the sub-endodermal basement membrage,onsible for the apoptotic signalls of cavitation; the second,
(BM). This polarized epithelium allows intermingling of clonal originating in the BM, was considered necessary for the
derivatives and is thought to be necessary for gastrulatiofaintenance and survival of the columnar ectoderm
(Coucouvanis and Martin, 1995; Gardner and Cockroft, 1998)coucouvanis and Martin, 1995).
Much is known about the role of endoderm to ectoderm The work to be described here started as a study of the role
signalling in anteroposterior patterning of the early embrygf FGF signalling in EB differentiation and lead to questions
(Beddington and Robertson, 1998). The establishment of majeégarding BM assembly that were investigated using ES cells
elements of the amniote body plan during gastrulation has begfat express truncated Fgfr2 cDNA as a dominant-negative
also studied in detail (Tam and Behringer, 1997). However, theutation (Chen et al., 2000). We reported that ES cells
mechanism that precedes these changes and transforms #xgressing dnFgfr fail to develop the two characteristic cell
non-polar primitive ectoderm into the columnar polar epiblastayers of the EB. They display a homogenous aggregate of non-
is little understood. polar cells and form no endoderm or ectoderm-like elements,
Embryonic stem (ES) cell derived embryoid bodies (EBshut survive for weeks during cultivation (Chen et al., 2000).
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We observed that EBs formed by dnFgfr ES cells fail tdor two consecutive 2 hour periods to remove feeder cells. They were
synthesize laminin and collagen IV isotypes, which supply théhen were incubated overnight, when the aggregates formed were
protein network of the BM. Co-cultivating wild-type and removed_ and _transferred to pe_lcteriological plates to be grown as
dnFgfr ES cells rescued EB differentiation, suggesting thatuspension without the addition of LIF. GATAG6 and GATA4
an FGF-controlled extracellular substance, subsequentfj2nsformed cells were grown in ES cell medium, without LIF.
identified as laminin 1, is required for epiblast differentiation./€diUm was changed every second day. Mixed cultures between

E | dded laminin 1 tiall d the E ATA transformed ES cells and dnFgfr loamcl mutant ES cells
xogenously adaded faminin partially rescue e ere prepared by mixing single cell suspensions. Cells from each cell

phenotype and induced  epithelial  transformation,ine (2x10f) were mixed in a 9 cm bacteriological plate and grown
demonstrating that laminin 1 produced by the endoderrgs described before (Li et al., 2001a).

(Hogan, 1980; Leivo et al., 1980) is necessary and sufficient to
induce epiblast polarization (Li et al., 2001a). Cytology

Other reports also demonstrated that laminin 1 is requireldor morphological detail paraformaldehyde fixed JB4 plastic
for EB differentiation. Targeted disruption ¢1-integrin, embedded 1-4m sections were stained with Toluidine Blue. For
which inhibits lamininal synthesis, interferes with epiblast chimera experiments, the ES cell pellet was stained [For
differentiation (Aumailley et al., 2000). Disruption bamc1l galactosidase and the sections were counterstained with neutral red.
encoding lamininyl, one of th’e three polypeptides of the Confocal analysis was as described before (Li et al., 2001a).
laminin 1 heterotrimer, leads to a similar phenotype (Smytixpression studies

et al., 1999). Significantly, defective epiblast differentiation\yestern blotting was as described before (Chen et al., 2000).
caused by loss of either gene was rescued by exogenouslycroarray data were from an unpublished study using Affymetrix
added laminin 1 (Murray and Edgar, 2000), which in turn couldG-U74Av2 chips. Total RNA was isolated by the RNAzol B of Tel-
be inhibited by the E3 fragment of lamirati containing the Test from 1C6 dnFgfr and R11 wild-type embryoid bodies at culture
heparin and sulfatide binding site of the LG4 globular domairay 0, 2 and 4. cRNA for hybridization and scanning was prepared as
of the lamininal-chain (Li et al., 2002). Recognising the described by others (Clark et al., 2000). The following genes and
potential importance of these findings for understandingccession numbers of the probe sets were used to detecCiatm:
epithelial differentiation and early development, we assumelfl98339; GataG U51335/Rac], X57277; Cdc42 L78074; Rhoch
that it would help their analysis if we defined the successio 80638; Fogl, AF0066492HNF3b, 110409; Sox17,049473. Eac
L . . L analysis was repeated twice.
and main intermediates of EB differentiation.
In the present study, we aimed to obtain a comprehensivgntibodies
view of the developmental interactions that preced&jonoclonal antibody MAB200, which is specific for LG4 of laminin
gastrulation. To achieve this, several specific questions had ¢@ was described before (Kadoya et al., 1995). Laminin 1 antibody
be answered. Is FGF signalling required for the differentiatiomas from Sigma (L9393); collagen IV antibody (AB756); antibody to
of both epithelia and the pattern of their arrangement in the EBgrlecan (MAB #1948) and antibody to ZO1 (Mab 1520) were from
or for 0n|y an initial step that is necessary for later events@hemicon. International._Antibodies to ROCKI and Il were from_BD
Defective FGF signalling could be partially restored byTransc_iu_ctlon Laboratories (611136 and 610623). Fluoresceinated
exogenous laminin 1 (Li et al., 2001a). The next question jghalloidin was from Sigma-Aldrich (P-1951); Cy-3- or FITC-labelled
can the same effect be obtained by laminin 1 presented by t Eondary antibodies were from Jackson ImmunoResearch
; X X s . oratories.
BM in a physiological cell-matrix interaction? It was also
important to determine whether laminin affects the stem ceNicroscopy and image analysis
directly, or whether it activates precursors after they reachedmr pright-field images a Nikon E800 microscope with a Nikon
specific stage of FGF dependent differentiation. To answepxm1200 digital camera and a 20(N.A., 0.75) or a 4& (D.A.,
these questions, we used mutant and wild-type ES cell line8,95) objective was used. Confocal microscopy was in a Zeiss LSM5
and studied their behaviour as an effect of chemical inhibitorgstrument using a 20 (N.A., 0.5) or 40< (N.A., 1.20) objective.
and co-cultivation experiments between mutant and wild-typ&he images were processed by Photoshop 5.5 or 7.0.
cells.

Results
Materials and methods Endoderm differentiation is activated by GATAG
Cell culture and stable transfections under FGF control

Wild-type ROSA 11 (R11) and AB.2.2 ES cells, as well as the R11Previous results have suggested that differentiation of both
derived dnFgfr, 1C6 ES cell line have been described before (Chen@pithelia of the EB may require FGF signalling (Chen et al.,
al., 2000).Lamc~ and Lamc1’~ ES cells have been described by 2000). Now we wished to establish when is this effect initiated
Smyth et al. (Smyth et al., 1999). GATA6 or GATA4 cDNA controlled and whether it continues throughout EB differentiation. To do
by the pCAG-IP promoter were gifts from Fujikura et al., and thethjs, we inhibited FGF signalling using the pharmacological
transfections were carried out as previogsly described (Fujikura et anhibitor SU5402 (Mohammadi et al., 1997). In our EB
2002). GATA6 cDNA was ligated also into the pEF-BOS plasm'd*protocol, the feeder cells used to propagate ES cells are

containing the EF-d promoter (Mizushima and Nagata, 1990) and : .
used to transform R11 and 1C6 cells with results similar to those Withemoved by adhesion to tissue culture plates. Then the ES cell

pCAG-IP. Dominant-negative ROCK, which is controlled by pEF_aggregates are har_vested anq transferred to bacteriological
BOS, was a kind gift from S. Narumiya (Kyoto, Japan). plates to form EBs in suspension. The day of transfer to the

Embryoid bodies were cultured as described before (Chen et aRacteriological plate is defined as day 0. We found that SU5402
2000). Briefly, ES cells grown on irradiated embryonic fibroblastsapplied from day 0 until the end of the culture period strongly
were harvested by trypsinization and plated on tissue culture platéshibited EB differentiation (Fig. 1A). To test whether FGF
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Fig. 1. FGF signalling is required for early EB differentiation. CollageniV .

(A) EB differentiation is most sensitive to the Fgfr inhibitor SU5402

when added at the start or before (day —2) ES cell aggregation.

(B) Western blota-Fetoprotein expression shows the effect of Fig. 2. GATA4 and GATA6 are under FGF control and overexpress
SU5402 on visceral endoderm differentiation. Differentiation was BM proteins. (A) Effect of the dnFgfr mutation on Fgf, Fgfr and
defined as the percent of EBs exhibiting two epithelia and cavitationGATA factor expression; data from a DNA microarray experiment.
as seen in plastic-embedded Toluidine Blue stained sections. Units are kDa. (B) GATA6 or GATA4 greatly enhances synthesis of

laminin 1 and collagen IV even in dnFgfr anamclmutant ES cells
(western blot).
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signalling is required even earlier, we studied the effect of
SU5402 at day -2, i.e. well before the ES cells are harvested
for EB differentiation. This early treatment resulted in everfrom these stable cell lines with antibodies to laminin 1 or type
stronger inhibition of differentiation (Fig. 1A), which was also IV collagen revealed significant increase in the 400 kDa
apparent in reduced expressionoefetoprotein, a marker of lamininal and in the 200 kDa laminpi andyl polypeptides,
the mature visceral endoderm (Fig. 1B). Hence, FGF signallings well as in the close to 200 kDa collagen IV chains (Fig. 2B).
is required very early in EB development, prior to any overSSignificantly, GATA6 transformed dnFgfr ES cells also
differentiation of the ES cell aggregates. responded with increased accumulation of laminin 1 and
Next, we investigated the expression of early endodermollagen IV (Fig. 2B) chains. It follows that once GATA4 or
genes as a function of FGF signalling. Comparing mRNAGATAG is activated, FGF signalling is not required to induce
levels from a DNA microarray analysis (L.L. and P.L.,laminin and type IV collagen synthesis, which indicates that
unpublished) of wild-type and dnFgfr ES cell cultures revealeGATAG expression is downstream of FGF signalling, but once
that loss of FGFR function inhibits a number of endodernexpressed it is sufficient to induce endoderm differentiation.
specific transcription factors. Expression of GATA4, GATAG, i
Fog1(a gene associated with GATA factoiSx17andHnf3b, ~ GATA factor-transformed endoderm-like cells
were all strongly downregulated in the dnFgfr mutantSecrete BM proteins
compared with wild type (Fig. 2A). Most GATAG6 or GATA4 transformed ES cell clones displayed
Expression of GATA4 and GATA6 controlled by strong endoderm like epithelial morphology, although the periphery
promoters induces endoderm-like differentiation and thef larger colonies contained a few fat cell-like and neuron-like
transcription of numerous endoderm-specific genes, includinglements (not shown). The endoderm-like cells underwent
laminin B1 (Fujikura et al., 2002). To determine whether thefurther differentiation from primitive endoderm-like cells
GATA factors behave as intermediaries of FGF signalling, weontaining BM proteins in their cytoplasm to cells surrounded
transfected control.amctnull and heterozygous as well as by extracellular BM components similar to the visceral
dnFGFR ES cells with GATA4 or GATA6 cDNA controlled by endoderm. Staining with antibody to lamirari or collagen
the pCAGI (Fujikura et al., 2002) or pEF-BOS promoterlV revealed that these proteins are retained in the cytoplasm
(Mizushima and Nagata, 1990). Western blotting of extractduring the first days of culture (Fig. 3A). Extracellular
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Fig. 3. GATAG transfected endoderm-like
derivatives of ROSA11 ES cells grown as
adherent cultures (A-C) and as cysts in
suspension cultures (D-L) (confocal images).
(A-C) During the first day of culture, the
cells accumulate laminial in the cytoplasm
(A), which, by day 3 (B) to 4 (C), is secreted
to the extracellular space.

(D,G,J) Fluoresceinated phalloidin; (E,H,K)
BM proteins (Cy3), see left side for antibody
used; (F,I,L) merged images.
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secretion became apparent by the third day (Fig. 3B) and I8001a). Considering the importance of this observation for
the fourth day, the BM proteins formed a lattice surroundinginderstanding epiblast differentiation and epithelialization in
groups of endoderm-like cells, which did not containgeneral, we wished to gain direct evidence that the sub-
cytoplasmic laminin 1 or collagen IV (Fig. 3C) [although while endodermal basement membrane mediates the interaction
both laminin and collagen IV could be detected in the culturéeading to epiblast epithelialization.

supernatant by western blotting (not shown)]. Suspension 1C6 dnFgfr ES cells expressing {wgalactosidase reporter
cultures of GATA6-transformed endoderm-like cells grown onwere co-cultivated with(3-galactosidase-negative GATA4-
bacteriological dishes formed cysts, which after 3-4 days dfansformed endoderm-like cells of AB2.2 origin. After 5 days
incubation were filled with a mixture of laminail, collagen of culture, the EBs were fixed, stained f®galactosidase,

IV and perlecan (Fig. 3D-L). It follows that GATA6 embedded in plastic and counterstained with neutral red (Fig.
transformed endoderm-like cells synthesize and secrete largé-D). Wild-type AB2.2 cells developed into cystic EBs with
amounts of multiple BM components. It is worth noting thatexternal endoderm and inner columnar ectoderm (Fig. +A).
the a1LG4-specific antibody, used to detect lamiaib, did  Galactosidase-positive cells of the dnFgfr mutant (1C6) line
not stain the surface of mature GATA4/6 transformed visceraxhibited no signs of endoderm or ectoderm differentiation
endoderm-like cells (Fig. 3C,F), suggesting that these ce{Fig. 4B). The endoderm-like wild-type AB2.2-GATA4 cells,
do not exhibit the appropriate laminin receptor or lamininformed cysts bordered by a single endoderm layer with no

anchorage site. obvious epiblast differentiation (Fig. 4C). By contrast, co-
cultivation of 1C6 and AB2.2-GATA4 cells resulted in

Epithelial transformation of ES cells by a chimeric EBs with3-galactosidase-negative endoderm derived

cell-to-matrix-matrix-to-cell interaction from the GATA transformed cell line an@-galactosidase-

Our data suggest that FGF signalling is required before ovepbsitive columnar ectoderm derived from the dnFgfr mutant
endoderm differentiation, presumably to induce GATA61C6 cell line (Fig. 4D).

expression and sub-endodermal BM deposition. It has beenOur results demonstrated that GATA-transformed ES cells
shown previously that exogenously added laminin 1 can induazan rescue epiblast differentiation, nevertheless we could not
epiblast epithelialization (Murray and Edgar, 2000; Li et al.exclude if this was due to a product or products other than
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s - L g B LT epiblast differentiation and cavitation, while GATA6
' i A R, o A transformed Lamct’~ cells produced less than 4%
o ’.". '.o,i differentiation in their dnFgfr partner. It was also apparent from
o N L ' o these results that epiblast differentiation is coupled with
' ’ & P Aeaer polarization of the newly formed epithelium. As Fig. 4H
Ta B, Wi R ¢ shows, the apical domain of the epiblast facing the central
NS 58 is & 3¢ ) Yug cavity exhibited strong F-actin accumulation, as demonstrated
CRAR2 M. AB2ZGATAR®.%.9 by increased phalloidin staining. We therefore conclude that

GATA4/6-mediated FGF signalling is necessary and sufficient
for laminin expression by endodermal cells, which can interact
with the juxtaposed stem cells in a cell-to-matrix interaction to
induce epithelialization and polarization of the epiblast.

Pluripotent stem cells are the target for epiblast
epithelialization
Pluripotent ES cells are induced directly to an endoderm-like
phenotype by forced GATA4 or GATA6 expression (Fujikura
et al.,, 2002). Although cystic embryoid bodies frequently
contain non-polar stem cell-like elements, it was not clear
whether the columnar ectoderm of the epiblast develops from
the same stem cell pool that gives rise to the endoderm. To
" : address this issue, we used dnFgfr ES cells of the 1C6 line.
Lamgl #~GATAG 1882 >Lamc1-~GATA6 Although these cells do not undergo EB differentiation, when

. aggregated with four-cell stage wild-type embryos and
transplanted into pseudopregnant females they developed into
most cell types in the chimeric embryo (Fig. 5). When such
dnFgfr ES cells were treated with 30-40% conditioned medium
from GATAG6 transformedLamcI’~ cells, 70-80% of the
resulting EBs differentiated into single cavitated columnar
epithelia without an endoderm layer (Fig. 6A). By contrast, no

J

v |
1C6<->AB2.2:GATA4 ;.1

_—

_Lamg1+/~-GATAG 1C6<-llii1 /- GATAG differentiation could be observed when supernatants derived
from GATAG transformed.amct’~ cells were used (Fig. 6B).
Fig. 4. Genetic evidence for the role of laminin 1 in the cell-to- It follows that ectodermal epithelialization and cavitation is
matrix interaction required for epiblast polarization. Upon co- due to endodermal laminin 1 and its target cells are
cultivation, GATA4 transformed endoderm-like ES cells rescue the undifferentiated pluripotent ES cells.
dnFgr mutant (A-D). The GATAG transferred homozygbascl EBs developing from GATA supernatant treated dnFgfr ES

mutant, in contrast to the heterozygote (E-H), does not accumulate -g||s exhibit a columnar monolayer surrounding the central

BM proteins and cannot rescue dnFgfr cells. (A-D) Plastic-embedded.,, ; P ; ; f ;
sections: (E-Hp-galactosidase and Neutral Red staining. gawty and bind laminin 1 to their basal domain (Fig. 6A). This

(E-H) Whole-mount confocal microscopy: green, phalloidin (a indicated that the columnar cells exhibit laminin receptors. To

marker for F-actin); red, lamininl. (A) AB2.2, wild-type EBS: demonstrate whether laminin receptors are also displayed by
AB2.2 cells; (D) co-cultivation of dnFgfr (1C6) ES cells with synthesize laminin 1. Fig. 6C demonstrates no lamiriin

GATA4 transformed AB2.2. (E) GATA6-transformédmc1’ cells. staining of ES cells to which no GATAG6 cell supernatant was

LamcI’~ GATAG cells form aggregates with minimal BM protein added, whereas its addition to the same cells was easily
expression. (F) Co-cultivation ébmecI’~ GATAG cells with dnFgr detected on the membrane of most if not all ES cells (Fig. 6D),
cells does not lead to phenotypic rescue.L(@)cI’™~ GATAG cells indicating that undifferentiated ES cells exhibit laminin

H H /— . . . .
form cyzt_?f Comtf.’“rt'.'”g E}l\ﬁggotgmsl. (LH)’”TC;; GATAG cells receptors necessary for BM-induced epithelialization of the
rescue difrerentation o . oCale pars. um. pr|m|t|Ve ectoderm.

Endoderm and epiblast polarization follows distinct

laminin 1. A genetic test analyzed this problem. GATA6ROCK-dependent mechanisms

transformed_amcI’~ ES cells (Smyth et al., 1999) were co- Both ectodermal and endodermal epithelialization of the EB
cultured with dnFgfr mutant 1C6 cells (Fig. 4E-HamcI’~  involves extensive cytoskeletal rearrangements. To investigate
cells are unable to form a basement membrane (Smyth et dhjs aspect of EB development, our attention was turned to the
1999). In accordance with the mutant defect, these cells faild@ho family of small GTPases that are important mediators of
to rescue the dnFgfr mutant (Fig. 4E,F). By contrast, theytoskeletal and cell shape changes (Etienne-Manneville and
heterozygote with one normabmclallele did rescue 1C6 Hall, 2002). To obtain preliminary information, we inspected
differentiation (Fig. 4G,H). Numerically, 70-80% of the wild data from a DNA microarray experiment (L.L. and P.L.,
type, but not more than 3% of 1C6 aggregates underwennpublished) that compared wild-type and dnFgfr EB cultures
differentiation. During co-cultivation with the GATA6 (Fig. 7A). All three major members of the Rho family were
transformedLamcl heterozygote 100% of the EB reacheddetected in the developing EB. Racl and Cdc42 transcripts
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Fig. 6.Pluripotent stem cells and their ectoderm derivatives exhibit
laminin receptors. (A-D) Confocal images. (A) Day 4, 1C6 dnFgfr
ES cells activated withamcI’~ GATA6 culture supernatant. Stained
with antibody to laminiral. The single layer of columnar cells
covered by laminim1 (red). (B) 1C6 dnFgfr ES cells incubated with
LamcI’~GATAS6 culture supernatant harvested between day four and
day five of culture and stained with antibody to lamunin
Differentiation and laminim1 staining are both absent. (C) Wild-
type ROSAL11 ES cells on feeder layer stained with antibody to
lamininal and phalloidin (green). See fibroblast in left upper
quarter. There is a lack of laminin staining. (D) Wild-type ROSA11
ES cells on feeder layer treated with ROSA11-GATAG6 culture
supernatant for 6 hours and stained with antibody to laraihifred)
and phalloidin (green). There is laminin deposition in the membrane
of all ES cells.

although the wild-type epiblast formed well-organized
columnar ectoderm (Fig. 7B), Y-27632-treated EBs exhibited
disorganized unconnected stem cells in the interior of the EB
(Fig. 7E), while the external endoderm layer seemed to be
Fig. 5.Cells of the dnFgfr ES cell line1C6 colonize most lineages of intact, as in the untreated control. Adhesion structures were
the early embryo when introduced as chimera aggregated with wild-evident in the endoderm (Fig. 7C) and untreated ectoderm (Fig.
type cells. (A-C)B-Galactosidase staining indicates derivatives of the7D), but in treated cultures only the endoderm displayed such
1C6 line. (A) 7.5 dpc embryo, whole mount. (B) 7.5 dpc cross- connections (Fig. 7F).
section at the level of line in A. (C) 9.5 dpc embryo sagittal section.  |mmunofluorescence analysis revealed the familiar structure
(B,C) Plastic embedded sections. Scale bars: 50 um. of wild-type cavitated EBs with robust F-actin accumulation at
the apical domain of the columnar cells (Fig. 8A). The
morphology of defective ES cell differentiation induced by
were displayed at similar levels in undifferentiated ES cells anROCK inhibitors (Fig. 8B-D) could be separated into two
during EB development, showing no obvious dependence ajroups. They exhibited either an interior aggregate of round
FGF signalling. By contrast, the C isotype of Rho was moston-polar stem cells (Fig. 8B,C), or if any cavitation took
prominently expressed in the wild type with its peak at day 4place, non-polar, non-columnar cells surrounded the cavity and
when epiblast polarization takes place (Fig. 7A). no significant F-actin accumulation could be observed in their
To test the involvement dkhoC we inhibited ROCK, the apical domain (Fig. 8B,D). In this latter group cavitation could
Rho kinase, which mediates the function of Rho isotypebe observed without epithelialization. Both variants displayed
(Maekawa et al., 1999). Two pharmacological inhibitors, Y-well-formed subendodermal BMs as detected by antibodies to
27632 (Ishizaki et al., 2000) and H-1152 (Ikenoya et al., 2002)amininal (Fig. 8A,B), collagen IV (Fig. 8C) or perlecan (not
and an ES cell line stably expressing a Rho-binding negatiwhown). According to these findings, ROCK is required for
construct (dnROCK) (Ishizaki et al., 1997) were used. Both thepiblast polarization, but is not essential for endoderm
pharmacological inhibitors and dominant-negative ROCKdifferentiation. This assumption was supported by similar
inhibited epiblast differentiation without affecting endodermexpressions of the tight junction protein ZO-1 characteristic for
development. Transmission electron microscopy revealed th#ie endoderm of the EB, in the lateral aspect of both wild type
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Fig. 7.RhoC and ROCK are involved in epiblast differentiation.

(A) Results of DNA microarray analysis reveals that Racl and Cdc4
are expressed throughout EB differentiation and may not be
dependent on FGF signalling. However, expression of RhoC is
higher in the wild type than in the dnFgfr mutant and has its
maximum at day 4, when epiblast differentiation is at its peak.

(B-F) Transcription electronmicroscopy. (B-D) Wild type.

(B) Overview; (C) adhesion structure in endoderm; (D) adhesion
structure in the epiblast. (E,F) Y-27632 treatment of wild type.

(E) Overview; (F) adhesion structure in endoderm. Abbreviations:
end, endoderm; ect, ectoderm or epiblast. Scale bars: in E, 10 um f__ o ) ) ) o
B,E; in F, 0.5 um for C,D,F. Arrows in C,D,F indicate adhesion Fig. 8.ROCK activity is required for epiblast differentiation and

structures. White square in B indicates the position of the adhesion Polarization. Confocal microscopy. Green, phalloidin staining
structure in D. detecting F-actin. Red, specific protein signal. (A) Wild-type

(untreated) BM is detected by antibody to lamimin There is F-
actin accumulation in the apical domain of the epiblast. (B) Y-27632
. ) treatment, note the lack of columnar ectoderm and partial cavitation
(Fig. 8E) and H1152-treated endoderm (Fig. 8F). It follows thalithout F-actin accumulation. BM detected by lamiaihantibody.
the cytoskeletal rearrangement of the endoderm and ectode(@) H-1152 treatment, antibody to collagen 1V, (D) EB formed by ES
is under separate and distinct control. cells expressing dnROCKII. Note flat internal cells without
Further insight to the separation of ROCK function in thesignificant F-actin accumulation in the apical domain. (E,F) ZO-1
two epithelia was obtained by studying its expression. ROCHKtaining. The pattern is similar in the wild-type endoderm (E) and in
| (not shown) and ROCK Il were strongly expressed in thdi-1152-treated EB (F). (G,H) ROCKII staining. (G) Wild type; (H)

endoderm but less in the epiblast (Fig. 8G). Separation ($¢B formed by dnFgfr derived GATA supernatant treated ES cells.

ROCK function in the two epithelia was analysed using GATA1allekrgf'Z:d'ﬁgg?rg‘x#?;ﬁt%né%tgﬁ”ers"t;?rl“ig'?rl]ajt domain and a

cell supernatant activated EBs, which exhibit no endoderm
differentiation. Fig. 8H shows that the columnar epithelium of
these modified EBs displayed strong ROCK Il expression,
suggesting that ROCK expression is controlled by separa&Bs distinguished by an extra-embryonic endoderm-like outer
mechanisms in the endoderm and ectoderm. and a columnar, epiblast-like inner epithelium. As an
experimental system to elucidate interactions between the

Di . endoderm and primitive ectoderm we used GATA4- or GATAG-
ISCUsSsIon transformed endoderm-like cells co-cultivated with mutant ES
In this report, we have investigated the series of consecutivell lines. This system demonstrated that GATA4 and GATAG
events that lead from primary ES cell aggregates to cavitaterhnsform ES cells into functional extra-embryonic endoderm
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that deposits a BM, which in turn mediates epiblastl., 2000), PI3K and AKT/PKB (Chen et al., 2000; Li et al.,
polarization. We found that GATA transformed cells synthesiz€001b), GATA6 and GATA4 (Fujikura et al., 2002), COUP-
and later secrete laminin 1 and collagen IV into the culturdFs | and Il (Murray and Edgar, 2001), as well as the genes
supernatant, which could be used to rescue epiblasihcoding the three polypeptide chains of laminin 1.
differentiation. Genetic evidence of laminyit null ES cells Evidence mainly from the Kemler laboratory demonstrates
demonstrated the specificity of mutant rescue. Thishat E-cadherin is also required for early EB differentiation. E-
experimental system thus recreated the physiological BMeadherin-null ES cells fail to aggregate, do not form a normal
mediated interaction and permitted to separate endoderettoderm and do not undergo EB differentiation (Larue et al.,
and epiblast differentiation according to their respectivel994). Therefore, E-cadherin-dependent ES cell aggregation
FGF/GATAG6 and laminin/Rho kinase-dependent mechanismsnay be a prerequisite for the restriction of FGF signalling
) o to the outer cells of the developing EB. E-cadherin is

Endoderm differentiation is induced by FGF and connected to th@-catenin-GSK3-wnt pathway (Huber et al.,
GATA4/6 signalling 1996). Patterning events involving cadherin-\BrAtenin
Endoderm differentiation depends on FGF signalling, aiteractions have been shown to be controlled by FGF
demonstrated by the targeted disruptiofrgf4 (Wilder et al.,  signalling (Ciruna and Rossant, 2001; Kawakami et al., 2001).
1997).Fgf4 is expressed in the ICM and contributes to the ) . ) ]
maintenance of the endoderm (Goldin and Papaioannofirectional cell-to-matrix, matrix-to-cell signalling
2003), where the multiple FGF receptors that read its signa@ftivates epiblast polarization
are localized (Chen et al., 2000). Expression of GATA4 andhere is strong evidence for the epithelialization of ES cells by
GATAG6, where GATA4 is regulated by GATAG, is controlled exogenous laminin 1 (Murray and Edgar, 2000; Li et al., 2001a;
by FGF signalling (Morrisey et al., 1998). Nevertheless, thé.i et al., 2002). Here, we demonstrate that laminin 1 can induce
immediate downstream elements of FGF signalling arepiblast differentiation as part of the BM that mediates the
insufficiently understood in EB differentiation. In vitro physiological interaction of the endoderm with the epiblast. We
evidence suggests that most FGF dependent signals gtso show that while laminin 1 binds to ES cells and their
through Frs2a, a docking protein (Lax et al., 2002), which ectodermal derivatives, it does not associate with the primitive
communicates with th&rb2 adaptor. Interestingly although endoderm. Thus, the cell-binding domains of the lamiriin
null mutants ofgf4 (Feldman et al., 1995) @rb2 (Cheng et chain determine the location of the subendodermal BM by
al., 1998) die with defective endoderm development shortlynteracting with their receptors displayed by the stem cells
after implantationfrs2a null embryos survive till advanced localized below the endoderm layer (Li et al.,, 2002). This
gastrulation (Hadari et al.,, 2001), indicating that FGFtherefore defines the direction of laminin-mediated signalling,
signalling may exhibit unique characteristics in the earlythereby determining the topographical relationship of
embryo. Analysis of signal transduction in dnFgfr ES cellsendoderm and ectoderm.
revealed that PI3K-Akt/PKB rather than MAPK-ERK Besides inducing epiblast polarization, the BM affects the
signalling is affected by defective FGF activity (Chen et al.simple two-cell layer pattern of the EB and egg cylinder
2000). In agreement, we also found that constitutively activembryo. As cell-to-matrix interactions take place through
Akt/PKB enhances endoderm development and the synthesigect contact, epithelialization of residual stem cells is
of laminin and collagen IV isotypes, indicating that the PI3K-precluded, and a single epiblast monolayer develops from cells
Akt/PKB pathway predominates in FGF-dependent endoderimmediately adjacent to the BM. It has been proposed that the
differentiation (Li et al., 2001b). residual stem cells are removed by programmed cell death

We showed here that GATAG6 is an intermediary of FGHnduced by factors derived from the endoderm, to form a
signalling. GATAG6, which is transcribed already in the ICM central cavity (Coucouvanis and Martin, 1995). Investigation
(Koutsourakis et al., 1999), behaves as a master gene fofthe role of BMP signalling in cavitation indicated that BMP2
endoderm differentiation (Fujikura et al., 2002). GATA6 synthesized in the endoderm, and BMP4 in the primitive
activates the synthesis of all three polypeptide chains dadctoderm can both contribute to cavitation, although BMP4 is
laminin 1, which together with collagen 1V, nidogen andexpressed only for a short period (Coucouvanis and Martin,
perlecan assemble into the sub-endodermal BM. We found th&999). Our data indicate that cavitation and columnar ectoderm
GATA factors induce endoderm differentiation and BM differentiation does not require the endoderm, provided that
assembly even in dnFgfr ES cells, indicating that oncexogenous laminin 1 is presented. It is therefore possible that
activated, these transcription factors induce endoderrthe developing ectoderm itself secretes the necessary apoptotic
differentiation independently from FGF signalling. Becausdactors, such as BMP4, although inhibition of ROCK activity
endoderm differentiation requires GATA6 (Morrissey et al.,uncouples cavitation from full epithelialization of the primitive
1998) and because cysts of GATA6 transformed cells contaiectoderm and argues that cavitation may be either not different
only endoderm-like elements, we conclude that GATA factorérom necrosis, or it might be due to mechanical separation of
are required and sufficient to induce endoderm developmettie columnar ectoderm from the residual stem cells. This issue
and deposition of the subendodermal BM. requires further study.

Additional elements of this pathway are the transcription ) ) ) ) o
factors COUP-TFs | and I, which are upregulated by GATA4/6Rho kinase is required for epiblast polarization
during endoderm development (Fujikura et al., 2002) an@®ominant-negative ROCK abolishes epiblast polarization
induce Lamc1 and Lambl expression (Murray and Edgar, without affecting endoderm differentiation, suggesting that it
2001). It follows that minimal elements of this interaction aremay be regulated separately in the two cell lineages. This
sequentiallyFgf4 (Wilder et al., 1997), multiple Fgfr (Chen et assumption was supported by observing that ROCK expression
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and epiblast polarization does not require the endoderm for thgjikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao, K.,
laminin-induced differentiation of dnFgfr ES cells. Although Miﬁazaki-a]i, J-dagd (fs\lligz.fH-t(Z%OZ)- Dgfe\r;legti?ggn7g; embryonic stem
; ; ; ialigati it cells is induced by actor&enes Devl6, -7809.

RO%K IS r‘?qlf'red for tl‘f]fe .eplthe“aihzdatlon ?]f the primitive Gardner, R. L. and Cockroft, D. L. (1998). Complete dissipation of coherent
ectoderm, it Is not su '(_:'ent to in _uce t 'S_ Process, as (jgpa growth occurs before gastrulation in mouse epibletelopment
suggested by our observation that dominant-active ROCK doesi 25, 2397-2402.
not rescue dnFgfr differentiation (L.L. and P.L., unpublished)Goldin, S. N. and Papaioannou, V. E(2003). Paracrine action of FGF4
Although in the epiblast ROCK activity may be induced by during periimplantation development maintains trophectoderm and

P : primitive endodernGenesis36, 40-47.
laminin, in th.e endoderm it appears to. be un.de.r FGF Contr(I-l,adari, Y. R., Gotoh, N., Lax, I. and Schlessinger, J2001). Critical role
and the resistance of endodermal differentiation to ROCK' ot FRs2 alpha in FGF receptor signal transduction pathviags. Natl.
inhibition is consistent with the possibility that RAC1 or Acad. Sci. USAS, 8578-8583.
Cdc42, which are co-expressed in the endoderm, may haveiggan, B. L. M. (1980). High molecular weight extracellular proteins
role in endodermal differentiation. synthesized by endoderm cells derived from mouse teratocarcinoma cells

Separation of endoderm and epiblast differentiation has begpi 2 "ormal extraembryonic membranBey. Biol, 76, 275-285. o

. . . “Huber, O., Bierkamp, C. and Kemler, R.(1996). Cadherins and catenins in
repeatedly observed in this study. We show that FGF signalling developmentCurr. Opin. Cell Biol.8, 685-691.
is required for endoderm differentiation but not for epiblastkenoya, M., Hidaka, H., Hosoya, T., Suzuki, M., Yamamoto, N. and
polarization, which is independently induced by laminin 1 Sasaki, Y.(2002). Inhibition of rho-kinase-induced myristoylated alanine-

_ ; rich C kinase substrate (MARCKS) phosphorylation in human neuronal
of the sub-endodermal BM. The two Ilneages are also cells by H-1152, a novel and specific Rho-kinase inhiboNeurochem.

distinguished by laminin binding. ES cells and their ectodermal g; .15,

derivatives bind laminin, while the primitive and visceralishizaki, T., Naito, M., Fujisawa, K., Maekawa, M., Watanabe, N., Saito,

endoderm do not, which defines the direction of laminin- Y. and Narumiya, S.(1997). pl60ROCK, a Rho-associated coiled-coil

induced differentiation. It follows that the extra-embryonic and focm“'”g protein I'_"”ajg"l X"féklszjowns"eam of Rho and induces focal
. . . . aanesionsl ett: 3 - .

embryonic eP'the“Um of th_e EB an_d egg cylinder embryQShizaki,T., Uehata, M., Tamechika, |., Keel, J., Nonomura, K., Maekawa,

develop by distinct mechanisms, which are connected by them. and Narumiya, S.(2000). Pharmacological properties of Y-27632, a

inductive activity of the laminin component of their common specific inhibitor of rho-associated kinasel. Pharmacol 57, 976-983.

BM. Future research will have to clarify whether otherKadoya, Y. Kadoya, K., Durbeej, M., Holmvall, K., Sorokin, L. and

. . o i Ekblom, P. (1995). Antibodies against domain E3 of laminin-1 and integrin
epithelial transitions are also controlled by laminin-dependent a6 subunit perturb branching epithelial morphogenesis of the embryonic

mechanisms. submandibular gland, but by different mod&sCell Biol.129, 521-534.
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