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We analyzed the mechanism of developmental failure in implanted �1 integrin-null blastocysts and found that primitive endo-
derm cells are present but segregate away from, instead of forming an epithelial layer covering, the inner cell mass. This cell seg-
regation phenotype was also reproduced in �1 integrin-null embryoid bodies, in which primitive endoderm cells segregated and
appeared as miniature aggregates detached from the core spheroids, and a primitive endoderm layer failed to form on the sur-
face. Restricted �1 integrin gene deletion in embryos using Ttr-Cre or Sox2-Cre indicated that the loss of integrin function in the
cells of the inner core rather than the outer layer is responsible for the failure to form a primitive endoderm layer. We conclude
that �1 integrin is essential for the attachment of the primitive endoderm layer to the epiblast during the formation of a base-
ment membrane, a process concurrent with the transition from cadherin- to integrin-mediated cell adhesion.

The mechanisms by which cells spontaneously differentiate and
organize in early embryos have long presented an enigma for

developmental biologists. Starting from mammalian blastocysts, a
small number of stem cells comprising the inner cell mass (ICM)
multiply and differentiate, and the progeny self-organize into
structures that eventually pattern the entire embryo (1–4). The
ICM cells are pluripotent and can be derived and cultured in vitro,
giving rise to embryonic stem (ES) cells (5, 6). One of the first
structures to differentiate from the ICM is the primitive endo-
derm (PrE), a simple monolayer epithelium covering the surface,
while the remainder of the ICM emerges into the epiblast at the
embryonic day 4.5 (E4.5) stage of mouse embryogenesis (7–9).
The receptor tyrosine kinase–Ras–mitogen-activated protein ki-
nase (MAPK) signal pathway is critical in triggering the differen-
tiation of the PrE lineage (10, 11), since PrE fails to form in em-
bryos with genetic deletions in components of the pathway,
including Fgf4 (12, 13), its cognate receptor Fgfr2 (14), and Grb2
(15, 16). Gata6 is the key transcription factor downstream of Grb2
(17) and is essential for PrE differentiation (18). The differentia-
tion and morphogenesis of PrE are recognized to be a two-step
process, and the mechanisms for the formation of the PrE epithe-
lium have been updated recently (19, 20). Initial PrE differentia-
tion is thought to occur randomly, both in the interior and at the
periphery of the ICM (19–22). Subsequently, the differentiated
PrE cells sort to the surface to form a coherent PrE epithelial layer
(15, 20, 22, 23), although another idea is that the differentiation is
not random but is affected by the timing of cell internalization (24,
25).

Aggregation of ES cells in suspension culture as embryoid bod-
ies models some aspects of lineage differentiation and morpho-
genesis in early embryos (26, 27). Studies using embryoid bodies
support the model that PrE differentiation often occurs in the
interior of the cell aggregates and that subsequently the differen-
tiated cells sort to and form an epithelium on the surface (27). The
movement of the newly differentiated cells is dynamic and ran-
dom, though the cells are retained and positioned on the surface
upon establishing an apical polarity (27). Further analysis using
E-cadherin-null ES cells indicates that the sorting and positioning
of PrE cells at the surface are not in accord with differential adhe-
sion (28); rather, they are underpinned by the ability of the PrE

cells to establish and maintain an apical polarity (29). The inter-
mixing of endoderm and epiblast cells in Dab2-knockout embryos
supports this idea (30, 31). The endocytic adaptor protein Dab2
mediates directional vesicular trafficking required for the genesis
of an apical polarity (32). Deletion of Dab2 leads to the loss of
epithelial polarity and consequently the failure of PrE cells to po-
sition at the surface (29, 31–33).

�1 integrin is one of a few genes known to be required for the
development of mouse embryos at the peri-implantation stage,
since �1 integrin-knockout mouse embryos die shortly following
implantation, at around E5.5 (34, 35). Heterodimers of �1 integ-
rin with various � integrin subunits bind many components of the
basement membrane and extracellular matrix, including colla-
gens, laminins, vitronectin, and fibronectin (36). In addition to
the mechanical function of cell attachment, engagement of integ-
rins is known to modulate signaling pathways and thus influences
cell behavior (37, 38).

In the early mouse embryos, �1 integrin is expressed in both
epiblast and extraembryonic endoderm (35). Several explanations
have been proposed to account for the requirement of �1 integrin
in peri-implantation development. An early suggestion was that
�1 integrin gene deletion leads to retarded ICM growth and em-
bryonic failure (35). Using embryoid bodies as models, an initial
analysis suggested that �1 integrin-deficient cells fail to express
laminin �1 and other basement membrane components (39),
though a subsequent study concluded that laminin and other
components can be synthesized and secreted, but the proper as-
sembly of laminin polymers requires �1 integrin (40). A more
recent analysis of �1 integrin-deficient embryoid bodies stated
that integrins are required for the differentiation of visceral endo-
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derm by mediating the activation of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) and p38 MAPK (41).

Although extensively investigated in various systems (36) and
developmental processes (42), the biology related to the defect of
the �1 integrin-null embryos still lacks clarity. Here, we revisited
the phenotype of �1 integrin-deficient embryos and sought
further clarification and insights to ascertain the detail of PrE dif-
ferentiation and morphogenesis in mice.

MATERIALS AND METHODS
Mutant mice and genotyping. The experiments using mutant mouse
models described in this study were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the University of Miami.
Mutant mouse colonies were housed inside the barrier area of the institu-
tional mouse facility. Transgenic and mutant lines used in this project are
as follows: �1 integrinflox/flox (abbreviated as �1 integrinfl/fl)
(Itgb1tm1Efu/J) (43), purchased from Jackson Lab; Ttr-Cre mice, a gift
from Anna-Katerina Hadjantonakis (Sloan-Kettering Institute, New
York, NY) (44); and Sox2-Cre [Tg(Sox2-cre)#Amc/J] (45), purchased
from Jackson Lab. Genotyping of mutant mice was performed using PCR
amplification of DNA extracted from tail biopsy specimens, according to
protocols recommended by Jackson Lab. For the genotyping of the �1
integrin flox mice, new primers were designed for a tripartite PCR with
oligonucleotides 5= CGG CTC AAA GCA GAG TGT CAG TC 3=, 5= CCA
CAA CTT TCC CAG TTA GCT CTC 3=, and 5=CGC AGA ACA ATA GGT
GCT GAA ATT AC 3= to genotype simultaneously for wild-type (160-bp),
flox (240-bp), and deltaflox (280-bp) alleles. The constitutive �1 integrin-
knockout allele was generated by first mating �1 integrinfl/fl with Sox2-
Cre mice. �1 integrin-null embryos were produced by matings of the
resulting �1 integrindf/� parents.

The same PCR assay was also used for genotyping of embryonic tis-
sues. For mosaic deletion (using Ttr-Cre and Sox2-Cre), embryonic and
extraembryonic tissues from the same embryos were PCR amplified in
separate reactions. In mosaic deletion embryos from earlier stages (E5.5),
when clear separation of endoderm and epiblast was not possible, geno-
typing was performed by immunostaining to verify the �1 integrin-defi-
cient embryos.

Derivation and culture of ES cells. RW4 mouse ES cell lines have been
described previously (29). The CFG37 ES cell line is a wild-type ES cell line
that has stably inherited the �ACT-GFP (green fluorescent protein) trans-
gene (29). �1 integrin-heterozygous (G119) and -null (G201) ES cells
were gifts from Reinhard Fässler via Lionel Larue (34). All ES cell lines
were maintained in a pluripotent state by culturing upon irradiated mu-
rine embryonic fibroblasts in ES cell medium supplemented with 1,000
U/ml of recombinant leukemia inhibitory factor (LIF) (Esgro; Chemicon
International). The ES cell culture medium was Dulbecco’s modified Ea-
gle medium (DMEM) with 15% (vol/vol) fetal bovine serum, 2 mM L-glu-
tamine, 1� nonessential amino acids, 50 IU/ml penicillin, 50 mg/ml
streptomycin, and 0.1 mM �-mercaptoethanol. The ES cells were rou-
tinely cultured on gelatin-coated tissue-culture-grade plastic. G201 �1
integrin–/– ES cells were cultured on the same type of plates without gel-
atin treatment since they adhered better without the coating. All cell
cultures were propagated in a humidified incubator with 5% CO2. To
differentiate into endoderm, the ES cells were exposed to 1 �M all-trans-
retinoic acid (RA) dissolved in dimethyl sulfoxide (DMSO) for 4 to 7 days
added as a supplement to the ES cell medium described above. More than
95% of the cell population differentiated into endoderm-like cells, in
which Oct3/4 expression was lost and Dab2 and GATA4 expression was
induced.

Culture and generation of embryoid bodies. ES cells were cultured in
suspension in nonadhesive plates to form cell aggregates/embryoid bod-
ies. The details and time courses have been calibrated previously to form
embryoid bodies with evenly distributed sizes that are comparable to cross
sections of an E5.5 embryo (29, 33). Typically, 6 � 106 cells in suspension
following dissociation with trypsin and EDTA in 10 ml of ES cell medium

lacking LIF were used to initiate the embryoid body cultures. The medium
was replenished after 2 days by collecting the spheroids with a brief cen-
trifugation. Chimeric spheroids were prepared by mixing equal numbers
(3 � 106 cells in 5 ml) of dissociated ES cells, where one population was
either undifferentiated or previously differentiated. For histochemical
analysis, cell aggregates were fixed in formalin, washed twice with phos-
phate-buffered saline (PBS), mixed with 3% low-melting-point agarose,
and processed for embedding in paraffin. The samples were subsequently
subjected to sectioning, staining, and analysis.

Cell attachment assay to Matrigel. Attachment of �1 integrin-posi-
tive and -negative ES cells to a basement membrane was assayed based on
a published protocol (37). Cells were harvested by trypsinization, the
trypsin was inactivated by 10% fetal bovine serum (FBS), and the cells
were plated in triplicate at equal densities (105 cells in 0.1 ml of DMEM) in
96-well plates coated with Matrigel. The cells were allowed to attach in a
tissue culture incubator at 37°C and 5% CO2. At the indicated times, the
wells were washed twice with cold PBS, fixed with ice-cold methanol for
10 min, and stained with 0.5% crystal violet (in 25% methanol) at room
temperature for 10 min. The fixed cells were washed in double-distilled
water (ddH2O) until the rinse contained no color. Fixed, stained cells were
examined using a microscope; at least 4 representative fields were counted
for each well. Results are expressed as the mean � standard deviation.

Dispase treatment of embryoid bodies. The �1 integrin-heterozy-
gous G119 and -null G201 ES cells were grown in suspension cultures for
5 days to form embryoid bodies. For the last 2 days, dispase (BD Biosci-
ences, Bedford, MA) or solvent carrier control was added into the culture.
The dispase is a neutral protease that can degrade extracellular matrix
(particularly basement membrane) efficiently and is often used for the
gentle dissociation of epithelial tissues in cultures (46). Various dosages of
dispase were tested to optimize the removal of basement membrane with-
out damaging cells prior to deciding on using 1 U/ml for subsequent
experiments.

Western blotting and antibodies. Cells or spheroids were used for
Western blotting. The secondary antibodies were horseradish peroxidase
(HRP)-conjugated goat or mouse anti-rabbit or anti-mouse antibody
(Bio-Rad; Jackson Immunolab; Zymed). SuperSignal West extended-du-
ration substrate (Pierce) was used for chemiluminescence detection of
protein bands.

Primary mouse monoclonal antibodies used included anti-E-cadherin
(BD Transduction Labs; catalog no. 610181), mouse anti-Dab2 (BD
Transduction Labs; catalog no. 610465), rabbit anti-Dab2 (in-house rab-
bit polyclonal antibody) (31), anti-N-cadherin (BD Transduction Labs;
catalog no. 610920), anti-�-actin (Sigma; catalog no. A5441), pan-antil-
aminin (Sigma; catalog no. L9393), antifibronectin (Sigma; catalog no.
F3648), anti-�1 integrin (BD Transduction Labs; catalog no. 610467),
anti-GATA4 (Santa Cruz Biotechnology; catalog no. sc-1237 and sc-
9053), anti-GATA6 (in-house rabbit polyclonal antibody) (18), anti-
Oct3/4 (Santa Cruz Biotechnology; catalog no. sc-5279), anti-Nanog
(Calbiochem; catalog no. SC1000), and antimegalin (Santa Cruz Biotech-
nology; catalog no. sc-16478). The above-mentioned antibodies were also
used for immunofluorescence microscopy and immunohistochemistry.

Immunohistochemistry and immunofluorescence. Embryos and
spheroids were fixed with formalin, paraffin embedded, and sectioned at
5-�m thickness. Slides were deparaffinized in xylene, hydrated in a graded
ethanol series, washed in water, and boiled in antigen retrieval solution
(DakoCytomation). For frozen sections, embryoid bodies and embryos
were fixed in 4% paraformaldehyde in PBS, preserved in 30% sucrose,
embedded in OCT, and frozen. Sections were cut in 5-�m thicknesses
using a cryostat. Following incubation with primary antibodies, corre-
sponding species-specific secondary antibodies were applied. For immu-
nohistochemistry, the secondary antibody was HRP conjugated (Vector
Laboratories, CA) and was detected by a diaminobenzidine (DAB)
peroxidase substrate kit (DakoCytomation). For immunofluorescence,
multiple secondary antibodies conjugated with the appropriate Alexa flu-
orochrome were used for simultaneous imaging of multiple antigens.
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DAPI (4=,6-diamidino-2-phenylindole) solution was used as a generic
nuclear counterstain and applied at the terminal stage of the procedure.
Images were merged using Adobe Photoshop.

Phase-contrast, wide-field epifluorescence, and laser scanning con-
focal microscopy. Conventional wide-field microscopy was performed
with an inverted Zeiss AxioObserver Z1 microscope operated by Axio
Vision 4.8 software. Objectives used were Plan-Apochromat 63� (oil im-
mersion, numerical aperture [NA] of 1.4) and A-Plan �10 (NA of 0.25).
Images were acquired digitally with a monochrome Zeiss AxioCam MRm
charge-coupled device (CCD) camera. Confocal imaging was performed
with a Zeiss LSM510/uv Axiovert 200M inverted, laser scanning confocal
microscope operated by Zeiss LSM software. Objectives used included
Plan-Apochromat 63�, Plan-Neofluar 40� (oil immersion, NA of 1.3),
and Plan-Neofluar 25� (water immersion, NA of 0.8).

For live-cell imaging, embryoid bodies were resuspended in media
buffered with 10 mM HEPES, pH 7.4, and imaged in a glass-bottom mi-
crowell dish (MatTek Corporation, MA) with the 25� water-immersion
lens.

Transmission electron microscopy. Embryoid bodies were harvested
from suspension culture and immediately processed by the institutional
electron microscopy facility according to standard protocol. Briefly, the
samples were initially immersed in 2% glutaraldehyde, 100 mM sucrose,
0.5 M phosphate buffer at pH 7.3 and subsequently in 2% osmium tetrox-
ide in 1 M phosphate buffer. After a graded dehydration, the embryoid
bodies were embedded by infiltration with Epon/Araldite resin (Electron
Microscopy Sciences, Fort Washington, PA) and an overnight polymer-

ization at 64°C. Gold/silver thin sections were cut with a Diatome dia-
mond knife using a Leica Ultracut R ultramicrotome and then mounted
on copper grids and contrasted with 4% uranyl acetate and 0.25% lead
citrate. The sections were examined, and images were captured in vacuo
with electrons accelerated at 60 kV and focused using the magnetic lens of
a Philips CM10 transmission electron microscope.

RESULTS
Implanted �1 integrin-null blastocysts are competent in prim-
itive endoderm differentiation but fail in morphogenesis. �1
integrin is essential for early embryogenesis in mice, but the mech-
anism for the developmental failure of the knockout embryos is
uncertain (34, 47). We analyzed the role and mechanism of �1
integrin in early embryogenesis in additional detail using both
mutant embryos and embryoid bodies. Since previously it was
reported that �1 integrin-null embryos show no particular phe-
notype prior to implantation but exhibit overt aberrant morphol-
ogy at E5.5 (34, 35), we first analyzed newly implanted blastocysts
at E4.5. The E4.5 embryos in utero from matings between �1 in-
tegrin-heterozygous mutant mice were sectioned and stained for
markers, Dab2 for the PrE (30, 31) and Oct3/4 for the epiblast
(48–50) (Fig. 1A). We were able to genotype the flushed-out blas-
tocysts but could not perform PCR genotyping on the implanted
blastocysts processed for histology. All implanted blastocysts har-

FIG 1 Segregation of primitive endoderm from inner cell mass in �1 integrin-deficient embryos. (A) E4.5 and E5.5 embryos in utero from timed matings
between �1 integrin-heterozygous mutant parents were analyzed by immunofluorescence microscopy for the PrE marker Dab2 (red) and the epiblast marker
Oct3/4 (green). Merged images of Dab2, Oct3/4, and nuclei labeled by DAPI (blue) are shown. Representative morphologically normal (WT) E4.5 and E5.5
embryos show a Dab2-positive PrE monolayer covering the Oct3/4-positive inner cell mass. A representative E4.5 mutant [Intb1 (�/�)] embryo shows that
Dab2-positive PrE cells form multiple layers situated next to the Oct3/4-positive ICM. By E5.5, Dab2-positive extraembryonic endoderm cells segregate away
from the Oct3/4-positive epiblast cells in the presumptive �1 integrin-deficient [Intb1 (�/�)] embryos. (B) Sequential sections from a pair of normal (WT, for
�1 integrin wild-type or -heterozygous) and abnormal [�1 integrin-null, Intb1 (�/�)] E5.5 embryos were analyzed by immunofluorescence microscopy for the
endoderm marker Dab2 (red) and epiblast marker Oct3/4 (green) and for nuclei labeled by DAPI (blue). The schematic illustration shows the tissue structure and
the segregation of extraembryonic endoderm from embryonic ectoderm in the �1 integrin-null embryo. (C) E5.5 embryos in utero from matings between �1
integrin-heterozygous mutant parents were analyzed by immunofluorescence microscopy for laminin and Dab2. A representative morphologically normal (WT)
E5.5 embryo shows a concentric monolayer of Dab2-positive (green) extraembryonic endoderm enveloping the central epiblast. The parietal endoderm cells are
positive for laminin staining (red, arrow), and a thin ring of laminin-positive basement membrane is present (arrowhead) between the endoderm and epiblast.
A representative morphologically abnormal [Intb1 (�/�)] embryo shows a patch of the Dab2-positive cells, some of which are also positive for laminin. No
epithelial organization is recognizable in this presumptive �1 integrin-deficient embryo.
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vested from 5 uteri comprise both Dab2- and Oct3/4-positive
cells, and we estimated that 5 out of the 22 embryos were �1
integrin deficient based on their characteristic morphology. In
these putative mutant embryos, the Dab2-positive PrE cells stag-
ger in multiple layers adjacent to a cluster of Oct3/4-positive epi-
blast cells (Fig. 1A, upper right panel), whereas in wild-type em-
bryos the PrE cells form a single epithelial layer covering a group of
the Oct3/4-positive cells (Fig. 1A, upper left panel). Therefore, we
conclude that the �1 integrin gene is not required for the lineage
commitment to either PrE or epiblast in the implanted blastocysts.

The defect in �1 integrin-deleted embryos becomes obvious 1
day later at E5.5, in which the PrE cells segregate from the epiblast
cells (Fig. 1A, lower right panel). Although we were able to dissect
both wild-type and mutant E5.5 embryos to confirm genotypes,
the dissected mutant embryos no longer had a cohesive structure
that was suitable for histology analysis. Thus, we resolved to ana-
lyze the undisturbed mutant embryos in situ following fixation
and sectioning of the uterine horns. In wild-type E5.5 embryos,
the Dab2-positive endoderm layer appears as a concentric rim
surrounding the core of Oct3/4-positive epiblast cells. However,
in the �1 integrin-null embryos, both Dab2- and Oct3/4-positive
cells are present but segregate into clusters, as shown in a repre-
sentative slide (Fig. 1A, lower right panel). An example comparing
sequential sections of wild-type and mutant embryos stained with

Dab2 and Oct3/4 is shown in Fig. 1B and illustrated schematically.
Additionally, in the wild-type E5.5 embryos, intense laminin im-
munostaining shows a layer of Reichert’s membrane with parietal
endoderm cells embedded (arrow) and a weaker layer of basement
membrane (arrowhead) lying under the visceral endoderm (Fig.
1C). In �1 integrin-null E5.5 embryos, laminin staining overlaps
some of the Dab2-positive extraembryonic endoderm cells (Fig.
1B, lower panels); however, no distinct basement membrane layer
can be observed in the mutant embryos. Therefore, �1 integrin is
required for the attachment of the PrE to the epiblast and mor-
phogenesis of PrE epithelial monolayer and associated basement
membrane in early embryonic development.

�1 integrin-null ES cells undergo normal primitive endo-
derm differentiation in vitro but segregate in embryoid bodies.
To further analyze the defect in early embryogenesis of �1 integ-
rin-knockout embryos, we investigated the properties of �1 integ-
rin-null ES cells in culture. A �1 integrin-heterozygous ES line was
used as a control; the heterozygous line is phenotypically indistin-
guishable from the wild type and was designated wild-type control
(34). Upon treatment with all-trans-retinoic acid (RA), �1 integ-
rin-null ES cells undergo endoderm differentiation to an extent
comparable to that of wild-type controls, as judged by the induc-
tion of Dab2, laminin, Gata4, and Gata6 and the loss of Oct3/4
(Fig. 2A). Laminin proteins show no discrete size, likely because

FIG 2 Differentiation of �1 integrin-null ES cells in vitro. (A) �1 integrin-heterozygous G119 [Intb1 (�/�)] (designated WT) and the null G201 [Intb1 (�/�)]
ES cells in monolayer culture were differentiated by treatment with 1 �M retinoic acid (RA) for 7 days. Cell lysates were assessed for PrE differentiation by
Western blotting for �1 integrin, Dab2, GATA6, GATA4, Oct3/4, Nanog, laminin, and actin. (B) The differentiated and undifferentiated cells were assayed for
their adhesive affinity to Matrigel. Upon incubation for 30, 60, and 120 min, the plates were washed and the numbers of remaining bound cells were determined.
(C) Both the G119 (�1 integrin-heterozygous) and G201 (�1 integrin-null) cells were cultured in suspension for 4 days to produce embryoid bodies. Represen-
tative phase-contrast images of embryoid bodies are shown. (D) The embryoid bodies were harvested and subjected to histology analysis. Representative images
at low and high magnification of the embryoid bodies stained for Dab2 are shown.
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the secreted matrix proteins form polymers and are subjected to
cross-linking and proteolytic processing. Binding to Matrigel was
used as an assay to quantify cell binding affinity to basement mem-
brane. As expected, �1 integrin-null ES cells have a reduced affin-
ity for Matrigel (Fig. 2B). Attachment of undifferentiated wild-
type ES cells to Matrigel reached maximum by 1 h, whereas
minimal binding by �1 integrin-null cells occurred after 2 h of
incubation. Differentiation slightly reduces the affinity of wild-
type ES cells for Matrigel; in contrast, differentiation increases
binding of �1 integrin-null ES cells. Interestingly, upon differen-
tiation and a longer incubation, �1 integrin-null ES cells bind
Matrigel to an extent similar to that of the wild-type cells (Fig. 2B).
Thus, the assay suggests that �1 integrin contributes to the major-
ity of the attachment of ES cells to Matrigel or basement mem-
brane; however, upon differentiation, additional cell surface re-
ceptors can compensate and facilitate binding to Matrigel, though
with delayed kinetics.

By maintaining the ES cells in suspension culture to form em-
bryoid bodies, we were able to reproduce the endoderm-epiblast
segregation phenotype in vitro (Fig. 2C and D). Unlike embryoid
bodies derived from wild-type (or heterozygous) control ES cells,
which typically have a smooth surface, embryoid bodies derived
from �1 integrin-deficient ES cells often contain one or several
clusters of cells located on the surface or scattered around the core
of the embryoid bodies (Fig. 2C). By day 4 in suspension, a super-
ficial endoderm layer forms in most of the cell aggregates derived
from wild-type control ES cells, while embryoid bodies derived
from �1 integrin-null ES cells lack an outer layer (Fig. 2C). By
immunohistochemistry, the outer shell of wild-type embryoid
bodies was confirmed to be the Dab2-positive extraembryonic
endoderm (Fig. 2D). Small aggregates protruded from the surface
or scattered around the cores of �1 integrin-null embryoid bodies
are Dab2 positive (Fig. 2D, indicated by asterisks). Apparently,
endoderm differentiation occurred in �1 integrin-null embryoid
bodies, but rather than forming a concentric surface epithelial
layer, the endoderm cells clustered and defoliated from the cores
of the spheroids. Thus, the endoderm-epiblast segregation pheno-
type in embryos can be reproduced in vitro with �1 integrin-null
embryoid bodies.

Segregation of primitive endoderm is caused by the defective
basement membrane deposition in �1 integrin-null embryoid
bodies. We next examined several molecular markers to decipher
the potential mechanism responsible for the segregation of the
outer endoderm from the inner epiblast cells. In wild-type em-
bryoid bodies, the superficial Dab2-positive endoderm layer is
polarized, as indicated by the apical distribution of the transmem-
brane receptor megalin and the complementary basolateral local-
ization of the cell adhesion molecule E-cadherin (Fig. 3A). E-cad-
herin expression is relatively even throughout the spheroid, and
expression levels are similar in both the endoderm and epiblast
cells (Fig. 3A). On the Dab2-positive endoderm aggregates that
protrude from the surface of �1 integrin-null embryoid bodies,
megalin also is apical and polarized, and E-cadherin expression is
contiguous and basolateral (Fig. 3A). The obvious difference ap-
pears to be the deposition of the laminin-containing basement
membrane (Fig. 3B). Laminin staining marks endoderm cells and
a thin layer of basement membrane partitioning the endoderm
from the epiblast. However, in �1 integrin-deficient embryoid
bodies, a diffuse laminin staining is present at the junction be-
tween endoderm and epiblast cells (Fig. 3B). Additionally, the

delaminated clusters of Dab2-positive cells often exhibit laminin-
positive matrix materials embedded at their center (Fig. 3C). An
informative example of laminin deposition between segregating
Dab2-positive endoderm cells and the core aggregate is shown in
Fig. 3D.

Thus, the in vitro studies suggest that laminin synthesis occurs
in the endoderm of both �1 integrin-positive and -deficient cells.
Laminin is secreted and deposited; however, a continuous base-
ment membrane layer forms only in the wild type, whereas the
matrix materials appear irregularly distributed in �1 integrin-de-
ficient embryoid bodies.

We next examined the presence of basement membrane in the
embryoid bodies using transmission electron microscopy (Fig. 4).
In mature (4- to 7-day-old) wild-type embryoid bodies, a base-
ment membrane lies underneath the endoderm layer and sepa-
rates the outer first layer of cells from the inner core (arrow, Fig.
4A). In �1 integrin-deficient embryoid bodies, usually no base-
ment membrane is present between the first outer layer and the
inner core of cells (Fig. 4B). This observation is similar to that
reported previously in a study of �1 integrin-deficient embryoid
bodies also using transmission electron microscopy (51). How-
ever, most of the surface cells of �1 integrin-deficient embryoid
bodies lack microvilli, indicating that these cells, though posi-
tioned on the surface, are not differentiated endoderm. In rare
cases, microvillus-decorated cells are present at the surface of �1
integrin-deficient embryoid bodies (Fig. 4C). These �1 integrin-
deficient endoderm cells exhibit a dilated endoplasmic reticulum,
indicating active synthesis and secretion. A basement membrane
structure is also present (arrow, Fig. 4C), though the extracellular
matrix materials appear to associate only loosely with either the
endoderm or the inner cells.

Thus, our results suggest that �1 integrin-deficient cells are
able to secrete and assemble a basement membrane but that the
cells have greatly reduced binding affinity and adhere poorly to the
polymers.

Restricted deletion in chimeric embryoid bodies shows dif-
ferential requirement of �1 integrin in epiblast and primitive
endoderm for morphogenesis. Further, we used chimeric em-
bryoid bodies to determine the relative contribution of �1 integ-
rin from the endoderm compartment compared to that from the
epiblast. Previously, combinations of differentiated and undiffer-
entiated ES cells in chimeric embryoid bodies have been imple-
mented to analyze cell sorting and the genesis of an endoderm
layer (29, 33). Here, we mixed monodispersed, differentiated and
undifferentiated, and wild-type (or �1 integrin-heterozygous) or
�1 integrin-deficient ES cells to form embryoid bodies and ana-
lyze the resulting cell sorting patterns. The mixed cells were cul-
tured in suspension for 2 days, a time adequate for cells to sort but
insufficient for spontaneous endoderm differentiation to occur,
which requires a longer duration (5 to 7 days) (29, 33). A line of
GFP-labeled ES cells (CFG37) was used as a wild-type control. In
a combination of exclusively undifferentiated cells, i.e., “GFP �
WT” (GFP-labeled wild type [GFP] plus �1 integrin heterozygous
[designated WT here]) or “GFP � B(�/�)” (GFP plus �1 integ-
rin null), the resulting embryoid bodies show a random amalgam
of cells in a checkerboard fashion (Fig. 5A, left upper and lower
panels). This indicates that loss of one or both copies of �1 integ-
rin does not affect cell-cell interaction and that the cells are ran-
domly distributed in the aggregates. As positive controls, the dif-
ferentiated cells of either the �1 integrin-heterozygous line
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(designated WT) (as shown in Fig. 5A, “GFP � WT:RA”) or the
wild type (in “GFP:RA � WT”) sort to the periphery and form a
superficial endoderm layer (Fig. 5A, upper middle and right pan-
els), consistent with our previous conclusion that differentiated
endoderm cells polarize and position to the outer layer (29).

Somewhat unexpectedly, differentiated �1 integrin-deficient
cells are able to sort and form an outer layer enveloping wild-type
ES cells [Fig. 5A, “GFP � B1(�/�):RA,” middle lower panel], and
to a lesser extent, differentiated wild-type ES cells can also sort and
form a partial layer outside a core of �1 integrin-null cells [Fig. 5A,
“GFP:RA � B1(�/�),” right lower panel]. In control chimeras
composed of two wild types (or �1 integrin-heterozygous cells), of

differentiated and undifferentiated constituents, typically a con-
tinuous laminin-positive basement membrane is sandwiched be-
tween the outer endoderm and the inner epiblast cells, as shown in
a representative example (Fig. 5B). In embryoid bodies composed
of a �1 integrin-deficient endoderm and a wild-type core [GFP �
B1(�/�):RA], a basement membrane is also observed in some
aggregates, but the attached �1 integrin-deficient endoderm cells
aggregate into multiple layers instead of forming a monolayered
epithelium (Fig. 5C, left panel). In other embryoid bodies, a well-
formed basement membrane is present on the outer shell of the
wild-type core, but no endoderm cells reside on top (Fig. 5C, right
panel, arrow). Presumably, the �1 integrin-deficient endoderm

FIG 3 Characterization of embryoid bodies/spheroids. (A) Histological sections of 4-day embryoid bodies were analyzed by immunofluorescence microscopy
for Dab2 (red), E-cadherin (green), megalin (white), and DAPI (blue). Representative examples are shown for embryoid bodies derived from �1 integrin-
heterozygous (designated WT) or -null [Intb1 (�/�)] ES cells. (B) The embryoid bodies were analyzed by immunofluorescence microscopy for Dab2 (green)
and laminin (red). Images from representative embryoid bodies are shown. (C) Two examples of small aggregates (presumably detached from the cores of
embryoid bodies) among embryoid bodies derived from �1 integrin-null ES cells are stained for Dab2 (green) and laminin (red). (D) An example is shown for
laminin deposition between a cluster of Dab2-positive endoderm cells in the process of detaching from the core aggregate of �1 integrin-deficient embryoid body.
The sections were analyzed by immunofluorescence microscopy for Dab2 (green), laminin (red), and DAPI (blue).
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cells detach due to compromised binding to the basement mem-
brane. In another chimeric combination, differentiated GFP-la-
beled wild-type cells segregate from unlabeled �1 integrin-null
cells without forming a concentric outer layer (Fig. 5A, lower right
panel). However, some of these embryoid bodies also exhibit a
partial outer endoderm layer (Fig. 5A, lower right panel). Upon
closer examination, we found that the surface endoderm layer of
these embryoid bodies either lacks a basement membrane be-
tween the endoderm and epiblast (Fig. 5D, left panels) or has a
basement membrane where wild-type (GFP-labeled) cells reside
on both sides (Fig. 5D, right panels). Probably, a small percentage
of undifferentiated cells among the majority of differentiated
wild-type ES cells participate in the formation of the basement
membrane. These results suggest that the presence of �1 integrin
in the core epiblast cells is essential for the formation of the prim-
itive endoderm layer, since �1 integrin in the epiblast compart-
ment is critical for the retention of a continuous basement mem-
brane.

�1 integrin in epiblast has critical role for primitive endo-
derm morphogenesis shown by Ttr-Cre- or Sox2-Cre-mediated
deletion. To analyze the role and relative importance of �1 integ-
rin in endoderm and epiblast in early embryonic germ layer pat-
terning in vivo, we designed experiments to delete the �1 integrin
gene in endoderm using Ttr-Cre (44) or in the epiblast using
Sox2-Cre (45). Transthyretin (Ttr) is expressed in cells of the vis-
ceral yolk sac and fetal liver in developing embryos, and the ex-
pression pattern and timing of the promoter as well as the Ttr-Cre
mice have been characterized in detail previously (44). Sox2-Cre
can be used to efficiently delete a floxed gene in the epiblast with-
out significantly affecting extraembryonic endoderm (32, 45). The
cell-restricted �1 integrin gene deletion in embryos was achieved
by crossing �1 integrinfl/fl females with �1 integrindf/�; Sox2-Cre
or �1 integrindf/�; Ttr-Cre males. E5.5 and E9.5 embryos from
timed matings were analyzed.

For deletion using Ttr-Cre, from 12 E5.5 embryos that we ex-
amined in detail, two embryos were found slightly abnormal and
all 10 other embryos were indistinguishable from the wild-type
control. One of these two abnormal embryos is shown (Fig. 6B,
left panel), compared to a wild-type control (Fig. 6A, left panel).

This �1 integrin-deleted (by Ttr-Cre) embryo shows a mislocal-
ized, Dab2-positive endoderm cell in the interior of the embryo
(Fig. 6B). However, the visceral endoderm appeared intact and
polarized, as shown by normal megalin and E-cadherin staining
(Fig. 6B, right panel), compared to wild-type control (Fig. 6A,
middle panel). The abnormal morphology of mutant embryos
was apparent by the E9.5 stage, with 4 out of 17 (29%) embryos
found grossly defective (Fig. 6D, middle panel). These 4 deformed
embryos were confirmed by PCR genotyping to be �1 integrinfl/df;
Ttr-Cre, and the rest of the 10 morphologically normal embryos
were either wild type or heterozygous for �1 integrin.

For deletion using Sox2-Cre, in 16 E5.5 embryos that we ex-
amined in detail, 4 (25%) embryos were found defective and all 12
other embryos were indistinguishable from the wild-type control.
The abnormal E5.5 embryos are very similar in the degree of de-
formation to those of constitutive �1 integrin-knockout embryos,
showing segregation of the PrE from the epiblast (Fig. 6C, right
panel) and the clustering of Dab2-positive PrE cells and associated
laminin (Fig. 6C, right panel). Nevertheless, the conditional mu-
tants still persisted and were genotyped by PCR as �1 integrinfl/df;
Sox2-Cre at E9.5. Among the 28 embryos, the 6 (21%) deformed
embryos were confirmed to have a �1 integrin deletion in the
epiblast (Fig. 6D, right panel).

These results support the notion that �1 integrin in the epiblast
plays a more crucial role than �1 integrin in the PrE cells for
patterning of extraembryonic endoderm at the E4.5 to E5.5 stages.
However, �1 integrin in both the extraembryonic endoderm and
the epiblast is ultimately essential for further normal development
and gastrulation.

Effacement of basement membrane by dispase prevents
primitive endoderm detachment from inner cells in �1 integ-
rin-deficient embryoid bodies. The segregation of endoderm
cells from the core of the �1 integrin-deficient embryoid bodies
suggests that the formation of basement membrane prevents E-
cadherin-mediated cell-cell adhesion and leads to the detachment
of the endoderm cells. To test this model, we included dispase (43)
in the cell culture medium during the formation of embryoid
bodies to digest the secreted extracellular basement membrane
materials. In �1 integrin wild-type (or heterozygous) embryoid

FIG 4 Analysis of embryoid bodies/spheroids using electron microscopy. Embryoid bodies (5 days in suspension culture) were analyzed by transmission
electron microscopy. (A and B) Representative images are shown for surface layers of cells for wild-type (WT) (arrow indicates basement membrane) (A) and for
�1 integrin-null [Intb1 (�/�)] (B) cells. (C) In some surface areas of the �1 integrin-null embryoid bodies, microvillus-containing endoderm cells are present,
and loosely attached basement membranes are observable (arrow indicates basement membrane).
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bodies, the surface endoderm layer was only slightly less contigu-
ous upon dispase treatment than were untreated controls (Fig. 7A,
left panel). A typical basement membrane was observed in un-
treated embryoid bodies (Fig. 7C, left panels) but was absent in
those with dispase treatment (Fig. 7C, right panels). In these cells,

the laminin staining was cytoplasmic, which was inaccessible to
dispase cleavage. In embryoid bodies derived from �1 integrin-
deficient ES cells, typically small Dab2-positive endoderm cell ag-
gregates detached or protruded from the surface of the cores (Fig.
7B, left panel). Upon dispase treatment during the formation of

FIG 5 Analysis of chimeric embryoid bodies derived from �1 integrin-positive and -deficient ES cells. Wild-type ES cells expressing GFP (GFP), with or without
differentiation by retinoic acid (1 �M for 7 days), were mixed with the �1 integrin-heterozygous G119 (designated “WT”) and the null G201 [B1(�/�)] ES cells
with or without differentiation. The chimeric cell mixtures were allowed to aggregate and sort in suspension culture for 2 days. The time period was adequate for
cell sorting but insufficient to induce spontaneous differentiation (29, 33). (A) The live chimeric embryoid bodies formed were analyzed for cell sorting patterns.
Confocal GFP images of embryoid bodies in the middle section are shown. “GFP � B1(�/�):RA” refers to GFP-labeled wild-type ES cells mixing with �1
integrin-null ES cells that have been differentiated with retinoic acid. “WT” refers to unlabeled G119 �1 integrin-heterozygous ES cells. (B) A representative
image of a chimeric embryoid body consisting of GFP-labeled wild type (GFP) mixed with retinoic acid-differentiated �1 integrin-heterozygous (WT:RA) ES
cells that was stained for laminin (red), GFP (green), and DAPI (blue). Overlaying GFP and DAPI produces a pale blue color. (C) The embryoid bodies were
produced from a mixture of the undifferentiated GFP-labeled and the differentiated �1 integrin-null ES cells [GFP � B1(�/�):RA]. Two examples show
confocal images of GFP (green), laminin (red), and DAPI (blue). (D) Embryoid bodies were produced from a chimeric mixture of the differentiated GFP-labeled
wild-type and the undifferentiated �1 integrin-null ES cells [GFP:RA � B1(�/�)]. Two examples of confocal images of GFP (green), laminin (red), and DAPI
(blue) are shown.
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cell aggregates, the �1 integrin-deficient embryoid bodies showed
no detached small endoderm aggregates, and patches of endoder-
mal monolayers resided on the surface of the embryoid bodies
(Fig. 7B, right panel). Dispase treatment eliminated most of the
laminin-containing basement membrane materials (Fig. 7D).

Thus, interference with basement membrane formation by

dispase prevents the detachment of the differentiating endoderm
from the epiblast in �1 integrin-deficient embryoid bodies. We
conclude that the secretion and formation of basement membrane
material displace E-cadherin-mediated interaction between the
endoderm and the epiblast cells. As the deposited basement mem-
brane material creates a physical gap between cells and prevents E-

FIG 6 Deletion of �1 integrin in the extraembryonic endoderm by Ttr-Cre and the epiblast by Sox2-Cre. E5.5 and E9.5 embryos were harvested from matings
between male �1 integrin�/df; Ttr-Cre and female �1 integrinfl/fl mice. The E5.5 embryos were sectioned and stained for Dab2 (green), laminin (red), and DAPI
(blue). The E9.5 embryos were dissected, photographed, and genotyped by PCR. Representative examples of �1 integrin-heterozygous (fl/df), Ttr-Cre-mediated
deletion in extraembryonic endoderm and Sox2-Cre-mediated deletion in epiblast are shown. (A) Wild-type [Intb1 (fl/df)] E5.5 embryos were sectioned and
stained with Dab2, laminin, and DAPI; E-cadherin, megalin, and DAPI; and Oct3/4, Dab2, and DAPI. (B) Mutant (�1 integrinfl/df; Ttr Cre) E5.5 embryos were
sectioned and stained with Dab2, laminin, and DAPI and E-cadherin, megalin, and DAPI. (C) Mutant (�1 integrinfl/df; Sox2 Cre) E5.5 embryos were sectioned
and stained with Dab2, laminin, and DAPI and Oct3/4, Dab2, and DAPI. (D) Representative E9.5 embryos of �1 integrinfl/df, �1 integrinfl/df; Ttr-Cre, and �1
integrinfl/df; Sox2-Cre types are shown.
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cadherin-mediated cell adhesion, the �1 integrin-deficient epiblast
core fails to bind and retain a basement membrane, and the �1 integ-
rin-deficient endoderm outer layer detaches and segregates.

DISCUSSION

In this study, we revisited the embryonic phenotype of �1 integ-
rin-knockout mice and determined the mechanism for the devel-
opmental failure of the mutant embryos. By immunostaining im-
planted blastocysts, we found that abundant PrE differentiation
occurs in E4.5 and E5.5 �1 integrin-deficient embryos. However,
the PrE cells segregate from the epiblast in the mutant embryos,
instead of forming a monolayer epithelium covering the inner
epiblast. From additional in vitro analysis using embryoid bodies,
we conclude that �1 integrin-deficient PrE cells form but fail to
attach to and then segregate from the epiblast. A basement mem-
brane forms, but the �1 integrin-deficient inner core cells fail to
retain the extracellular matrix and the bound endoderm epithe-
lium. Thus, �1 integrin is essential for the attachment of the PrE to
the epiblast through binding to a basement membrane located
between the PrE and epiblast. These studies of the �1 integrin-
deficient embryonic phenotype provide new understanding of the
development of the PrE.

Sorting and positioning of primitive endoderm cells on the
surface. Observations in both embryos and embryoid bodies lead
to the conclusion that the initial differentiation of PrE occurs ran-
domly in the ICM (15, 33). The cells of the ICM undergo active
and dynamic movements and sort to the surface to form the PrE

layer (19–21, 25). The force underlying the sorting of PrE cells is
not differential adhesive affinity (29), which has been proposed to
explain the segregation and sorting of embryonic germinal layers
(28, 52, 53). Instead, the surface sorting and positioning of PrE
cells are due to the ability of the endoderm cells to establish an
apical polarity (29). Consistent with this idea, the glycoprotein
megalin is induced early in differentiating endoderm cells and
achieves an apical localization when the cells reach the surface to
form an epithelium (54). Furthermore, loss of polarity in Dab2-
deleted embryos leads to intermixing and failure of the PrE cells to
anchor at the surface (30–32). Dab2-mediated directional traf-
ficking of endocytic cargos is important in establishing the polar-
ized distribution of megalin to and E-cadherin away from the
apical surface of the endoderm epithelial cells, thus creating a
nonadhesive apical edge (31).

One potential explanation for the failure of PrE surface posi-
tioning in �1 integrin-deficient embryos is a lack of polarization,
since �1 integrin is known to participate in orienting epithelial
polarity (55, 56). However, we observed that �1 integrin-deficient
endoderm cells sort to the surface and are polarized as indicated
by the apical distribution of megalin.

Accompanying differentiation, the PrE cells in the interior be-
gin to express basement membrane components such as laminin
and collagen IV prior to reaching the surface (27). The formation
of a basement membrane appears to be a means of stabilizing the
organization and surface positioning of PrE cells upon their sort-

FIG 7 Removal of basement membrane by dispase prevents detachment of primitive endoderm in �1 integrin-deficient embryoid bodies. The �1 integrin-
heterozygous G119 (designated WT) and -null G201 [Intb1 (�/�)] ES cells were grown in suspension cultures for 5 days to form embryoid bodies. For the last
2 days, dispase (1 U/ml) or solvent carrier control was added into the culture. (A) Dab2 (green) immunofluorescence was overlaid on phase-contrast images
shown for the �1 integrin-heterozygous embryoid bodies. (B) Dab2 (green) immunofluorescence was superimposed on phase-contrast images of the �1
integrin-null embryoid bodies. (C) Images of immunofluorescence microscopy for Dab2 (green), laminin (red), and DAPI (blue) of a representative �1
integrin-heterozygous (designated WT) embryoid body, either with or without dispase treatment, are shown. (D) Images of immunofluorescence microscopy for
Dab2, laminin, and DAPI of a representative �1 integrin-null [Intb1 (�/�)] embryoid body, either with or without dispase treatment, are shown.
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ing to the surface. Presumably, when the PrE cells reach the sur-
face, the secreted laminin and collagen IV proteins assemble into
an insoluble basement membrane polymer. This extracellular bar-
rier prevents further E-cadherin-mediated binding and intermix-
ing of PrE with epiblast cells and stabilizes the mature extraem-
bryonic endoderm layer. Instead of cadherin-mediated cell
adhesion, the association of the PrE epithelial layer and the epi-
blast is mediated by their mutual binding to a shared basement
membrane between the two cell types.

Transition from cadherin- to integrin-mediated attachment
of primitive endoderm. The analysis of �1 integrin-deficient em-
bryos and embryoid bodies reveals the time and mechanisms for
the transition from cadherin-mediated cell-cell interactions to in-
tegrin-mediated cell-basement membrane binding during the
process of PrE formation. In early-stage ES cell aggregates, cell-cell
adhesion is mainly mediated by E-cadherin and N-cadherin, since
E-cadherin-null ES cells have a greatly reduced mutual adhesion
(29), and additional reduction of the N-cadherin gene copy fur-
ther decreases ES cell adhesive affinity (R. Moore, unpublished
observations). The current analysis suggests that a transition from
cadherin-mediated adhesion to integrin-mediated anchoring be-
tween PrE and epiblast coincides with the formation of the PrE
basement membrane at around the E4.5 stage.

The results suggest that the formation of basement membrane
is the critical force that breaks cadherin-mediated cell-cell contact
between the PrE and the epiblast beneath (Fig. 8). The demonstra-
tion that removal of secreted basement membrane components by
dispase prevents the detachment of PrE cells from core aggregates
in the �1 integrin-deficient embryoid bodies strongly supports the
critical role of basement membrane formation in the switch from
cadherin- to integrin-mediated cell adhesion. Normally, upon de-
position and formation of basement membrane, the epithelial
structure is then maintained by mutual binding of PrE and the
epiblast core cells to the opposite side of the same basement mem-
brane sheet. At this stage, �1 integrin becomes essential for main-
taining the PrE monolayer epithelial structure.

Mechanism of basement membrane formation and the crit-
ical requirement of �1 integrin in the epiblast compartment.
The current analysis also provides insights into the formation of
basement membrane and the roles of integrins. In this study, we

conclude that �1 integrin-deficient ES cells are capable of PrE
differentiation and subsequent synthesis and deposition of base-
ment membrane components. It has been postulated that the sol-
uble extracellular matrix components can assemble spontane-
ously into insoluble polymers to form a basement membrane (57,
58). Consistent with this model, in �1 integrin-deficient embryoid
bodies, the differentiated and detached PrE cell aggregates contain
basement membrane polymers as seen by immunofluorescence
and electron microscopy, suggesting that self-assembly does not
require �1 integrin. Rather, �1 integrin is important for binding
and retaining the deposited basement membrane fragments ad-
joining the cell basal surface. In accord with this notion, in chime-
ric embryoid bodies of undifferentiated wild-type and differenti-
ated �1 integrin-deficient cells, an apparently normal basement
membrane layer forms and covers the �1 integrin-positive core,
but no PrE cells reside on the outer side of the basement mem-
brane (Fig. 5C). Presumably, the �1 integrin-deficient endoderm
cells secrete the protein components to form a basement mem-
brane bound by the �1 integrin-positive inner core cells. How-
ever, the �1 integrin-deficient endoderm cells then detach from
the basement membrane due to weak binding, leaving an unoc-
cupied basement membrane surface on the outside.

�1 integrin is essential for binding of the epiblast cells to the
basement membrane. In the absence of �1 integrin, the basement
membrane detaches from the inner epiblast core of embryoid
bodies, carrying with it PrE cells that have acquired an increased
affinity (over undifferentiated cells) to the matrix, presumably
due to induction of additional integrin subtypes (42).

The critical importance of the �1 integrin requirement in the
inner epiblast cells for the PrE organization is also supported by
the phenotypes of the conditional deletion of �1 integrin. At the
E5.5 stage, deletion of �1 integrin in the PrE cells (mediated by
Ttr-Cre) produced nearly morphologically normal embryos; in
contrast, deletion in the epiblast (mediated by Sox2-Cre) gener-
ated deformed embryos of severity similar to that of those from
constitutive deletion of �1 integrin, showing segregation of PrE
from epiblast. However, as a note of caution, Ttr-Cre is expressed
at a slightly later stage (44), which likely contributes to a milder
defective phenotype. Ttr-Cre would be effective only after the for-
mation of the primitive endoderm epithelium, and thus, in these
mosaic embryos, only the role of �1 integrin in the maintenance of
the epithelium will be observed.

Model for the organization of primitive endoderm epithe-
lium. Based on this study, we propose a model for the develop-
ment of PrE (illustrated in Fig. 8). As established previously, PrE
differentiation occurs randomly within the ICM, where cell-
cell adhesion is mediated by cadherins (19–21, 25). Upon dif-
ferentiation, PrE cells produce laminin and other components
of the basement membrane, sort to the surface, and deposit
extracellular matrix components between the PrE and epiblast.
The formation of basement membrane switches the adhesion
between PrE and epiblast from cadherin- to integrin-mediated
binding.

In �1 integrin-deficient embryos, the phenotype is shown here
as physical segregation of PrE from the epiblast. Thus, �1 integrin
is not essential for lineage differentiation; rather, its deletion leads
to the segregation of PrE from epiblast in peri-implanted mouse
embryos.

FIG 8 Model for the formation of primitive endoderm and the role of �1
integrin. PrE differentiation initiates randomly in both peripheral and central
regions of the ICM, and subsequently, the differentiated cells sort and position
on the surface. Laminin synthesis is induced upon differentiation. Basement
membrane components, including laminin produced and secreted by the PrE
cells, are deposited between the endoderm and epiblast compartment. The
formation of a basement membrane drives the conversion of E-cadherin-me-
diated endoderm-epiblast adhesion to �1 integrin-mediated basement mem-
brane anchorage. In �1 integrin-null embryos, strong cadherin-mediated ad-
hesion between PrE cells and their weak binding to the basement membrane
lead to the segregation and detachment of PrE cells from the core.
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