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Introduction: The basement membrane (BM) is a sheet-like extracellular matrix (ECM) lining the basal
side of epithelial and endothelial cells. The molecular composition of the BM diversifies as embryonic
development proceeds, providing optimized microenvironments for individual cell types. In post-
implantation stage embryos, the embryonic BMs are essential for differentiation of the epiblast, a
layer of multipotent embryonic stem cells, and subsequent embryogenesis. To better understand the role
of BMs and celleBM interactions in early embryogenesis, it is imperative to accumulate information on
the molecular entities of the embryonic BMs.
Methods: We analyzed the expressions and localizations of 20 major BM proteins (11 laminin subunits, 6
type IV collagen subunits, nidogen-1 and -2, and perlecan) and other ECM-related proteins such as
fibronectin and integrins in post-implantation stage embryos by immunohistochemistry.
Results: We found that a set of BM proteins, laminin a5, b1, and g1 (comprising laminin-511), type IV
collagen a1 and a2 (yielding type IV collagen a12a2 [IV]), nidogen-1 and -2, and perlecan, were
consistently present in the epiblast/ectoderm BMs throughout the early post-implantation stages. In
contrast, laminin a1 was detected in the epiblast BM at E5.5 but decreased in later stages, suggesting that
laminin-511 is a major laminin isoform in the early embryonic BM. In addition, fibronectin, a mesen-
chymal ECM protein, was enriched in the endoderm BM, indicating that the BM compositions differ
between the ectoderm and the endoderm. Consistent with these observations, integrin a5, a high-affinity
receptor for fibronectin, was localized in the endoderm, while integrin a6, a receptor for laminin-511, was
localized in the ectoderm.
Conclusions: The embryonic BMs underlying the epiblast/ectoderm contain a common toolkit
comprising laminin-511, type IV collagen (a12a2 [IV]), nidogen-1 and -2, and perlecan, providing a
physiological basis for the utility of laminin-511 as a culture substrate for pluripotent stem cells. The
distinctive association of laminin-511 and fibronectin with endodermal and ectodermal cells, together
with the differential expression of integrin a5 and a6 in these cells, suggests that the ectodermal and
endodermal cells rely on their integrin-dependent interactions with laminin-511 and fibronectin,
respectively, to ensure their fate specification in embryonic development.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
tracellular matrix.

. Sekiguchi).
se Society for Regenerative

saka Medical College, 2e7

Dynamics Research (BDR),
0047, Japan.

ative Medicine. Production and ho
1. Introduction

The basement membrane (BM) is a sheet-like extracellular
matrix (ECM) composed of a repertoire of glycoproteins and pro-
teoglycans. BMs are formed at the basal side of epithelial and
endothelial cell sheets and surround individual muscle fibers,
muscle satellite cells, adipocytes, vascular pericytes, and Schwann
cells. BMs provide cell-adhesive substrates and evoke signals that
regulate cell survival, differentiation, and migration via cell-surface
ECM receptors such as integrins. BM molecules and soluble factors
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
List of primary antibodies.

Category Protein Antibody Production/Reference

BM protein laminin a1 5B7-H1 Matrixome Project [8]
BM protein laminin a2 4H8-2 SIGMA Aldrich (#L0663)
BM protein laminin a3 M35-N3-B9 Matrixome Project [8]
BM protein laminin a4 M49-N7-F3 Matrixome Project [8]
BM protein laminin a5 M5N8-C8 Matrixome Project [8]
BM protein laminin b1 1B5-D12 Matrixome Project [8]
BM protein laminin b2 B24-N8-D6 Matrixome Project [8]
BM protein laminin b3 B31-N8-G8 Matrixome Project [8]
BM protein laminin g1 A5 Chemicon International
BM protein laminin g2 C21-N1-C9 Matrixome Project [8]
BM protein laminin g3 C83-N4-F4 Matrixome Project [8]
BM protein collagen a1(IV) H11 Sado et al. [16]
BM protein collagen a2(IV) H22 Sado et al. [16]
BM protein collagen a3(IV) H31 Sado et al. [16]
BM protein collagen a4(IV) RH43 Sado et al. [16]
BM protein collagen a5(IV) H53 Sado et al. [16]
BM protein collagen a6(IV) B66 Sado et al. [16]
BM protein nidogen-1 ELM1 NeoMarkers (#RT797)
BM protein nidogen-2 nd2c Matrixome Project [8]
BM protein Perlecan A7L6 Chemicon International

Oct-3/4 H-134 Santa Cruz Biotechnology
(#sc-9081)

Gata6 R&D Systems (#AF1700)
integrin a5 5H10-27 (MFR5) BD Biosciences
integrin a6 GoH 3 BD Biosciences
fibronectin Kozaki et al. [17]
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captured on BMs vary by tissue types and developmental stages,
and provide customized microenvironments for individual cells. In
general, BMs contain laminin, type IV collagen, nidogen, and per-
lecan, comprising a molecular toolkit for BM construction [1,2]. The
molecular composition of a BM determines its biological properties.
For example, BMs contain one or several laminin isoforms, and the
combination of these isoforms affects their cell-adhesive activities
because laminin isoforms have different affinities for integrin re-
ceptors [3]. Thus, elucidation of the molecular entities of BMs is
imperative to understand the mechanisms for tissue organization
and development.

During early embryonic development in mice, a BM is indis-
pensable for differentiation of the epiblast, an epithelial layer of
pluripotent cells in peri-implantation stage embryos. Disorders of
BM formation and celleBM interactions cause lethality at this
embryonic stage [4e6]. Epiblast cells give rise to three germ layers,
the ectoderm, endoderm, and mesoderm. Epiblast BM formation
and remodeling are also involved in the development of these germ
layers. The ectoderm is a simple columnar epithelial cell layer
supported by the ectodermal BM at its basal side. The ectoderm
layer subsequently differentiates into the neural ectoderm and
epidermal ectoderm. The mesoderm appears during gastrulation, a
coordinated migration of differentiating cells from the epiblast
through the primitive streak at the posterior midline of the epiblast
layer. During gastrulation, local degradation of the posterior
epiblast BM is critical for primitive streak formation. The endo-
derm, either primitive, embryonic, or extraembryonic, also forms
an epithelial structure that requires an underlying BM. The defin-
itive endoderm, from which endodermal organs such as the
digestive system and lungs develop, arises from gastrulating cells
that reach and settle in the visceral endoderm layer with a BM.
Differentiation, growth, and migration of the cells in these three
germ layers are critical for further embryonic development.

We previously investigated the differential localization of BM
components at the organogenic stage of mouse embryos [7,8], and
demonstrated that the expression patterns of BM proteins diver-
sified as embryonic development proceeded, resulting in varied BM
compositions depending on tissue types, cell types, and develop-
mental stages. This diversification of BM compositions suggests
that BMs are customized to provide optimal microenvironments for
individual cells.

Herewe focused on the development of post-implantation stage
embryos, and analyzed the distribution of the BM toolkit, laminins,
type IV collagens, nidogens, and perlecan. Laminin is a hetero-
trimeric protein consisting of a, b, and g subunits. Laminin isoforms
are composed by selected combinations of five a, three b, and three
g subunits, and are named by three digit numbers referring to their
subunit compositions. For example, laminin-111 is composed of a1,
b1, and g1 [9,10]. Type IV collagen is composed of three a subunits
selected from subunits a1 through a6. Combinations of two a1 and
one a2 (a12a2 [IV]), heterotrimers of a3, a4, and a5 (a3a4a5 [IV]),
and two a5 and one a6 (a52a6 [IV]) have been reported [11].
Laminins and type IV collagens both self-assemble to form the basal
architecture of BMs. Nidogen-1 and -2 are monomeric glycopro-
teins that interact with other BM proteins through three globular
domains. Perlecan, a heparan sulfate proteoglycan, is widely
distributed in BMs as well as in cartilages [12]. In this study, we
performed a comprehensive immunohistochemical survey of 20
major BM proteins (11 laminin subunits, 6 type IV collagen sub-
units, nidogen-1 and -2, and perlecan) at embryonic day (E) 5.5
through 7.5. Our results show that the early epiblast BM comprises
laminin-511, type IV collagen (a12a2 [IV]), nidogen-1 and -2, and
perlecan. Such comprehensive studies on the BMs in early post-
implantation embryos may provide insights into the ECM milieu
optimized for early embryonic cell differentiation.
2. Materials and methods

2.1. Mouse embryos

Post-implantation stage embryos were collected from ICR mice
at E5.5, E6.5, and E7.5. Embryos with decidua, a thickened endo-
metrial tissue surrounding an individual embryo, were excised and
immediately frozen in Tissue-Tek OCT compound (Sakura Finetek)
using liquid nitrogen. The frozen tissues were sectioned horizon-
tally at 7e8-mm thickness. Serial sections from the proximal to
distal end of the embryonic cylinders were obtained. Every one
section from 2 or 3 serial sections of the same embryos was stained
with hematoxylin and eosin for morphological validation. Only the
set of sections at the correct angle and embryonic stages [13e15]
were used for subsequent immunohistochemical analyses. The
mice were kept in a specific pathogen-free environment under
stable conditions of temperature and light (12-h/12-h light/dark
cycle). All mouse experiments were performed in compliance with
our institutional guidelines and were approved by the Animal Care
Committee of Osaka University.

2.2. Antibodies and immunohistochemistry

The primary antibodies used for immunohistochemistry are
listed in Table 1. Production and evaluation of the 20 BM protein
antibodies were described elsewhere [7,8,16]. Antibodies against
Oct-3/4 (Santa Cruz Biotechnology), Gata6 (R&D Systems), integrin
a5 (MFR5) (BD Biosciences), and integrin a6 (GoH 3) (BD Bio-
sciences) were commercially available. An anti-fibronectin poly-
clonal antibody was produced in our laboratory as described
previously [17]. The procedure for immunohistochemical staining
of frozen sections was described previously [7,8]. Briefly, embryos
were freshly frozen and sectioned without pre-fixation. The sec-
tions were post-fixed with an appropriate fixative, such as 4%
paraformaldehyde or acetone, depending on the individual primary
antibodies. After inactivation of endogenous peroxidase by H2O2
treatment, the sections were sequentially incubated with a block-
ing solution, primary antibodies, and horseradish peroxidase-



Table 2
Target genes and their primers for quantitative RT-PCR.

Target gene Gene symbol Primer 1 Primer 2

Laminin a1 Lama1 tggagacggtggacagtgacct cagccactgccaagtctatagca
Laminin a2 Lama2 cagtcagaagatggatggaatgg gtcgtttgtatcagctgatgtcga
Laminin a3 Lama3 gggaaggtcacgacctctatga Aatgagttccacacagggagtgt
Laminin a4 Lama4 Agaatctctgtgatggcagatgg gcagctttactgaagctcacagg
Laminin a5 Lama5 tggctcctacctggatggcag ctccacacgcaccaacacacg
GAPDH Gapdh tcctgcaccaccaactgcttagc tggatgcagggatgatgttctgg
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conjugated secondary antibodies. Finally, the sections were color-
ized with diaminobenzidine solution and counterstained with he-
matoxylin. To examine the possible local differences in BMs in
detail, and to minimize artificial differences, serial sections of the
entire embryonic tissue were immunostained and colorized
simultaneously. For whole-mount immunostaining, embryos at
E6.5eE7.5 were dissected from the decidua and fixed in 4% para-
formaldehyde in PBS for 60 min on ice. The subsequent procedures
were performed at 4 �C. After washing with PBS, the embryos were
serially incubated in PBS containing 0.1% Triton-X100 and 0.1%
Fig. 1. Immunostaining of epiblast BMs and Reichert's membrane in E5.5 embryos. (a)
horizontally (lower panel). The line marked “bej” indicates the position at which the E5.5 em
indicate BMs. In the lower panel, the inner circle (black arrowhead) is the embryonic BM and
of immunostaining for laminin subunits a1 (b), b1 (c), g1 (d), and a5 (e), type IV collagen (C
arrowheads in (bej) indicate the embryonic BM and Reichert's membrane, respectively. No
Reichert's membrane. Scale bars: 50 mm.
Tween-20 (PBST) for 60 min, PBST containing 2% bovine serum
albumin (BSA-PBST) for 60 min, and BSA-PBST containing primary
antibodies for 16 h. The embryos were then washed with PBST
three times for more than 30 min per time, and incubated with
secondary antibodies in BSA-PBST for 16 h. Finally, the embryos
were stained with DAPI, and observed under an LSM510 confocal
laser scanning microscope (Zeiss).
2.3. Quantitative RT-PCR

Embryos from E6.5 to E16.5 were dissected in PBS. Extraem-
bryonic membranes were removed as much as possible, especially
from early embryos, to avoid contamination. Total RNA was
extracted using an RNeasy Kit (Qiagen) and reverse-transcribed
with SuperScript™ II Reverse Transcriptase (Invitrogen) and
random primers. Quantitative PCR was performed with Power™
SYBR™ Green Master Mix (Applied Biosystems) and an ABI PRISM
7000 (Thermo Fisher Scientific). The target genes and their primers
are listed in Table 2. The expression levels of the target genes were
normalized by those of glyceraldehyde-3-phosphate
Schematic diagram of an E5.5 mouse embryo sectioned vertically (upper panel) and
bryos were sectioned for the immunostaining shown in panels (bej). The yellow lines
the outer layer (white arrowhead) is Reichert's membrane (bej) Representative images
oll IV) a1 (f) and a2 (g), nidogen-1 (h) and �2 (i), and perlecan (j). The black and white
te that laminin a5 (e) is clearly detected in the embryonic BM, but hardly present in
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dehydrogenase (GAPDH). The relative expression levels were
indicated with the highest level in the analyzed stages set at 100.
3. Results

3.1. Localization of BM proteins in epiblast stage embryos (E5.5)

We performed a panel of immunohistochemical analyses for the
20 BM proteins (Table 1) at three post-implantation stages of early
mouse embryos (E5.5, E6.5, and E7.5). The E5.5 embryo has the
appearance of an elongated sac with a bilayer of cells (Fig. 1a). The
inner cell layer, the epiblast, surrounds a blastocoel cavity. The
Table 3
Summary of immunohistochemical staining intensities of 20 BM proteins in early embry
outer cell layer is the endoderm and is separated from the epiblast
layer by an embryonic BM. In a transverse section, two layers of
BMs are observed in the E5.5 embryo. The inner layer is the em-
bryonic BM (Fig. 1a, black arrowheads), and the outer layer is
Reichert's membrane (Fig. 1a, white arrowheads), an extraembry-
onic membrane composed of BMmolecules and parietal endoderm
cells.

Nine proteins comprising laminin a1, b1, g1, and a5, type IV
collagen a1 and a2, nidogen-1 and -2, and perlecan were detected
in the embryonic BM (Fig. 1bej, black arrowheads). Most of them
were also positive in Reichert's membrane (white arrowheads)
except for laminin a5 that was hardly detectable in Reichert's
os.
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membrane (Fig. 1e). These results indicate that the embryonic BM
at the epiblast stage contains both laminin-111 and -511, while
Reichert's membrane mainly contains laminin-111. The other sub-
units of laminin and type IV collagen were not detected in E5.5
embryos (Suppl. fig. 1). Table 3 summarizes the immunoreactivities
of the 20 BM proteins in the epiblast and early ectodermal BMs.
3.2. BM composition in gastrulation stage embryos (E6.5):
formation of the ectoderm, endoderm, and mesoderm

At E6.5, the posterior part of the embryonic BM (designated
ectodermal BM hereafter) became fragmented and disappeared
locally (Fig. 2bef, arrows). Differentiating mesodermal cells
appeared between the epiblast and endoderm layers (Fig. 2,
asterisks).
Fig. 2. Immunostaining of E6.5 embryos at the gastrulation stage. (a) Schematic diagram
(bef) Horizontal sections of E6.5 embryos immunostained for laminin subunits b1 (b), g1 (c)
break down. Posterior regions of the sections (squares) are magnified in the right panels. T
layers. The ectodermal BM (black arrowheads) and Reichert's membrane (white arrowhead
The overall immunoreactivities of the 20 BM proteins in the
ectodermal BM in E6.5 embryos were similar to those in E5.5 em-
bryos, showing positivity for laminin a1, a5, b1, and g1, type IV
collagen a1 and a2, nidogen-1 and -2, and perlecan (Table 3).
Representative images of laminin b1, g1, a1, and a5, and perlecan
are shown in Fig. 2. Notably, the immunostaining signals for lami-
nin a1 in the ectodermal BM at E6.5 were less pronounced than
those at E5.5 (Fig. 2d, black arrowhead), while the signals in
Reichert's membrane were increased (Fig. 2d, white arrowhead).
Laminin a5 was clearly detected in the ectodermal BM, but hardly
present in Reichert's membrane (Fig. 2e). Immunostaining for
laminin b1 and g1 produced slightly higher signals in Reichert's
membrane than in the ectodermal BM (Fig. 2b and c). These results
indicate that the ectodermal BM at E6.5 mainly contains laminin-
511 as a major laminin isoform, while Reichert's membrane con-
tains laminin-111.
of an E6.5 mouse embryo sectioned vertically (left panel) and horizontally (right panel).
, a1 (d), a5 (e), and perlecan (f). The arrows indicate the posterior region where the BMs
he asterisks indicate mesodermal cells migrating between the epiblast and endoderm
s) are indicated. Scale bars: 50 mm.
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As the formation of the mesoderm layer proceeded, the BM
structure was detected with the endoderm layer. However, the
endodermal BM was thin and often fragmented in E6.5 embryos.
The magnified images in Fig. 2 indicate the endodermal BM (red
Fig. 3. Immunoreactive BM proteins in the extraembryonic region of E7.5 embryos. (a)
positions of the sections shown in panels (beg). (bee) Immunostaining of laminin subunit
laminin a1 and a3 in the chorionic BM (arrows). (h) Schematic diagram of an E7.5 embryo in
in the extraembryonic mesoderm (i, arrows), but not in the embryonic region (j). The aste
arrowheads) andmigratingmesoderm (asterisks), respectively. The
components detected in the endodermal BM were similar to those
in the ectodermal BM. In addition, the endodermal BM was found
to contain fibronectin as described below.
Schematic diagram of an E7.5 embryo showing the extraembryonic structures and the
s in the amniotic BM (arrows) where laminin a1 is negative. (f, g) Immunostaining of
dicating the positions of the sections shown in panels (iej). (iej) Laminin a4 is detected
risk in (j’) indicates the embryonic mesoderm. Scale bars: 100 mm.
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3.3. Differentiation of the extraembryonic region in E7.5 and
diversification of BM components

Extraembryonic structures such as the amnion, allantois, and
chorion are formed by E7.5 (Fig. 3a). The amnion and chorion are
composed of two cell layers separated by a BM. Laminin b1 and g1,
type IV collagen a1 and a2, nidogen-1 and -2, and perlecan were
detected in the BMs of these extraembryonic structures, similar to
the case for the ectodermal BM in the embryonic region (Table 3,
data not shown). For the other laminin subunits, we found that the
amniotic BM lacked laminin a1 (Fig. 3b) and was partially positive
for laminin a3 and a4 (Fig. 3c and d). It also contained laminin a5
(Fig. 3e). The chorionic BM retained a faint laminin a1 signal
(Fig. 3f) and was positive for laminin a3 (Fig. 3g). Laminin a4 was
detected in the extraembryonic mesoderm (Fig. 3i), but not in the
embryonic region (Fig. 3j), suggesting that laminin-311 and -411
were expressed in the extraembryonic tissues prior to their
expression in the embryonic region.

In contrast to the extraembryonic regions, the complexity of the
ectodermal BM at E7.5 was similar to those at the earlier stages
(Table 3). Fig. 4 shows the immunostaining signals in the ecto-
dermal BMs. The ectodermal BM at E7.5 contained laminin-511 as a
major laminin isoform.

We further confirmed the differential localization of laminin a1
and a5 at E7.5 by whole-mount immunofluorescence staining
(Fig. 5). Embryonic ectodermal cells were marked by Oct-3/4
Fig. 4. Immunostaining for BM proteins in the ectodermal BMs of E7.5 embryos. The ar
(ec) and mesoderm (m) are indicated in (a). Scale bar: 50 mm.
immunostaining. Laminin a5 signals were detected in the BMs of
both embryonic and extraembryonic regions, while laminin a1
signals were restricted to the proximal exocoelomic wall. These
results indicate that the BMs in the embryonic region, especially the
epiblast/ectodermal BMs, contain laminin-511 rather than laminin-
111 as the major laminin isoform.

We also confirmed the relative expression levels of RNA tran-
scripts of laminin a subunits from E6.5 to E16.5 (Fig. 6). Laminin a1
and a5 showed the highest expression levels at E6.5, while the
other three a subunits were undetectable at E6.5, supporting the
conclusion that the early embryonic BM is composed of laminin
isoforms containing a1 and a5 subunits.

3.4. Ectodermal and endodermal cells interact with their
underlying BMs through distinct integrins

The endodermal BM becomes distinguishable from the epiblast/
ectodermal BMs as the mesoderm layer is formed between the
ectoderm and the endoderm. As exemplified in Fig. 2, the immu-
nostaining signals for BM proteins in the endodermal BM were
weak and fragmented. We found that fibronectin, an ECM protein
typically distributed in the mesenchymal matrix, was detected in
the endodermal BM zone of gastrulating embryos (Fig. 7a and c).
The fibronectin immunoreactivity was higher in the endodermal
BM than in the ectodermal BM (Fig. 7a and c), while the perlecan
signals were more pronounced in the ectodermal BM compared
rowheads indicate the positions of the ectodermal BMs. The positions of the ectoderm
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with the endodermal BM (Fig. 7b and c). These findings suggest that
the endoderm and ectoderm cells are differentially attached to
their extracellular environments through distinct adhesive
components.

The differential localizations of fibronectin and BM proteins
between the ectoderm and endoderm prompted us to investigate
the expression of integrins that bind to fibronectin (integrin a5b1)
and laminin-511 (integrin a6b1) (Fig. 8). Integrin a5 was selectively
expressed at the basolateral surface of the endodermal cells in the
E6.5 embryo, while integrin a6was only detected in the ectodermal
cells (Fig. 8a and b). These results were consistent with the differ-
ential expression of fibronectin and laminin-511 in the two cell
layers, indicating that the ectoderm cells preferentially interact
with laminin-511 in the ectodermal BM through integrin a6b1 and
the endoderm cells interact with fibronectin in the endodermal BM
via integrin a5b1.

4. Discussion

The epiblast BM is the fundamental microenvironment for the
establishment and maintenance of pluripotent epiblast cells. We
Fig. 5. Differential localization of laminin a1 and a5 in E7.5 embryos. Whole-mount imm
green). Embryonic regions are labeled with an antibody against Oct-3/4 (red). Images of the
confocal microscopy images merged with phase-contrast images. (b, d) Projection images o
found that laminin a5, rather than a1, was the primary laminin a
subunit in the epiblast/ectodermal BMs of early post-implantation
stage embryos. Expression of laminin a1 and a5 in early embryonic
BMs was reported previously [18,19]. Consistent with our obser-
vations, Miner et al. [17] reported that laminin a5 was the major
laminin a subunit comprising the embryonic BM. Because laminin
b1 and g1 were continuously detected in the epiblast/ectodermal
BMs, it is conceivable that laminin-511 consisting of a5, b1, and g1
subunits is the major isoform in the epiblast/ectoderm BMs.
Although laminin-111 has often been considered a major laminin in
the early embryonic BM, the laminin a1 signals became weaker in
the epiblast/ectodermal BMs and were mainly detected in Reich-
ert's membrane.

Our results show that themolecular composition of the epiblast/
ectodermal BMs is rather simple and remains unaltered during
post-implantation developmental stages until E7.5. Thus, laminin
a5, b1, and g1, type IV collagen a1 and a2, nidogen-1 and -2, and
perlecanwere detected in the epiblast/ectodermal BMs in all stages
examined. Local differences in BM composition were not detected
in the epiblast/ectodermal BMs, suggesting that the contents of the
epiblast/ectodermal BMs remain constant throughout the early
unostaining of E7.5 embryos for laminin a1 (a and b, green) and laminin a5 (c and d,
whole embryos were taken by confocal microscopy. (a, c) Single optical planes of the
f five optical planes of the confocal microscopy images. Scale bars: 50 mm.



Fig. 6. Developmental changes in RNA transcript levels of laminin a subunits. The
expression levels of RNA transcripts for five laminin a subunits (a1 to a5) in E6.5, E7.5,
and E8.5 embryos were quantified by RT-PCR. The transcript levels were normalized by
those of GAPDH, and are presented with the highest value set at 100 for each gene. The
levels at E16.5 were included as a reference. Laminins a1 and a5 show their highest
expression at E6.5, while Laminins a2, a3, and a4 are highest at E16.5 and hardly
detected in the early stages.
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post-implantation stages. Taken together, the obtained results
suggest that the BMs of the epiblast and ectoderm are composed of
a common toolkit comprising laminin-511, type IV collagen (a12a2
[IV]), nidogen-1 and -2, and perlecan.

Despite the restricted composition of the epiblast/ectodermal
BMs, the BM complexity increased in the extraembryonic regions
between E6.5 and E7.5. Our results showed that laminin a3 and a4
subunits, which were undetectable in the embryonic region, were
detected in the amnion, allantois, and chorion. Because b1 and g1
were the dominant laminin b and g subunits detected in these
extraembryonic regions, it is conceivable that laminin a3 and a4
expressed in these regions comprise laminin-311 and laminin-411,
the latter of which may well localize in the region of early vascu-
logenesis [20]. In addition, these extraembryonic structures were
located proximal to the ectoplacental cone where the embryo at-
taches to the uterine wall. The maternal tissue and/or ectoplacental
Fig. 7. Distinct BM compositions between the ectoderm and endoderm during gastrulat
perlecan (b). Panel (c) shows the merged image. A magnified view of the boxed area is shown
in (c). The arrows indicate breakdown of the ectodermal BM in the posterior gastrulation
respectively. Scale bars: 50 mm.
cone may have an impact on the differentiation of extraembryonic
cells as well as the diversification of BM components. The other
laminin and type IV collagen subunits were undetectable in these
early stages and appeared in later stages from E8.5 to E10.5, i.e.,
early organogenic stages (unpublished observations).

Stem cells require a specialized environment, so-called niche, to
maintain their stemness. In early embryos, the epiblast maintains
pluripotency and stands on the epiblast BM composed of the
fundamental BM toolkit including laminin-511. The interactions of
cells with BMs are mediated by cell surface receptors, particularly
integrins. Integrin-mediated adhesive interactions of cells with
BMs are a prerequisite for establishment and maintenance of the
epiblast. Lack of either laminin g1 or integrin b1 resulted in failure
of epiblast differentiation in vitro and early embryonic lethality
in vivo [4,6,21e23]. Moreover, ablation of laminineintegrin in-
teractions by replacement of a single amino acid in laminin g1
critical for integrin binding also caused early post-implantation
lethality [5]. We found that integrin a6, which comprises the
laminin-binding integrin a6b1, was selectively expressed in the
ectoderm, but not the endoderm, of E6.5 embryos. These results
strongly suggest that the epiblast/ectoderm cells interact with
laminin-511 in their BMs through integrin a6b1. In line with the
in vivo situation, pluripotent stem cells including multiple lines of
human embryonic stem cells and induced pluripotent stem (hiPS)
cells express integrin a6 as a major integrin species and can be
stably passaged on recombinant laminin-511 without losing their
pluripotency [24,25]. A recombinant laminin-511 fragment retain-
ing the full integrin-binding activity has also been widely used for
culture of hiPS cells under feeder-free and xeno-free conditions
[26,27].

In contrast to the integrin a6 expression in the ectodermal cells,
the endodermal cells at E6.5 predominantly expressed integrin a5.
We also found that fibronectin was localized in the BM zone of the
endoderm rather than in the ectoderm, suggesting that the endo-
dermal cells utilize fibronectin as their substrate via integrin a5b1.
Liu et al. [27] reported that endodermal cells derived from mouse
embryonic stem cells spread on fibronectin and formed typical
focal adhesions, a complex of cell adhesion molecules including
integrin a5b1. Given these results, fibronectin appears to be a
favored substrate for differentiation and maintenance of early
endodermal cells in vitro.
ion. (a, b) Horizontal sections of an E6.5 embryo immunostained for fibronectin (a) and
on the right. Perlecan and fibronectin were separately detected in the posterior region

region. The white and red arrowheads indicate the ectodermal and endodermal BMs,



Fig. 8. Distinctive expression of integrins in the ectoderm and endoderm. (a, b) Confocal microscopic images of whole-mount immunohistochemical staining of E6.5 embryos for
integrin a5 (a) and a6 (b). Gata6 immunostaining labels the endodermal cell nuclei. en: endoderm; ec: ectoderm. Scale bars: 50 mm.
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In summary, our comprehensive profiling of embryonic BMs
revealed that the BMs underlying the epiblast/ectoderm are
comprised of a restricted repertoire of BM proteins including
laminin-511, type IV collagen (a12a2 [IV]), nidogen-1 and -2, and
perlecan, which define a toolkit for embryonic BMs. The dominant
expression of laminin-511 in the epiblast/ectoderm BMs provides a
physiological basis for the utility of laminin-511 and its functionally
active fragment as culture substrates that support efficient expan-
sion of human pluripotent stem cells. Further detailed profiling of
BMs in organogenic stages and adult tissue stem cells will provide
information that facilitates better understanding of the environ-
mental requirements for stem cell differentiation and maintenance
in their niche.
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