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Epithelial to mesenchymal transition during gastrulation:

An embryological view

Yukiko Nakaya and Guojun Sheng*

Laboratory for Early Embryogenesis, RIKEN Center for Developmental Biology, Kobe 650-0047, Japan

Gastrulation is a developmental process to generate the mesoderm and endoderm from the ectoderm, of which
the epithelial to mesenchymal transition (EMT) is generally considered to be a critical component. Due to increasing
evidence for the involvement of EMT in cancer biology, a renewed interest is seen in using in vivo models, such as
gastrulation, for studying molecular mechanisms underlying EMT. The intersection of EMT and gastrulation
research promises novel mechanistic insight, but also creates some confusion. Here we discuss, from an
embryological perspective, the involvement of EMT in mesoderm formation during gastrulation in triploblastic
animals. Both gastrulation and EMT exhibit remarkable variations in different organisms, and no conserved role
for EMT during gastrulation is evident. We propose that a ‘broken-down’ model, in which these two processes
are considered to be a collective sum of separately regulated steps, may provide a better framework for studying
molecular mechanisms of the EMT process in gastrulation, and in other developmental and pathological

settings.
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Introduction

During embryonic development, a single fertilized egg
eventually gives rise to an organism with hundreds of
different cell types. The diverse cell types in complex
tissues and organs, however, can be loosely categorized
into two general types: those cells with a two-dimensional
organization with their neighbors (epithelial) and those
with a three-dimensional organization (mesenchymal).
The two-dimensional organization of an epithelium is
relative, of course, as it can fold into topologically com-
plex structures, and epithelial cells often interact with
other cells outside the epithelial sheet. Nevertheless,
this general categorization has provided an important
framework for the description and understanding of
tissue morphogeneses during animal development. Any
morphogenetic process can be viewed conceptually as
cell organizational changes either within the epithelial
or mesenchymal state, or a transition between these
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two states (EMT for epithelial to mesenchymal transition
or MET for mesenchymal to epithelial transition).

The concept of EMT/MET, since first proposed four
decades ago in cell biological studies of chick embryos
(Trelstad et al. 1966, 1967; Hay 1968), has been used
to describe diverse biological phenomena from troph-
ectoderm formation in developing mammalian embryos
(Collins & Fleming 1995; Morali et al. 2005; Eckert &
Fleming 2008) to tumor metastasis and invasion
(Savagner 2005; Yang & Weinberg 2008). Broad-scope
discussions of EMT/MET in development and disease
can be found in several recent review articles (Hay
1995; Shook & Keller 2003; Thiery 2003; Huber et al.
2005; Savagner 2005; Zavadil & Bottinger 2005; Thiery
& Sleeman 2006; Baum et al. 2008; Yang & Weinberg
2008). This review will focus on EMT during gastrulation,
which is regarded as the earliest and most typical EMT
event during animal development.

Key concepts: epithelium, mesenchyme,
gastrulation and germ layers

Mesenchymal cells generally have more irregular
morphology and higher motility than epithelial cells. It
is, however, not easy to define these cells based on any
cell biological criterion. Instead, mesenchymal cells are
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often regarded as cells that do not have an epithelial
morphology (Trelstad et al. 1967; Hay 1968). It is therefore
necessary to go through what are typically considered
to be the characteristics of an epithelium. A two-
dimensional epithelial structure is generally marked by
the presence of (i) an apico-basal polarity; (ii) a trans-
epithelial barrier (tight junctions or septate junctions); {iii)
an epithelial specific cell-cell adhesion mediated by
adherens junctions; and (iv) a basement membrane-like
extracellular matrix. These characteristics are not present
in all epithelial structures and none of them is unique
for epithelial cells. When introducing the concept of
EMT/MET, Hay (1968) provided a much more general
definition for the epithelium as a tissue layer with a free
surface. This free surface is the side facing the exterior
of the embryo for the surface ectoderm, the gastroin-
testinal lumen for the gut endoderm, and a cavity for
mesoderm-derived epithelia such as somites, blood
vessels and nephritic tubules. This definition also has
its limitations. For instance, the stratification of an epi-
thelium often results in epithelioid tissue organization
without a free surface, such as in deep layer ectoderm
cells in Xenopus embryos and in basal epithelial layer
of skin epidermis. Therefore, the question about what
criteria one should use to properly define an epithelial
cell remains to be one of the most debated in the EMT/
MET field.

Gastrulation means the formation of the gut. This
developmental process gives rise to endoderm cells in
diploblasts (animals with two germ layers), and to mes-
oderm and endoderm cells in triploblasts (vast majority
of metazoans). In either diploblastic or triploblastic
animals, pre-gastrulation blastula cells (or epiblast cells in
amniotes) are generally considered to have an epithelial
morphology. Endoderm formation in diploblasts can
take place either through an ingression/delamination
process, which would involve an EMT-like event, or
through an invagination/involution process, which does
not involve EMT (Byrum & Martindale 2004). In triplo-
blasts, mesoderm formation often, but not always, as we
will discuss later, involves EMT-like morphological changes.
Endoderm formation in triploblasts, like in diploblasts,
may or may not involve EMT. In addition, gastrulation,
a loose term describing the sum of morphogenetic
processes leading to the formation of three germ layers
(ectoderm, mesoderm and endoderm), is also used to
include morphogenetic processes within individual germ
layers either prior to or after EMT. Our discussions will
not cover these topics. Instead, we will first discuss in
some detail about how EMT is involved in mesoderm
formation in several experimental organisms, and then
discuss recent findings on molecular regulations of
gastrulation EMT in mouse and chick embryos. We will
also provide some suggestions on how to view the
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gastrulation EMT from an evolutionary perspective, and
on how the studies on gastrulation EMT in avian
embryos may provide useful insight for EMT studies in
general.

EMT in mesoderm formation during
gastrulation

Drosophila

In Drosophila, the invagination of mesoderm precursor
cells within the ventral blastoderm starts immediately
after the completion of cellularization (Leptin 2004) (Fig. 1A).
No basement membrane has been described so far
either for the cellularized blastdermal epithelium or for
the invaginating mesoderm precursors. Other epithelial
characteristics are present at the onset of invagination,
including markers for epithelial adherens junctions,
septate junctions (functionally equivalent to tight junctions
as transepithelial barriers) and apico-basal polarity (Oda
etal. 1998; Tepass etal. 2001; Pellkka et al. 2002;
Lecuit 2004; Kolsch et al. 2007). The invagination process
can be viewed as a topological rearrangement event of
an intact epithelium. Indeed, before mesoderm cells adopt
a mesenchymal morphology, all three epithelial charac-
teristics are still present in invaginated mesoderm
precursors. The transition from epithelial-shaped mesoderm
precursors to mesenchymal-shaped mesoderm cells is
rapid, and appears to take place simultaneously for all
precursors (Leptin 2004). Localized expression of
adherens junction and septate junction markers, as well
as other non-junctional polarity markers, are lost in
dissociated mesoderm cells. The loss of DE-cadherin
is followed by the cytoplasmic export of DN-cadherin
MRNA, which has been present but restricted to the
nucleus prior to mesoderm precursor dissociation (Oda
etal. 1998), marking a shift to the migratory behavior
of dissociated mesoderm cells. Molecules involved in
fibroblast growth factor (FGF) signaling, including FGF
receptor heartless, sugar modifying enzymes involved
in mediating FGF signaling, sugarless and sulfateless,
and intracellular mediators dof, ras and pebble have
been reported to control aspects of this EMT process
(Beiman et al. 1996; Gisselbrecht et al. 1996; Shishido
et al. 1997; Michelson et al. 1998; Vincent et al. 1998;
Lin et al. 1999; Smallhorn et al. 2004).

Sea urchin

Mesoderm cells in sea urchins form in two phases
(Fig. 1B). The primary mesenchymal cells, which give rise
to the larval skeleton, ingress from the vegetal plate in the
blastula stage embryo prior to the formation of archen-
tenron (the primitive gut). The secondary mesenchymal
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Fig. 1. Processes of mesoderm
formation in several experimental
triploblastic animals. (A) Drop-
shophila; (B) sea urchin; (C)
zebrafish; (D) xenopus; (E) chicken;
(F) mouse. Blue, mesoderm (F)

precursors located in the ectoderm;
yellow, mesoderm; green, endoderm;
light brown, basement membrane.

cells form from the tip of the archenteron during the
latter half of the invagination process. The ingression
of primary mesenchymal cells is generally considered
as a typical EMT process. Prior to the ingression, the
vegetal plate cells are of an epithelial morphology, with
septate junctions, adherens junctions, basement mem-
brane and apico-basal polarity (Balinsky 1959; Wolpert
& Mercer 1963; Gustafson & Wolpert 1967; Katow &
Solursh 1979, 1980; Spiegel & Howard 1983; Andreuc-
cetti etal. 1987; McClay etal. 2004; ltza & Mozingo

e

and inner cell mass

Ingrassion of
mesoderm precursors
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2005; Wessel & Katow 2005). Sea uchin blastula cells
have an additional feature in that apical membranes
establish prominent interactions with the hyaline layer,
an extracellular matrix covering the apical surface of
blastula epithelium (Fink & McClay 1985). The loss of
interactions between the apical membrane processes
and the hyaline layer constitutes the earliest morphological
sign of the initiation of EMT. Subsequently, ingressing
primary mesenchymal cells lose junctional interactions
with its neighbors and break through the basement
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membrane. The loss of junctional interaction is a
multistep process. EM studies (Katow & Solursh 1980)
revealed that when the basal end has broken through
the basement membrane, apical interactions with
neighboring cells are still present. Ingression of primary
mesenchymal cells takes place individually, and is
accompanied by extensive cell morphological changes
including apical constriction, although the ingression
and apical constriction have been postulated to involve
different mechanisms (Anstrom & Fleming 1994). Loose
basement membrane matrix covering the vegetal plate
cells shows discontinuity underneath ingressing cells,
and is resealed as a continuous layer after ingression
of all primary mesenchymal cells. The delamination of
secondary mesenchymal cells from the tip of invaginating
archenteron is less characterized. Similar to Drosophila
mesoderm formation, archenteron invagination in sea
urchins can be viewed as a topological rearrangement
of an intact epithelium, and invaginated endoderm cells
retain epithelial junctional interactions, polarity markers
and the basement membrane (Miller & McClay 1997;
McClay et al. 2004; Wessel & Katow 2005). The endo-
derm cell/lbasement membrane interaction is weaker
than that in the ectoderm (Hertzler & McClay 1999),
and adherens junctions are modulated to accommodate
the planar cell rearrangement within the archenteron
epithelium (Ettensohn 1985; McClay et al. 2004).
Secondary mesenchymal precursor cells, located at the
tip of the invaginating archenteron, maintain apical
epithelial interactions with neighboring endoderm cells.
Half-way during the invagination process, these cells
lose the basement membrane and send out long basal
filopodia. These filopodia make contact with the
basement membrane of animal pole cells and the force
generated by this interaction is responsible for at least
the last third of archenteron invagination (Hardin 1988).
During this process, basal filopodia also make extensive
contacts with the extracellular matrix (instead of the
basement membrane) around the secondary mesen-
chyme cells. These cells eventually delaminate from the
archenteron and contribute to other mesoderm lineages,
such as muscle cells. The precise timing of apical junction
dissociation has not been investigated.

Zebrafish

Before the onset of epiboly, blastoderm cells in teleosts
can be separated into a surface enveloping layer and
a deep enveloping layer (Fig. 1C). The former forms a
protective layer with squamous epithelial morphology
(Betchaku & Trinkaus 1978; Keller & Trinkaus 1987;
Warga & Kimmel 1990), but does not give rise to either
mesoderm or endoderm cells. The deep enveloping
layer is the equivalent of the ectoderm/epiblast and will
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give rise to the mesoderm and endoderm layers after
gastrulation. The deep enveloping layer is about four- to
five-cells-thick prior to gastrulation. During the involution
movement at the blastoderm margin, the deep envelop-
ing layer flattens to two- to three-cells-thick due to radial
cell intercalation (Warga & Kimmel 1990). No epithelioid
structure is evident, however, either in the multi-cell-thick
deep enveloping layer or in the involuted mesendoderm
(Montero et al. 2005), suggesting that gastrulation in
zebrafish does not involve the EMT process in the
traditional sense. Instead, differential cell adhesion
mediated by cadherins and differential tensile force in cells
of different germ layers have been shown to contribute
to germ layer segregation (Kane et al. 2005; Montero
et al. 2005; Shimizu et al. 2005; Krieg et al. 2008).

Xenopus

Prior to involution, the blastoderm in the marginal zone
is composed of two layers: a superficial layer and a
deep layer (Keller 1980; Keller & Shook 2004, 2008;
Shook & Keller 2008) (Fig. 1D). The superficial layer,
similar to the surface enveloping layer in zebrafish, serves
as a protective barrier for the developing embryo and
can be considered as a continuous epithelium with tight
junctions, adherens junctions and apico-basal polarity.
Although the superficial layer has a relatively smooth
basal surface facing the deep layer in sections and EM
analyses, no basement membrane has been reported
for it. Unlike the surface enveloping layer in zebrafish,
however, the superficial layer in Xenopus participates in
the involution and contributes to the endoderm. This
process can be viewed as not to involve EMT, for the
epithelial sheet is somewhat retained in the involuted
endoderm. It is, however, unclear whether these cells
still retain tight junctions. Some of the involuted cells
located in the endoderm layer will later on contribute
to the mesoderm through an EMT process. Underneath
the superficial layer, the deep layer cells undergo a
similar involution process in the marginal zone. Prior to
the involution, the deep layer cells intercalate radially
and adopt, from multi-layered mesenchymal cells, an
epithelioid morphology with a single-cell-thick layer and
a thin basement membrane, but without tight junctions.
These cells involute and form the majority of the
mesoderm lineage. This can be viewed as an incomplete
EMT process. Many earlier involuting deep layer cells
contributing to the anterior mesendoderm, however,
never have the ‘opportunity’ to form this epithelioid
structure, and are instead pushed inside by the forces
that initiate the blastopore formation (apical constriction
of bottle cells and vegetal endoderm rotation). Formation
of these mesoderm cells therefore does not involve an
EMT process.
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Chick

Prior to primitive streak formation, the epiblast in chick
embryos becomes epithelioid by late Stage HH1 (Eyal-
Giladi Stage IX) (Bellairs etal. 1975, Eyal-Giladi &
Kochav 1976; 1978; Kochav et al. 1980; Fabian & Eyal-
Giladi 1981). The hypoblast cells form by a combination
of the segregation of initially multilayered blastoderm
disc before the formation of single cell-thick epiblast
and the poly-ingression process during epithelioid
epiblast formation (Kochav et al. 1980; Fabian & Eyal-
Giladi 1981). These hypoblast cells aggregate as islands
initially and, during primitive streak formation, spread out
and adopt the morphology of a loose mesenchymal
sheet (Stern 2004). As the primitive streak is being
formed, deep layer cells in the posterior marginal zone
(including within the Koller’s sickle) contribute further to
the hypoblast and endoblast, whereas the superficial layer
will contribute to definitive endoderm and mesoderm
lineages (Bellairs 1986; Stern 1990; Bachvarova et al.
1998; Lawson & Schoenwolf 2001; Callebaut 2005;
Voiculescu et al. 2007). Formation of the primitive endo-
derm, the hypoblast and endoblast therefore can be
considered not to involve the EMT process. Some of
the mesoderm cells are derived from the middle layer
of the posterior marginal zone that has never adopted
an epithelial morphology (Bachvarova et al. 1998; Stern
2004; Callebaut 2005). Formation of these mesoderm
cells therefore also does not involve the EMT process.
Most of the mesoderm cells are formed by the conver-
gence of epithelial-shaped epiblast cells towards the
forming primitive streak, which subsequently undergo
EMT and ingress to adopt a mesenchymal morphology
(Fig. 1E). These mesoderm precursor cells located in
the epiblast have all the characteristics of epithelial cells
(Trelstad et al. 1967; Hay 1968; Nakaya et al. 2008).

Mouse

Trophectoderm is the first epithelial structure to form in
mammalian embryos, with all associated epithelial char-
acteristics (Vestweber et al. 1987; Collins & Fleming 1995;
Ohsugi et al. 1996, 1997; Fleming et al. 2000a and b;
Sheth et al. 2000; Flechon et al. 2003, 2007; Maddox-
Hyttel et al. 2003; Morali et al. 2005; Moriwaki et al.
2007; Eckert & Fleming 2008; Nishioka et al. 2008). The
inner cell mass cells, which are of mesenchymal mor-
phology, soon give rise to two epithelial structures, the
epiblast and the primitive endoderm (Fig. 1F). This is
generally considered as a primary epithelialization process
like the formation of trophectoderm, although in some
published reports it is viewed as a secondary epitheli-
alization process as some inner cell mass cells are derived
from polarized division of already epithelialized morula

cells (Shook & Keller 2003). Some similarity can be drawn
between this and the stratification of already epithelial-
ized blastoderm cells in Xenopus (Chalmers et al. 2003;
Ossipova et al. 2007) in that the ectoderm is separated
into two cell populations with different functions: an
outer population maintains the epithelial morphology
and serves as a barrier, and an inner population serves
as cell source for three germ layers. The primitive endo-
derm differentiates into visceral endoderm and parietal
endoderm, with the former maintaining epithelial mor-
phology and the latter becoming mesenchymal (Enders
et al. 1978; Hogan & Newman 1984; Verheijen & Defize
1999; Rivera-Perez et al. 2003; Perea-Gomez et al. 2007;
Gerbe et al. 2008). Similar to chick, the mesoderm and
definitive endoderm cells in mammals are derived from
the epithelial-shaped epiblast cells through the EMT
process (Tam & Beddington 1987, 1992; Lawson et al.
1991; Tam et al. 1993; Tam & Gad 2004).

Evolutionary considerations

The diverse mechanisms used for gastrulation and for
mesoderm formation, as exemplified above in several
model organisms and in many other triploblastic animals
investigated (Arendt & Nubler-Jung 1999; Stern 2004;
Solnica-Krezel 2005; Shook & Keller 2008), would tend
to suggest that there are few evolutionarily shared
mechanisms for the process of EMT in mesoderm
formation. Some generalized understanding, however,
can be achieved by viewing it from the perspective of
physical and physiological constraints imposed on
embryonic development throughout evolution. The physical
constraint is reflected in the effect of yolk content on
cleavage, gastrulation and epiboly processes (Arendt &
Nubler-dung 1999; Shook & Keller 2008). The physio-
logical constraint is reflected in the difference between
an embryo’s internal physiochemical properties and
those of the environment, including water, osmotic
pressure and ion concentrations (Fesenko et al. 2000;
Fleming et al. 2000b; Kiener et al. 2008). The ectoderm,
prior to the generation of mesoderm and endoderm
layers, can be considered to have three main roles: (i)
as a source of cells for the mesoderm and endoderm;
(i) as a protective layer between the developing embryo
and the environment; and (i) as a protective layer for
the nutritious substance of the embryo. The first is of
course generally regarded as the primary role of pre-
gastrulation ectoderm. This role, however, is often
de-coupled with the second role. In such cases, there
may be no particular reason for the pre-gastrulation
ectoderm (as a cell source for the other two germ layers)
to adopt an epithelial morphology. The epithelialization
of the ectoderm in post-gastrulation embryos can there-
fore be a secondary process, after the generation of
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the mesoderm and endoderm. Examples of this can be
found in the separation of zebrafish ectoderm into the
superficial enveloping layer and deep enveloping layer,
in the stratification of Xenopus ectoderm into surface
layer and deep layer, and in some sense in the sepa-
ration of trophectoderm and inner cell mass in mouse
embryos. The de-coupling of the first and the third roles
is prominent in embryos with a significant amount of
yolk substance deposited in the fertilized egg. Whether
cellularized by holoblastic cleavages or syncytialized by
meroblastic cleavages, yolky cells are part of developing
embryos and will eventually become part of the endo-
derm. A large amount of yolk in many vertebrate
embryos therefore requires the de-coupling of the epiboly-
like process, as a means of internalizing these yolky cells,
and the formation of the mesoderm and endoderm from
the ectoderm in the traditional sense of gastrulation.
Due to this de-coupling, mesoderm and endoderm
formation often takes place before gastrocoel formation
and is shifted from a circumblastoporal process such
as in sea urchin, to dorsally favored as in Xenopus and
Zebrafish, and to dorsally restricted as in amniotes
(Voiculescu et al. 2007; Shook & Keller 2008). These
de-coupled roles of embryonic ectoderm suggest that
EMT, as a cellular morphogenetic process, is required
for mesoderm formation when and only when mesoderm
precursor cells are located in the ectoderm (and in
some cases internalized mesendoderm) layer with an
epithelial morphology, which does not have to be the
case as we have discussed above.

Genetic dissection of EMT in mesoderm
formation

Nevertheless, EMT was first proposed as a cellular
mechanism for mesoderm formation in avian embryos
(Trelstad et al. 1967; Hay 1968), and EMT/MET proc-
esses have since been used to describe a large variety
of other developmental processes, including neural crest
formation from the border of neural/non-neural ectoderm
(Duband etal. 1995; Newgreen & McKeown 2005;
Sakai et al. 2005; Duband 2006; Sakai etal. 2006),
somitogenesis and sclerotome formation from epitheli-
alized somite (Duband et al. 1987; Nakaya et al. 2004;
Hay 2005; Takahashi et al. 2005; Takahashi & Sato 2008)
and cardiac valve development from endocardium
(Person et al. 2005; Runyan etal. 2005). This is not
surprising as all cells in an organism can in principle be
grouped into either an epithelial or mesenchymal category.
Changes in tissue organization during normal and
pathological development will often involve EMT or MET.
As in the case of mesoderm formation, EMT in other
developmental processes often comes with evolutionary
variations. EMT as a descriptive term therefore would
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be much less useful if there are no shared molecular
mechanisms governing diverse EMT processes. Indeed,
uncovering and understanding these mechanisms has
been the focus of EMT-related research in the past
decade. With regard to EMT during gastrulation, genetic
and molecular studies have been primarily focused on
the mouse system.

As we have discussed earlier, the majority of meso-
derm cells in amniotes (reptiles, birds and mammals)
form by a process of ingression during gastrulation. This
ingression is a typical EMT process. Pre-ingression
mesoderm precursor cells have all the characteristics
of epithelial cells, whereas post-ingression mesoderm cells
are mesenchymal. Genetic experiments in mice have
revealed that several extracellular signals, mediated by
transforming growth factor-B (TGF-B), Wnt and FGF
receptors, contribute to the EMT process in generating
mesoderm cells (Deng etal. 1994; Yamaguchi et al.
1994; Sun et al. 1999; Ciruna & Rossant 2001; Kemler
et al. 2004; Ben-Haim et al. 2006; Arnold et al. 2008),
although platelet-derived growth factor (PDGF), Notch,
Hedgehog and nuclear factor-kB (NF-xB) pathways
have also been implicated in other EMT processes, with
their roles in gastrulation EMT not carefully examined
yet (Huber et al. 2005; Baum et al. 2008; Van Den Akker
et al. 2008). Change of adherens junction types, from
E-cadherin mediated epithelial interactions to N-cadherin
mediated mesenchymal interactions, is generally con-
sidered as a critical step in this process (Hatta & Takeichi
1986; Cano et al. 2000; Zohn et al. 2006). FGF signaling
in the primitive streak has been shown to regulate gas-
trulation EMT in mouse (Yamaguchi et al. 1994; Sun
et al. 1999; Zohn et al. 2006). FGF signals downregulate
E-cadherin expression to promote EMT during gastru-
lation by regulating snail gene expression (Ciruna &
Rossant 2001). Snalil, a zinc-finger transcription factor,
directly binds to E-boxes in the promoter region of E-
cadherin gene and represses its transcription in cancer
cell lines (Batlle et al. 2000; Cano et al. 2000). Mouse
embryos deficient in snail function exhibit abnormal
mesoderm cell morphology with apico-basal polarity
and epithelial type adherence junctions, and E-cadherin
expression is retained in the mesoderm of Snail”
mutants (Carver et al. 2001). In a number of tumor cell
lines, it has been suggested that Wnt and receptor
tyrosine kinase mediated signals also promote Snail
stabilization and its nuclear import, and subsequently
enhance EMT. The relationship between Snail and
signaling pathways other than FGF has yet to be clarified
at cellular levels in vivo. Furthermore, as a Snail in-
dependent pathway, it has been demonstrated that p38
mitogen-activated protein kinase (MAP kinase) and
p38-interacting protein and/or EPB4.1L5 (Band 4.1 super
family) are required for the downregulation of E-cadherin

Journal compilation © 2008 Japanese Society of Developmental Biologists



EMT in gastrulation 761

Lateral e

Fig. 2. Multi-step epithelial to
mesenchymal  transition  (EMT)
process in mesoderm formation
during chicken gastrulation. In the
primitive streak where mesoderm
ingression takes place, precursor
cells first express mesoderm
markers (e.g. brachyury), then break

................. Medial,.....ccrerensurnnne

down the basement membrane.
These cells leave the epiblast after
disrupting the tight junctions and
apical/basal polarity, followed by a
shift from E-cadherin- to N-
cadherin-based adherens junctions.

§ Tight junction
| Adherens junction

RhoA activity

Basement membrane
Microtubule (MT)
® MT end modification

protein at the post-transcription level during EMT in
mouse gastrulation (Zohn et al. 2006; Lee et al. 2007).
In addition to the mouse model, Snail gene family
members have been shown to play crucial roles in the
induction of EMT in other systems. For instance, Lv-
snail, a member of the Snail family in sea urchin Lytechinus
variegatus, is required for the EMT process in primary
mesenchyme formation by downregulating cadherin
expression and promoting cadherin endocytosis (Wu
et al. 2007). Interestingly, Snail and cadherin regulated
EMT has also been proposed for mediating mesoderm
formation in zebrafish (Yamashita et al. 2004; Montero
et al. 2005; Krieg et al. 2008), an organism that does
not have a characteristic epithelial ectoderm as we have
discussed above. Overall, these studies have provided the
groundwork for investigating the molecular basis of EMT.

Basement membrane breakdown, a novel
aspect in regulating gastrulation EMT

It has been well recognized that the EMT process
involves the breakdown of the epithelial basement
membrane. In her earliest description of EMT, Hay
(1968) considered basement membrane degradation
during mesoderm formation in chick embryos as one of
the most prominent features of EMT. Molecular mech-
anisms of basement membrane breakdown during
gastrulation EMT have not received careful investigation.
A recent report indicated that this step is also critically
regulated (Levayer & Lecuit 2008; Nakaya et al. 2008)
(Fig. 2). Breakdown of epithelial basement membrane,
marked by fibronectin and laminin, was shown to be
the earliest event for gastrulation EMT in chick embryos,

taking place prior to the breakdown of tight junctions
and apico-basal polarity, whereas the shift in adherens
junction types was seen to take place after the ingression.
These observations indicate that EMT during gastrulation
may take place as a multi-step process, each of which
is controlled by a distinct set of signals. Supporting this
model, it was shown that basally localized small GTPase
RhoA and its activator Net1, a RhoA GEF (Guanine
Nucleotide Exchange Factor), control the interaction
between the basement membrane and the basal
membrane of ectoderm cells. In ectoderm cells lateral
to the primitive streak, RhoA protein and activity are
detected both apically and basally, whereas in ectoderm
cells within the primitive streak, basal RhoA and Net1
(Net1 is detected only basally in lateral regions) are
downregulated, with apical RhoA still intact. Ectopic
expression of RhoA did not affect normal ectoderm lateral
to the streak, but resulted in the failure of basement
membrane breakdown in medial streak and in ingressed
mesoderm cells. Interestingly, many mesoderm precursor
cells overexpressing RhoA still manage to finish the
ingression process and move to the mesoderm layer,
indicating that other EMT related events, such as the
downregulation of tight junctions and the switch of
adherens junction types, are not obviously affected.
Furthermore, it was shown that the regulation of base-
ment membrane breakdown mediated by RhoA takes
place in the context of dynamic cytoskeletal changes,
in particular the destabilization of basal microtubules,
during the process of ingression. These observations
further support the idea that EMT is a collective process
composed of distinct cellular steps that are separately
regulated. It is so far still unclear however, what the

© 2008 The Authors

Journal compilation © 2008 Japanese Society of Developmental Biologists



762 Y. Nakaya and G. Sheng

biochemical mechanisms for the degradation of basement
membrane proteins are, and how this process is linked
to mesoderm fate specification marked by Brachyury
on the one hand, and to the later disruption of tight
junctions and apico-basal polarity, and the switch of
adherens junction types on the other.

Given the diversity of EMT, the sequence and timing
of these cellular steps have been reported to vary in a
number of other EMT processes that have been inves-
tigated in some detail. During the formation of endocardial
cushion mesenchymal cells, it appears that the loss of
intercellular junctions takes place prior to the invasion
through lamina densa of endocardial epithelium (Person
et al. 2005). Sclerotome formation is another example
in which downregulation of adherens junctions takes
place before basement membrane disruption (Duband
et al. 1987). In the case of neural crest cell delamination,
while basement membrane breakdown is a necessary
step for cranial crest cells, at the trunk level, the dela-
mination does not involve the basement membrane
(Nichols 1981; Newgreen & Gibbins 1982; Martins-
Green & Erickson 1986). Moreover, no desmosomes or
functional tight junctions are present in pre-delamination
crest cells (Erickson et al. 1987; Aaku-Saraste et al. 1996),
and breakdown of cadherin mediated adherens junctions
triggers immediate delamination (Newgreen & Gooday
1985). A recent study with induced EMT in cultured
epithelial cells suggested that tight junction dissociation
occurs prior to adherens junction dissociation (Ozdamar
et al. 2005; Thiery & Huang 2005).

These differences highlight the complex nature of
context-dependent coordination of cellular components
in different EMT processes. It is thus not surprising that,
in terms of signals regulating EMT, no clear consensus
has emerged as to whether a few ‘master regulatory’
molecules control the entire EMT (i.e. one decision point
triggers a procession of cellular events), or an individual
cellular event takes distinct signaling cues. Observations
in gastrulation EMT favor the latter hypothesis, which is
also favored by recent in vitro studies on independent
regulations of tight junctions and adherens junctions
(Hollande et al. 2003; Ozdamar et al. 2005). Nevertheless,
signaling cues controlling individual cellular events likely
crosstalk, resulting in both the complexity for any given
EMT and the diversity of how EMT can be executed in
different in vivo settings.

Future perspectives

In the four decades since EMT was first proposed, a
large number of descriptive and experimental studies
have been reported in literature, providing a rich resource
of both in vitro and in vivo data. Proper understanding
of EMT will obviously require the integration of knowledge
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from both fields. EMT studies using culture systems
remain to be an irreplaceable alternative for detailed
molecular analyses. However, one should not lose sight
of the fact that EMTs in development and disease often
take place in a much more dynamic and complex
context. In addition, the relationship between EMT and
differentiation is increasingly being appreciated in the
stem cell research field. It has recently been reported
that the induction of EMT in human mammary epithelial
cells (HMLEs) by Twist, Snail or TGF-B1 leads to mor-
phological change of these cells to a mesenchymal
shape with the upregulation of stem cell markers (Mani
et al. 2008), pointing to a possible direct link between
EMT and pluripotency. This would not be unexpected
from the embryological perspective, as the first sign of
cellular differentiation during embryogenesis is often
manifested as the epithelialization of the ectoderm cells.
Furthermore, new molecular mechanisms, such as
through the investigation of microRNAs, are being
proposed for the regulation of EMT (Burk et al. 2008;
Cano & Nieto 2008; Gregory et al. 2008; Korpal et al.
2008; Park et al. 2008). By evaluating the expression
of 207 microRNAs in the many cancer cell lines, miR-200
family was identified as a general marker for E-cadherin
positive and vimentin negative cancer cells (Park et al.
2008). This and other recent reports also show that
miR-200 family targets both ZEB1 and ZEB2 to inhibit
E-cadherin repression, and altering the levels of miR-200
in established cancer cell lines caused changes consistent
with either EMT or MET induction (Burk et al. 2008;
Cano & Nieto 2008; Gregory et al. 2008; Korpal et al.
2008; Park et al. 2008). Taken together, with a combi-
nation of novel tools and new perspectives, the EMT
research has entered an interesting time. This, in return,
will undoubtedly contribute to the understanding of how
germ layers are formed during gastrulation, which
remains one of the most fascinating questions for
embryologists.

References

Aaku-Saraste, E., Hellwig, A. & Huttner, W. B. 1996. Loss of
occludin and functional tight junctions, but not ZO-1, during
neural tube closure — remodeling of the neuroepithelium prior
to neurogenesis. Dev. Biol. 180, 664-679.

Andreuccetti, P,, Barone Lumaga, M. R., Cafiero, G., Filosa, S. &
Parisi, E. 1987. Cell junctions during the early development of
the sea urchin embryo (Paracentrotus lividus). Cell Differ 20,
137-146.

Anstrom, J. A. & Fleming, A. M. 1994. Formation of sea urchin
primary mesenchyme: cell shape changes are independent of
epithelial detachment. Dev. Genes. Evol. 204, 146-149.

Arendt, D. & Nubler-dung, K. 1999. Rearranging gastrulation in the
name of yolk: evolution of gastrulation in yolk-rich amniote
eggs. Mech. Dev. 81, 3-22.

Arnold, S. J., Hofmann, U.K., Bikoff, E. K. & Robertson, E. J. 2008.

Journal compilation © 2008 Japanese Society of Developmental Biologists



EMT in gastrulation 763

Pivotal roles for eomesodermin during axis formation,
epithelium-to-mesenchyme transition and endoderm specifica-
tion in the mouse. Development 135, 501-511.

Bachvarova, R. F., Skromne, I. & Stern, C. D. 1998. Induction of
primitive streak and Hensen's node by the posterior marginal
zone in the early chick embryo. Development 125, 3521-
3534.

Balinsky, B. I. 1959. An electro microscopic investigation of the
mechanisms of adhesion of the cells in a sea urchin blastula
and gastrula. Exp. Cell. Res. 16, 429-433.

Batlle, E., Sancho, E., Franci, C., Dominguez, D., Monfar, M.,
Baulida, J. & Garcia De Herreros, A. 2000. The transcription
factor snail is a repressor of E-cadherin gene expression in
epithelial tumour cells. Nat. Cell Biol. 2, 84-89.

Baum, B., Settleman, J. & Quinlan, M. P. 2008. Transitions between
epithelial and mesenchymal states in development and
disease. Semin. Cell Dev. Biol. 19, 294-308.

Beiman, M., Shilo, B. Z. & Volk, T. 1996. Heartless, a Drosophila
FGF receptor homolog, is essential for cell migration and
establishment of several mesodermal lineages. Genes Dev.
10, 2993-3002.

Bellairs, R. 1986. The primitive streak. Anat Embryol (Ber)) 174, 1-14.

Bellairs, R., Breathnach, A. S. & Gross, M. 1975. Freeze-fracture
replication of junctions | complexes in unincubated and
incubated chick embryos. Cell Tissue Res. 162, 235-252.

Bellairs, R., Lorenz, F. W. & Dunlap, T. 1978. Cleavage in the chick
embryo. J. Embryol. Exp. Morph. 43, 55-69.

Ben-Haim, N., Lu, C., Guzman-Ayala, M., Pescatore, L., Mesnard,
D., Bischofberger, M., Naef, F., Robertson, E. J. & Constam,
D. B. 2006. The nodal precursor acting via activin receptors
induces mesoderm by maintaining a source of its convertases
and BMP4. Dev. Cell 11, 313-323.

Betchaku, T. & Trinkaus, J. P. 1978. Contact relations, surface
activity, and cortical microfilaments of marginal cells of the
enveloping layer and of the yolk syncytial and yolk cytoplasmic
layers of fundulus before and during epiboly. J. Exp. Zool. 206,
381-426.

Burk, U., Schubert, J., Wellner, U., Schmalhofer, O., Vincan, E.,
Spaderna, S. & Brabletz, T. 2008. A reciprocal repression
between ZEB1 and members of the miR-200 family promotes
EMT and invasion in cancer cells. EMBO Rep. 9, 582-589.

Byrum, C. A. & Martindale, M. Q. 2004. Gastrulation in the cnidaria
and ctenophora. In Gastrulation: From Cells to the Embryo,
(ed. C. D. Stern), Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Callebaut, M. 2005. Crigin, fate, and function of the components of
the avian germ disc region and early blastoderm: role of
ooplasmic determinants. Dev. Dyn. 233, 1194-1216.

Cano, A. & Nieto, M. A. 2008. Non-coding RNAs take centre stage
in epithelial-to-mesenchymal transition. Trends Cell Biol.

Cano, A., Perez-Moreno, M. A., Rodrigo, |., Locascio, A., Blanco,
M. J., del Barrio, M. G., Portillo, F. & Nieto, M. A. 2000. The
transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression. Nat. Cell Biol.
2, 76-83.

Carver, E. A, Jiang, R., Lan, Y., Oram, K. F. & Gridley, T. 2001. The
mouse snail gene encodes a key regulator of the epithelial-
mesenchymal transition. Mol. Cell. Biol. 21, 8184-8188.

Chalmers, A. D., Strauss, B. & Papalopulu, N. 2003. Oriented cell
divisions asymmetrically segregate aPKC and generate cell
fate diversity in the early Xenopus embryo. Development 130,
2657-2668.

Ciruna, B. & Rossant, J. 2001. FGF signaling regulates mesoderm
cell fate specification and morphogenetic movement at the
primitive streak. Dev. Cell 1, 37-49.

Collins, J. E. & Fleming, T. P. 1995. Epithelial differentiation in the
mouse preimplantation embryo: making adhesive cell contacts
for the first time. Trends Biochem. Sci. 20, 307-312.

Deng, C. X., Wynshaw-Boris, A., Shen, M. M., Daugherty, C.,
Ornitz, D. M. & Leder, P. 1994. Murine FGFR-1 is required for
early postimplantation growth and axial organization. Genes
Dev. 8, 3045-3057.

Duband, J. L. 2006. Neural crest delamination and migration:
integrating regulations of cell interactions, locomotion, survival
and fate. Adv. Exp. Med. Biol. 589, 45-77.

Duband, J. L., Dufour, S., Hatta, K., Takeichi, M., Edelman, G. M.
& Thiery, J. P. 1987. Adhesion molecules during somitogenesis
in the avian embryo. J. Cell Biol. 104, 1361-1374.

Duband, J. L., Monier, F., Delannet, M. & Newgreen, D. 1995.
Epithelium-mesenchyme transition during neural crest devel-
opment. Acta Anat (Basel) 154, 63-78.

Eckert, J. J. & Fleming, T. P. 2008. Tight junction biogenesis during
early development. Biochim. Biophys. Acta 1778, 717-728.

Enders, A. C., Given, R. L. & Schlafke, S. 1978. Differentiation and
migration of endoderm in the rat and mouse at implantation.
Anat. Rec. 190, 65-77.

Erickson, C. A., Tucker, R. P. & Edwards, B. F. 1987. Changes in
the distribution of intermediate-filament types in Japanese quail
embryos during morphogenesis. Differentiation 34, 88-97.

Ettensohn, C. A. 1985. Gastrulation in the sea urchin embryo is
accompanied by the rearrangement of invaginating epithelial
cells. Dev. Biol. 112, 383-390.

Eyal-Giladi, H. & Kochav, S. 1976. From cleavage to primitive
streak formation: a complementary normal table and a new
look at the first stages of the development of the chick. I.
General morphology. Dev. Biol. 49, 321-337.

Fabian, B. & Eyal-Giladi, H. 1981. A SEM study of cell shedding
during the formation of the area pellucida in the chick embryo.
J. Embryol. Exp. Morph. 64, 11-22.

Fesenko, I., Kurth, T., Sheth, B., Fleming, T. P., Citi, S. & Hausen, P.
2000. Tight junction biogenesis in the early Xenopus embryo.
Mech. Dev. 96, 51-65.

Fink, R. D. & McClay, D. R. 1985. Three cell recognition changes
accompany the ingression of sea urchin primary mesenchyme
cells. Dev. Biol. 107, 66-74.

Flechon, J. E., Degrouard, J., Kopecny, V., Pivko, J., Pavlok, A. &
Motlik, J. 2003. The extracellular matrix of porcine mature
oocytes: origin, composition and presumptive roles. Reprod.
Biol. Endocrinol. 1, 124.

Flechon, J. E., Flechon, B., Degrouard, J. & Guillomot, M. 2007.
Cellular features of the extra-embryonic endoderm during
elongation in the ovine conceptus. Genesis 45, 709-715.

Fleming, T. P., Ghassemifar, M. R. & Sheth, B. 2000a. Junctional
complexes in the early mammalian embryo. Semin. Reprod.
Med. 18, 185-193.

Fleming, T. P, Papenbrock, T., Fesenko, I., Hausen, P. & Sheth, B.
2000b. Assembly of tight junctions during early vertebrate
development. Semin. Cell Dev. Biol. 11, 291-299.

Gerbe, F., Cox, B., Rossant, J. & Chazaud, C. 2008. Dynamic
expression of Lrp2 pathway members reveals progressive
epithelial differentiation of primitive endoderm in mouse
blastocyst. Dev. Biol. 313, 594-602.

Gisselbrecht, S., Skeath, J. B., Doe, C. Q. & Michelson, A. M.
1996. Heartless encodes a fibroblast growth factor receptor
(DFR1/DFGF-R2) involved in the directional migration of early
mesodermal cells in the Drosophila embryo. Genes Dev. 10,
3003-3017.

Gregory, P. A, Bert, A. G., Paterson, E. L., Barry, S. C., Tsykin, A.,
Farshid, G., Vadas, M. A., Khew-Goodall, Y. & Goodall, G. J.
2008. The miR-200 family and miR-205 regulate epithelial to

© 2008 The Authors

Journal compilation © 2008 Japanese Society of Developmental Biologists



764 Y. Nakaya and G. Sheng

mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell
Biol. 10, 593-601.

Gustafson, T. & Wolpert, L. 1967. Cellular movement and contact
in sea urchin morphogenesis. Biol. Rev. Camb. Philos. Soc.
42, 442-498.

Hardin, J. 1988. The role of secondary mesenchyme cells during
sea urchin gastrulation studied by laser ablation. Development
103, 317-324.

Hatta, K. & Takeichi, M. 1986. Expression of N-cadherin adhesion
molecules associated with early morphogenetic events in
chick development. Nature 320, 447-449.

Hay, E. D. 1968. Organization and fine structure of epithelium and
mesenchyme in the developing chick embryo. In Epithelial-
Mesenchymal Interactions; 18th Hahnemann Symposium,
(eds. R. Fleischmajer, & R. E. Bilingham), Wiliams & Wilkins,
Baltimore.

Hay, E. D. 1995. An overview of epithelio-mesenchymal transfor-
mation. Acta Anat. (Basel) 154, 8-20.

Hay, E. D. 2005. The mesenchymal cell, its role in the embryo, and
the remarkable signaling mechanisms that create it. Dev. Dyn.
233, 706-720.

Hertzler, P. L. & McClay, D. R. 1999. AlphaSU2, an epithelial
integrin that binds laminin in the sea urchin embryo. Dev. Biol.
207, 1-13.

Hogan, B. L. & Newman, R. 1984. A scanning electron microscope
study of the extraembryonic endoderm of the 8th-day mouse
embryo. Differentiation 26, 138-143.

Hollande, F., Lee, D. J., Choquet, A., Roche, S. & Baldwin, G. S.
2003. Adherens junctions and tight junctions are regulated via
different pathways by progastrin in epithelial cells. J. Cell Sci.
116, 1187-1197.

Huber, M. A., Kraut, N. & Beug, H. 2005. Molecular requirements
for epithelial-mesenchymal transition during tumor progression.
Curr. Opin. Cell Biol. 17, 548-558.

ltza, E. M. & Mozingo, N. M. 2005. Septate junctions mediate the
barrier to paracellular permeability in sea urchin embryos.
Zygote 13, 255-264.

Kane, D. A., Mcfarland, K. N. & Warga, R. M. 2005. Mutations in
half baked/E-cadherin block cell behaviors that are necessary
for teleost epiboly. Development 132, 1105-1116.

Katow, H. & Solursh, M. 1979. Ultrastructure of blastocoel material
in blastulae and gastrulae of the sea urchin Lytechinus pictus.
J. Exp. Zool. 210, 561-567.

Katow, H. & Solursh, M. 1980. Ultrastructure of primary mesen-
chyme cell ingression in the sea urchin Lytechinus pictus. J.
Exp. Zool. 213, 231-246.

Keller, R. E. 1980. The cellular basis of epiboly: an SEM study of
deep-cell rearrangement during gastrulation in Xenopus laevis.
J. Embryol. Exp. Morph. 60, 201-234.

Keller, R. & Shook, D. 2004. Gastrulation in amphibians. In
Gastrulation: From Cells to the Embryo, (ed. C. D. Stern),
Cold Spring Harbor Press, Cold Spring Harbor, NY.

Keller, R. & Shook, D. 2008. Dynamic determinations: patterning
the cell behaviours that close the amphibian blastopore.
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 363, 1317-1332.

Keller, R. E. & Trinkaus, J. P. 1987. Rearrangement of enveloping
layer cells without disruption of the epithelial permeability
barrier as a factor in Fundulus epiboly. Dev. Biol. 120, 12—
24,

Kemler, R., Hierholzer, A., Kanzler, B., Kuppig, S., Hansen, K,
Taketo, M. M., de Vries, W. N., Knowles, B. B. & Solter, D.
2004. Stabilization of beta-catenin in the mouse zygote leads
to premature epithelial-mesenchymal transition in the epiblast.
Development 131, 5817-5824.

Kiener, T. K., Selptsova-Friedrich, I. & Hunziker, W. 2008. Tjp3/z0-3

© 2008 The Authors

is critical for epidermal barrier function in zebrafish embryos.
Dev. Biol. 316, 36-49.

Kochay, S., Ginsburg, M. & Eyal-Giladi, H. 1980. From cleavage to
primitive streak formation: a complementary normal table and
a new look at the first stages of the development of the chick.
Il. Microscopic anatomy and cell population dynamics. Dev.
Biol. 79, 296-308.

Kolsch, V., Seher, T., Fernandez-Ballester, G. J., Serrano, L. &
Leptin, M. 2007. Control of Drosophila gastrulation by apical
localization of adherens junctions and RhoGEF2. Science 315,
384-386.

Korpal, M., Lee, E. S., Hu, G. & Kang, Y. 2008. The miR-200 family
inhibits  epithelial-mesenchymal transition and cancer cell
migration by direct targeting of E-cadherin transcriptional
repressors ZEB1 and ZEB2. J. Biol. Chem. 283, 14910-
14914.

Krieg, M., Arboleda-Estudillo, Y., Puech, P. H., Ké&fer, J., Graner, F.,
Muller, D. J. & Heisenberg, C. P. 2008. Tensile forces govern
germ-layer organization in zebrafish. Nat. Cell Biol. 10, 429-
436.

Lawson, K. A., Meneses, J. J. & Pedersen, R. A. 1991. Clonal
analysis of epiblast fate during germ layer formation in the
mouse embryo. Development 113, 891-911.

Lawson, A. & Schoenwolf, G. C. 2001. Cell populations and
morphogenetic movements underlying formation of the avian
primitive streak and organizer. Genesis 29, 188-195.

Lecuit, T. 2004. Junctions and vesicular trafficking during Drosophila
cellularization. J. Cell Sci. 117, 3427-3433.

Lee, J. D., Siva-Gagliardi, N. F., Tepass, U., Mcglade, C. J. &
Anderson, K. V. 2007. The FERM protein Epb4.115 is required
for organization of the neural plate and for the epithelial-
mesenchymal transition at the primitive streak of the mouse
embryo. Development 134, 2007-2016.

Leptin, M. 2004. Gastrulation in Drosophila. In Gastrulation: From
Cells to the Embryo, (ed. C. D. Stern), Cold Spring Harbor
Press, Cold Spring Harbor, NY.

Levayer, R. & Lecuit, T. 2008. Breaking down EMT. Nat. Cell Biol.
10, 757-759.

Lin, X., Buff, E. M., Perrimon, N. & Michelson, A. M. 1999. Heparan
sulfate proteoglycans are essential for FGF receptor signaling
during Drosophila embryonic development. Development 126,
3715-37283.

Maddox-Hyttel, P., Alexopoulos, N. I., Vajta, G., Lewis, |., Rogers,
P., Cann, L., Callesen, H., Tveden-Nyborg, P. & Trounson, A.
2003. Immunohistochemical and ultrastructural characterization
of the initial post-hatching development of bovine embryos.
Reproduction 125, 607-623.

Mani, S. A., Guo, W., Liao, M. J., Eaton, E. N., Ayyanan, A., Zhou,
A. Y., Brooks, M., Reinhard, F., Zhang, C. C., Shipitsin, M.,
Campbell, L.L., Polyak, K., Brisken, C., Yang, J. & Weinberg, R.
A. 2008. The epithelial-mesenchymal transition generates cells
with properties of stem cells. Cell 133, 704-715.

Martins-Green, M. & Erickson, C. A. 1986. Development of neural
tube basal lamina during neurulation and neural crest cell
emigration in the trunk of the mouse embryo. J. Embryol. Exp.
Morph. 98, 219-236.

McClay, D. R., Gross, J. M., Range, R., Peterson, R. E. & Bradham,
C. 2004. Sea urchin gastrulation. In Gastrulation: From Cells to
the Embryo, (ed. C. D. Stern), Cold Spring Harbor Press, Cold
Spring Harbor, NY.

Michelson, A. M., Gisselbrecht, S., Zhou, VY., Baek, K. H. & Buff, E.
M. 1998. Dual functions of the heartless fibroblast growth factor
receptor in development of the Drosophila embryonic mesoderm.
Dev. Genet 22, 212-229.

Miler, J. R. & McClay, D. R. 1997. Characterization of the role of

Journal compilation © 2008 Japanese Society of Developmental Biologists



EMT in gastrulation 765

cadherin in regulating cell adhesion during sea urchin development.
Dev. Biol. 192, 323-339.

Montero, J. A., Carvalho, L., Wilsch-Brauninger, M., Kilian, B.,
Mustafa, C. & Heisenberg, C. P. 2005. Shield formation at the
onset of zebrafish gastrulation. Development 132, 1187-1198.

Morali, O. G., Savagner, P. & Larue, L. 2005. Epithelium-
mesenchyme transitions are crucial morphogenetic events
occurring during early development. In Rise and Fall of
Epithelial Phenotype: Concepts of Epithelial-Mesenchymal
Transition, (ed. P. Savagner), Landes Bioscience; Kluwer
Academic, Georgetown, TX; New York, NY.

Moriwaki, K., Tsukita, S. & Furuse, M. 2007. Tight junctions
containing claudin 4 and 6 are essential for blastocyst formation
in preimplantation mouse embryos. Dev. Biol. 312, 509-522.

Nakaya, Y., Kuroda, S., Katagiri, Y. T., Kaibuchi, K. & Takahashi, Y.
2004. Mesenchymal-epithelial transition during somitic seg-
mentation is regulated by differential roles of Cdc42 and Rac1.
Dev. Cell 7, 425-438.

Nakaya, Y., Sukowati, E. W., Wu, Y. & Sheng, G. 2008. RhoA and
microtubule dynamics control cell-basement membrane
interaction in EMT during gastrulation. Nat. Cell Biol. 10, 765—
775.

Newgreen, D. & Gibbins, . 1982. Factors controlling the time of
onset of the migration of neural crest cells in the fowl embryo.
Cell Tissue Res. 224, 145-160.

Newgreen, D. F. & Gooday, D. 1985. Control of the onset of
migration of neural crest cells in avian embryos. Role of Ca++-
dependent cell adhesions. Cell Tissue Res. 239, 329-336.

Newgreen, D. F. & McKeown, S. J. 2005. Neural crest: a model
developmental EMT. In Rise and Fall of Epithelial Phenotype:
Concepts of Epithelial-Mesenchymal Transition, (ed. P. Savagner),
Landes Bioscience; Kluwer Academic, Georgetown, TX, New
York, NY.

Nichols, D. H. 1981. Neural crest formation in the head of the mouse
embryo as observed using a new histological technique. J.
Embryol. Exp. Morph. 64, 105-120.

Nishioka, N., Yamamoto, S., Kiyonari, H., Sato, H., Sawada, A., Ota,
M., Nakao, K. & Sasaki, H. 2008. Tead4 is required for
specification of trophectoderm in pre-implantation mouse
embryos. Mech. Dev. 125, 270-283.

Oda, H., Tsukita, S. & Takeichi, M. 1998. Dynamic behavior of the
cadherin-based cell-cell adhesion system during Drosophila
gastrulation. Dev. Biol. 203, 435-450.

Ohsugi, M., Hwang, S. VY., Butz, S., Knowles, B. B., Solter, D. &
Kemler, R. 1996. Expression and cell membrane localization of
catenins during mouse preimplantation development. Dev. Dyn.
206, 391-402.

Ohsugi, M., Larue, L., Schwarz, H. & Kemler, R. 1997. Cell-
junctional and cytoskeletal organization in mouse blastocysts
lacking E-cadherin. Dev. Biol. 185, 261-271.

Ossipova, O., Tabler, J., Green, J. B. & Sokol, S. Y. 2007. PAR1
specifies ciliated cells in vertebrate ectoderm downstream of
aPKC. Development 134, 4297-4306.

Ozdamar, B., Bose, R., Barrios-Rodiles, M., Wang, H. R., Zhang, Y.
& Wrana, J. L. 2005. Regulation of the polarity protein Par6 by
TGFbeta receptors controls epithelial cell plasticity. Science
307, 1603-1609.

Park, S. M., Gaur, A. B., Lengyel, E. & Peter, M. E. 2008. The
miR-200 family determines the epithelial phenotype of cancer
cells by targeting the E-cadherin repressors ZEB1 and ZEB2.
Genes Dev. 22, 894-907.

Pellikka, M., Tanentzapf, G., Pinto, M., Smith, C., McGlade, C. J.,
Ready, D. F. & Tepass, U. 2002. Crumbs, the Drosophila
homologue of human CRB1/RP12, is essential for photoreceptor
morphogenesis. Nature 416, 143-149.

Perea-Gomez, A., Meilhac, S. M., Piotrowska-Nitsche, K., Gray, D.,
Collignon, J. & Zernicka-Goetz, M. 2007. Regionalization of the
mouse visceral endoderm as the blastocyst transforms into the
egg cylinder. BMC Dev. Biol. 7, 96.

Person, A. D., Klewer, S. E. & Runyan, R. B. 2005. Cell biology of
cardiac cushion development. Int. Rev. Cytol. 243, 287-335.

Rivera-Perez, J. A., Mager, J. & Magnuson, T. 2003. Dynamic
morphogenetic events characterize the mouse visceral
endoderm. Dev. Biol. 261, 470-487.

Runyan, R. B., Heimark, R. L., Camenisch, T. D. & Klewer, S. E.
2005. Epithelial-mesenchymal tranformation in the embryonic
heart. In Rise and Fall of Epithelial Phenotype: Concepts of
Epithelial-Mesenchymal Transition, (ed. P. Savagner), Landes
Bioscience; Kluwer Academic, Georgetown, TX, New York, NY.

Sakai, D., Suzuki, T., Osumi, N. & Wakamatsu, Y. 2006. Cooperative
action of Sox9, Snail2 and PKA signaling in early neural crest
development. Development 133, 1323-1333.

Sakai, D., Tanaka, Y., Endo, Y., Osumi, N., Okamoto, H. & Waka-
matsu, Y. 2005. Regulation of Slug transcription in embryonic
ectoderm by beta-catenin-Lef/Tcf and BMP-Smad signaling.
Dev. Growth. Differ. 47, 471-482.

Savagner, P. 2005. Rise and Fall of Epithelial Phenotype: Concepts
of Epithelial-Mesenchymal Transition, Kluwer Academic/Plenum
Publishers, Georgetown, TX, New York, NY.

Sheth, B., Fontaine, J. J., Ponza, E., McCallum, A., Page, A., Citi, S.,
Louvard, D., Zahraoui, A. & Fleming, T. P. 2000. Differentiation of
the epithelial apical junctional complex during mouse preimplan-
tation development: a role for rab13 in the early maturation of
the tight junction. Mech. Dev. 97, 93-104.

Shimizu, T., Yabe, T., Muraoka, O., Yonemura, S., Aramaki, S., Hatta,
K., Bae, Y.K., Nojima, H. & Hibi, M. 2005. E-cadherin is required
for gastrulation cell movements in zebrafish. Mech. Dev. 122,
747-768.

Shishido, E., Ono, N., Kojima, T. & Saigo, K. 1997. Requirements of
DFR1/Heartless, a mesoderm-specific Drosophila FGF-receptor,
for the formation of heart, visceral and somatic muscles, and
ensheathing of longitudinal axon tracts in CNS. Development
124, 2119-2128.

Shook, D. & Keller, R. 2003. Mechanisms, mechanics and function
of epithelial-mesenchymal transitions in early development.
Mech. Dev. 120, 1351-1383.

Shook, D. R. & Keller, R. 2008. Epithelial type, ingression, blastopore
architecture and the evolution of chordate mesoderm morpho-
genesis. J. Exp. Zoolog. B. Mol. Dev. Evol. 310, 85-110.

Smallhorn, M., Murray, M. J. & Saint, R. 2004. The epithelial-
mesenchymal transition of the Drosophila mesoderm requires
the Rho GTP exchange factor Pebble. Development 131,
2641-2651.

Solnica-Krezel, L. 2005. Conserved patterns of cell movements
during vertebrate gastrulation. Curr. Biol. 15, R213-R228.
Spiegel, E. & Howard, L. 1983. Development of cell junctions in

sea-urchin embryos. J. Cell Sci. 62, 27-48.

Stern, C. D. 1990. The marginal zone and its contribution to the
hypoblast and primitive streak of the chick embryo. Develop-
ment 109, 667-6382.

Stern, C. D. 2004a. Gastrulation in the chick. In Gastrulation: From
Cells to Embryo, (ed. C. D. Stern), Cold Spring Harbor Press,
Cold Spring Harbor, NY.

Sun, X., Meyers, E. N., Lewandoski, M. & Martin, G. R. 1999.
Targeted disruption of Fgf8 causes failure of cell migration in the
gastrulating mouse embryo. Genes Dev. 13, 1834-1846.

Takahashi, Y. & Sato, Y. 2008. Somitogenesis as a model to study
the formation of morphological boundaries and cell epithelialization.
Dev. Growth. Differ. 50 (Suppl. 1), S149-S155.

Takahashi, Y., Sato, Y., Suetsugu, R. & Nakaya, Y. 2005.

© 2008 The Authors

Journal compilation © 2008 Japanese Society of Developmental Biologists



766 Y. Nakaya and G. Sheng

Mesenchymal-to-epithelial transition during somitic segmentation:
a novel approach to studying the roles of Rho family GTPases in
morphogenesis. Cells Tissues. Organs. 179, 36-42.

Tam, P. P. & Beddington, R. S. 1987. The formation of mesodermal
tissues in the mouse embryo during gastrulation and early
organogenesis. Development 99, 109-126.

Tam, P. P. & Beddington, R. S. 1992. Establishment and organization
of germ layers in the gastrulating mouse embryo. Ciba Found
Symp 165, 27-41; discussion 42-9.

Tam, P. P. L. & Gad, J. M. 2004. Gastrulation in the mouse embryo.
In Gastrulation: From Cells to the Embryo, (ed. C. D. Stern),
Cold Spring Harbor Press, Cold Spring Harbor, NY.

Tam, P. P, Wiliams, E. A. & Chan, W. Y. 1993. Gastrulation in the
mouse embryo: ultrastructural and molecular aspects of germ
layer morphogenesis. Microsc. Res. Tech. 26, 301-328.

Tepass, U., Tanentzapf, G., Ward, R. & Fehon, R. 2001. Epithelial cell
polarity and cell junctions in Drosophila. Annu. Rev. Genet. 35,
747-784.

Thiery, J. P. 2008. Epithelial-mesenchymal transitions in development
and pathologies. Curr. Opin. Cell Biol. 15, 740-746.

Thiery, J. P. & Huang, R. 2005. Linking epithelial-mesenchymal
transition to the well-known polarity protein Par6. Dev. Cell 8,
456-458.

Thiery, J. P. & Sleeman, J. P. 2006. Complex networks orchestrate
epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 7,
131-142.

Trelstad, R. L., Hay, E. D. & Revel, J. D. 1967. Cell contact during
early morphogenesis in the chick embryo. Dev. Biol. 16, 78—
106.

Trelstad, R. L., Revel, J. P. & Hay, E. D. 1966. Tight junctions
between cells in the early chick embryo as visualized with the
electron microscopy. J. Cell Biol. 31, C6-C10.

Van Den Akker, N. M., Winkel, L. C., Nisancioglu, M. H., Maas, S.,
Wisse, L. J., Armulik, A., Poelmann, R. E., Lie-Venema, H.,
Betsholtz, C., Gittenberger-de Groot, A. C. 2008. PDGF-B
signaling is important for murine cardiac development: its role in
developing atrioventricular valves, coronaries, and cardiac inner-
vation. Dev. Dyn. 237, 494-503.

Verheilen, M. H. & Defize, L. H. 1999. Signals governing extra-
embryonic endoderm formation in the mouse: involvement of
the type 1 parathyroid hormone-related peptide (PTHrP) receptor,

© 2008 The Authors

p21Ras and cell adhesion molecules. Int. J. Dev. Biol. 43,
711-721.

Vestweber, D., Gossler, A., Boller, K. & Kemler, R. 1987. Expression
and distribution of cell adhesion molecule uvomorulin in mouse
preimplantation embryos. Dev. Biol. 124, 451-456.

Vincent, S., Wilson, R., Coelho, C., Affolter, M. & Leptin, M. 1998.
The Drosophila protein Dof is specifically required for FGF
signaling. Mol. Cell 2, 515-525.

Voiculescu, O., Bertocchini, F., Wolpert, L., Keller, R. E. & Stern, C.
D. 2007. The amniote primitive streak is defined by epithelial cell
intercalation before gastrulation. Nature 449, 1049-1052.

Warga, R. M. & Kimmel, C. B. 1990. Cell movements during epiboly
and gastrulation in zebrafish. Development 108, 569-580.

Wessel, G. M. & Katow, H. 2005. Regulation of the epithelial-to-
mesenchymal transition in sea urchin embryos. Rise and Fall of
Epithelial Phenotype: Concepts of Epithelial-Mesenchymal
Transition. In (ed. P. Savagner), Landes Bioscience; Kluwer
Academic, Georgetown, TX, New York, NY.

Wolpert, L. & Mercer, E. H. 1963. An electron microscope study of
the development of the blastula of the sea urchin embryo and its
radial polarity. Exp. Cell. Res. 30, 280-300.

Wu, S.'Y., Ferkowicz, M. & McClay, D. R. 2007. Ingression of primary
mesenchyme cells of the sea urchin embryo: a precisely timed
epithelial mesenchymal transition. Birth. Defects. Res. C.
Embryo. Today 81, 241-252.

Yamaguchi, T. P, Harpal, K., Henkemeyer, M. & Rossant, J. 1994.
fgfr-1 is required for embryonic growth and mesodermal pat-
terning during mouse gastrulation. Genes Dev. 8, 3032-3044.

Yamashita, S., Miyagi, C., Fukada, T., Kagara, N., Che, VY. S. &
Hirano, T. 2004. Zinc transporter LIVl controls epithelial-
mesenchymal transition in zebrafish gastrula organizer. Nature
429, 298-302.

Yang, J. & Weinberg, R. A. 2008. Epithelial-mesenchymal transition:
at the crossroads of development and tumor metastasis. Dev.
Cell 14, 818-829.

Zavadil, J. & Bottinger, E. P. 2005. TGF-beta and epithelial-to-
mesenchymal transitions. Oncogene 24, 5764-5774.

Zohn, I. E., Li, VY., Skolnik, E. Y., Anderson, K. V., Han, J. &
Niswander, L. 2006. p38 and a p38-interacting protein are
critical for downregulation of E-cadherin during mouse gastrulation.
Cell 125, 957-969.

Journal compilation © 2008 Japanese Society of Developmental Biologists



