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to the adherens junctions, producing rapid changes in cell 
shape in conjunction with RhoGEF2, a Rho GTP-exchange fac-
tor and cytoskeletal regulator that concentrates at the site of 
apical constriction (Kolsch et al., 2007). Snail is also required 
for ventral furrow formation, the cells of which express string, 
a cdc25 homolog essential for entry into mitosis. Snail-depen-
dent string inhibition generates the mitotic block necessary for 
gastrulation to occur (Grosshans and Wieschaus, 2000). Simul-
taneously, Snail represses E-cadherin transcription (Oda et al., 
1998) and generates the pulses of myosin contraction required 
for apical constriction while Twist maintains the constricted 
state between pulses (Martin et al., 2009). In vertebrates, T48 
is not conserved, and Twist is not crucial for gastrulation, sug-
gesting that Snail may fulfill all of these functions.
Gastrulation in Vertebrates
In Xenopus, the Spemann organizer is induced by the Nieu-
wkoop center, a group of dorsal blastula cells characterized 
by the nuclear accumulation of β-catenin. Wnt signaling initi-
ates the process, and Goosecoid is induced in the Spemann 

organizer by its target, Siamois, and by 
several transforming growth factor β 
(TGFβ) superfamily members, including 
Nodal (Gilbert, 2006). In amniotes, acti-
vation of Wnt signaling confers compe-
tence to the posterior part of the embryo 
in the formation of the primitive streak 
(Figure 2C). Subsequently, members of 
the TGFβ superfamily, including Nodal 
and Vg1, induce gastrulation. Nodal sig-
naling, together with fibroblast growth 
factor (FGF), controls the specification 
of the mesendoderm in all vertebrates 
(Figure 2C). Thus, in preparation for 

EMT, numerous signaling pathways help establish an organiz-
ing center that in turn controls morphogenetic movements and 
specification (Heisenberg and Solnica-Krezel, 2008).

There are two main Snail genes in vertebrates, Snail1 and 
Snail2 (called SNAI1 and SNAI2 in humans). They are induced 
by TGFβ superfamily members, and FGF signaling is neces-
sary to maintain their expression and for gastrulation to pro-
ceed (Barrallo-Gimeno and Nieto, 2005; Ciruna and Rossant, 
2001). Snail-deficient embryos fail to gastrulate, and “meso-
dermal” cells are unable to downregulate E-cadherin accu-
mulate at the streak (Carver et al., 2001; Nieto et al., 1994). 
Snail proteins are not essential for mesodermal fate specifi-
cation as a “mesodermal” population expressing the appro-
priate markers still forms in Snail mutant mice, although cells 
fail to migrate because it cannot undergo EMT (Carver et al., 
2001). Furthermore, diploblasts (animals derived from only 
two germ layers) that do not form mesoderm also express 
snail in the regions of involution or ingression during endo-
derm formation. Hence, Snail activity is not associated with 

Figure 1. Successive EMT during 
 Embryonic Development
(A) Primary EMT occurs early during embryonic 
development, even before implantation such as 
during the formation of the parietal endoderm 
in mice. The first EMT after implantation is that 
undergone by the mesendodermal progenitors 
during gastrulation, whereas the delamination of 
neural crest cells from the dorsal neural tube is a 
later event.
(B) Early mesodermal cells are subdivided into 
axial, paraxial, intermediate, and lateral plate me-
sodermal cells that will condense into transient 
epithelial structures: the notochord, the somites, 
and the somatopleure and splanchnopleure, re-
spectively. These transient structures will undergo 
secondary EMT, leading to the generation of mes-
enchymal cells that differentiate into specific cell 
types. Endodermal tissues, including the pancreas 
bud and the liver diverticulum, exhibit morphologi-
cal changes reminiscent of a secondary EMT to in-
duce the dissociation of endocrine cells and hepa-
toblasts from their respective epithelial primordia.
(C) An example of tertiary EMT arises during the 
formation of the cushion mesenchyme in the heart 
from the atrioventricular canal (AV) or the outflow 
tract (OT). The cushion mesenchyme is the precur-
sor of the cardiac valves.
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to the adherens junctions, producing rapid changes in cell 
shape in conjunction with RhoGEF2, a Rho GTP-exchange fac-
tor and cytoskeletal regulator that concentrates at the site of 
apical constriction (Kolsch et al., 2007). Snail is also required 
for ventral furrow formation, the cells of which express string, 
a cdc25 homolog essential for entry into mitosis. Snail-depen-
dent string inhibition generates the mitotic block necessary for 
gastrulation to occur (Grosshans and Wieschaus, 2000). Simul-
taneously, Snail represses E-cadherin transcription (Oda et al., 
1998) and generates the pulses of myosin contraction required 
for apical constriction while Twist maintains the constricted 
state between pulses (Martin et al., 2009). In vertebrates, T48 
is not conserved, and Twist is not crucial for gastrulation, sug-
gesting that Snail may fulfill all of these functions.
Gastrulation in Vertebrates
In Xenopus, the Spemann organizer is induced by the Nieu-
wkoop center, a group of dorsal blastula cells characterized 
by the nuclear accumulation of β-catenin. Wnt signaling initi-
ates the process, and Goosecoid is induced in the Spemann 

organizer by its target, Siamois, and by 
several transforming growth factor β 
(TGFβ) superfamily members, including 
Nodal (Gilbert, 2006). In amniotes, acti-
vation of Wnt signaling confers compe-
tence to the posterior part of the embryo 
in the formation of the primitive streak 
(Figure 2C). Subsequently, members of 
the TGFβ superfamily, including Nodal 
and Vg1, induce gastrulation. Nodal sig-
naling, together with fibroblast growth 
factor (FGF), controls the specification 
of the mesendoderm in all vertebrates 
(Figure 2C). Thus, in preparation for 

EMT, numerous signaling pathways help establish an organiz-
ing center that in turn controls morphogenetic movements and 
specification (Heisenberg and Solnica-Krezel, 2008).

There are two main Snail genes in vertebrates, Snail1 and 
Snail2 (called SNAI1 and SNAI2 in humans). They are induced 
by TGFβ superfamily members, and FGF signaling is neces-
sary to maintain their expression and for gastrulation to pro-
ceed (Barrallo-Gimeno and Nieto, 2005; Ciruna and Rossant, 
2001). Snail-deficient embryos fail to gastrulate, and “meso-
dermal” cells are unable to downregulate E-cadherin accu-
mulate at the streak (Carver et al., 2001; Nieto et al., 1994). 
Snail proteins are not essential for mesodermal fate specifi-
cation as a “mesodermal” population expressing the appro-
priate markers still forms in Snail mutant mice, although cells 
fail to migrate because it cannot undergo EMT (Carver et al., 
2001). Furthermore, diploblasts (animals derived from only 
two germ layers) that do not form mesoderm also express 
snail in the regions of involution or ingression during endo-
derm formation. Hence, Snail activity is not associated with 

Figure 1. Successive EMT during 
 Embryonic Development
(A) Primary EMT occurs early during embryonic 
development, even before implantation such as 
during the formation of the parietal endoderm 
in mice. The first EMT after implantation is that 
undergone by the mesendodermal progenitors 
during gastrulation, whereas the delamination of 
neural crest cells from the dorsal neural tube is a 
later event.
(B) Early mesodermal cells are subdivided into 
axial, paraxial, intermediate, and lateral plate me-
sodermal cells that will condense into transient 
epithelial structures: the notochord, the somites, 
and the somatopleure and splanchnopleure, re-
spectively. These transient structures will undergo 
secondary EMT, leading to the generation of mes-
enchymal cells that differentiate into specific cell 
types. Endodermal tissues, including the pancreas 
bud and the liver diverticulum, exhibit morphologi-
cal changes reminiscent of a secondary EMT to in-
duce the dissociation of endocrine cells and hepa-
toblasts from their respective epithelial primordia.
(C) An example of tertiary EMT arises during the 
formation of the cushion mesenchyme in the heart 
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tract (OT). The cushion mesenchyme is the precur-
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to the adherens junctions, producing rapid changes in cell 
shape in conjunction with RhoGEF2, a Rho GTP-exchange fac-
tor and cytoskeletal regulator that concentrates at the site of 
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later event.
(B) Early mesodermal cells are subdivided into 
axial, paraxial, intermediate, and lateral plate me-
sodermal cells that will condense into transient 
epithelial structures: the notochord, the somites, 
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enchymal cells that differentiate into specific cell 
types. Endodermal tissues, including the pancreas 
bud and the liver diverticulum, exhibit morphologi-
cal changes reminiscent of a secondary EMT to in-
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generating a regulatory loop that reinforces the relationship 
between EMT and inflammatory and immune responses (Wu et 
al., 2009a; López-Novoa and Nieto, 2009). Lastly, Thymosin β4, 
overexpressed in several cancers and involved in wound heal-
ing, can promote EMT in tumor cells through the activation of 
the integrin-linked kinase (ILK) pathway (Huang et al., 2007).

Complexity in EMT Signaling Pathways
Many signaling pathways trigger EMT in both embryonic devel-
opment and in normal and transformed cell lines. The signal-
ing pathways include those triggered by different members of 
the TGFβ superfamily, Wnts, Notch, EGF, HGF, FGF, HIF, and 
many others (Figure 5). As this has been the topic of a number 
of recent reviews (e.g., Thiery and Sleeman, 2006; Yang and 
Weinberg, 2008), here, we focus on the recent additions to this 
growing list.

The vast majority of the signaling pathways known to trigger 
EMT converge at the induction of the E-cadherin repressors, 
and in particular, of the Snail genes (Figures 4 and 5). A Ras-
MAPK pathway activated by stimulation of different receptor 
tyrosine kinases can induce Snail1 and Snail2. Although HGF/
SF usually activates MAPK-independent pathways, it can acti-
vate this pathway with the cooperation of the early growth 
response factor-1 (Egr-1), which binds directly to the SNAIL1 
promoter, leading to its rapid induction and the execution of 
the EMT program (Grotegut et al., 2006). Snail1 can modulate 
the EMT response as it represses its own transcription (Peiro et 
al., 2006), while, conversely, Snail2 seems to be self-activated 
in avian neural crest (Sakai et al., 2006).

The NFκB pathway is also emerging as an important regu-
lator of EMT in carcinoma cell lines and mesothelial fibrosis, 
acting through the induction of Snail1 transcription (Julien et 
al., 2007; Strippoli et al., 2008) and protein stabilization (Wu et 
al., 2009a). The importance of this pathway is evidenced by the 
blocking of EMT elicited by nondestructible IkB, a NFκB inhibi-
tor (Huber et al., 2004).

TGFβ-induced Smad3 binds to myocardin-related tran-
scription factors (MRTFs), and it is translocated to the 
nucleus in a Rho-dependent manner to activate Snail2 in 
MDCK cells. MRTFs also activate the transcription of actin 
filament remodeling proteins, fulfilling important aspects of 
EMT, including cell scattering and reorganization of cortical 
actin cytoskeleton into stress fibers (Morita et al., 2007), and 
they are important for the metastatic ability of tumor cells 
(Medjkane et al., 2009). These pathways are also at work in 
the conversion of kidney cells to myofibroblasts, with clear 
implications for renal fibrosis (Fan et al., 2007). In the renal 
system, the von Hippel-Lindau (VHL) tumor suppressor also 
negatively regulates the hypoxia-inducible factor-1 (HIF-1), 
and VHL loss is associated with renal clear cell carcinoma 
(RCC) and E-cadherin loss. Hypoxia induces Snail and EMT 
in many cellular and tumoral contexts (reviewed in López-
Novoa and Nieto, 2009), although the cellular response may 
be associated with the concomitant induction of E47, Zeb fac-
tors, and, in particular, Twist, a direct target of HIF1-α that 
correlates with invasion and metastasis (Figure 6A) (Yang et 
al., 2008). TGFβ-induced EMT might be accelerated by addi-
tional mechanisms as occurs during gastrulation. E-cadherin 

Figure 6. EMT and Tumor Progression
(A) EMT inducers as metastasis promoting agents. In the fibrotic or tu-
moral microenvironment hypoxia and inflammation favor the activation of 
EMT inducers. In addition to promoting tumor dissemination by inducing 
cell delamination and invasion of adjacent tissues, new facets of the EMT 
have been recently described that help to understand their implication in 
the metastatic potential. Both Twist and Snail confer stem cells properties, 
favoring the self-renewal of a small population of cells that can colonize 
and differentiate into secondary carcinomas. In addition, Twist also inacti-
vates the cellular safeguard mechanism of cellular senescence triggered by 
oncogenes and Snail induces immunosuppression, immunoresistance, and 
chemoresistance.
(B) EMT is now thought to play a fundamental role in tumor progression and me-
tastasis formation. Individual cells delaminate from primary tumors and migrate 
following the extracellular matrix network. Current research is actively analyzing 
the contributions of cancer-associated fibroblasts (CAF), including bone-marrow 
derived mesenchymal stem cells. Another challenge is to understand whether ma-
lignant migratory cells are cancer stem cells acting as tumor-initiating cells in the 
primary tumor (blue cells), if they are derived from somatic epithelial tumor cells 
that have undergone EMT to acquire stem cell-like properties (red cells), or some 
combination of these two possibilities. BV/LV, blood vessels/lymphatic vessels.

Thiery et al , Cell, 2009
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tors, and, in particular, Twist, a direct target of HIF1-α that 
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al., 2008). TGFβ-induced EMT might be accelerated by addi-
tional mechanisms as occurs during gastrulation. E-cadherin 
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the mesodermal lineage but rather with changes in cell shape, 
cell adhesion, and cell movements, consistent with the notion 
that cell fate specification and morphogenetic movements 
are independent processes even though they occur simulta-
neously.

Given that gastrulation is a very rapid process, the regulation 
of E-cadherin transcription alone is insufficient. E-cadherin is 
also controlled at the protein level by the P38 interacting pro-
tein (IP), p38-MAP kinase, and the FERM protein (EPB4.1L5) 
(Figure 2C) (Zohn et al., 2006; Hirano et al., 2008; Lee et al., 
2007).

Other transcription factors such as Eomesodermin (Eomes) 
and Mesp1 and 2 are important for EMT during mouse gas-
trulation (Figure 2C). Eomes is a T-box transcription factor 
expressed in the posterior epiblast prior to streak formation, 
in the streak and in nascent mesendoderm at gastrulation. In 
turn, the basic helix-loop-helix transcription factors Mesp1 and 
2 are also expressed in the posterior epiblast of the mouse 
embryo. Mesodermal delamination from the streak is blocked 
in mice lacking Eomes in the epiblast and in double Mesp1/
Mesp2 mutants (Kitajima et al., 2000; Arnold et al., 2008). This 

is consistent with the ability of Mesp proteins to induce Snail 
and EMT in differentiated embryonic stem cells (Lindsley et al., 
2008).

Cells need to break the basal membrane to successfully 
delaminate from the primitive streak. A pathway mediated 
by the RhoGEF protein Net1 induces RhoA downregulation 
in the primitive streak and disrupts the interaction between 
epiblast cells and the underlying the basal membrane (Fig-
ure 2C) (Nakaya et al., 2008). Snail factors contribute to 
basal membrane degradation by activating metallopro-
teases (Jorda et al., 2005) and by repressing some compo-
nents such as Laminin5 and its receptors (Haraguchi et al., 
2008). Importantly, the integrity of the basal membrane must 
be maintained in areas outside of the primitive streak and 
the transmembrane protein FLRT3 seems to offer protection 
against its disruption in addition to regulating cell fate (Fig-
ure 2C) (Egea et al., 2008).

Unlike in the sea urchin or in Drosophila, the gene regulatory 
networks operating at gastrulation in vertebrates are far from 
complete. Future studies of EMT would benefit from the appli-
cation of genome-wide approaches and in vivo cell imaging. 

Figure 2. Genetic Pathways Governing 
Gastrulation
(A) The gene regulatory network governing EMT 
during gastrulation in the sea urchin embryo. A 
specification step involving Wnt8 signaling leads 
to HesC repression, switching on the EMT regula-
tory program, and inducing the ingression of the 
primary mesenchymal cells (PMCs). Alx1, arista-
less-like 1.
(B) Mesoderm invagination in Drosophila. Twist 
and Snail pathways cooperate to modulate cell 
adhesion and cytoskeletal changes to undergo 
gastrulation movements and mesoderm spread-
ing. The arrows indicate the flow of the pathway, 
not direct transcriptional regulation. Abl, Abelson 
kinase; Htl, Heartless (Drosophila FGF receptor); 
Dof, downstream of FGFR; Fog/Cta, folded in gas-
trulation/concertina.
(C) Genetic pathways controlling gastrulation in 
amniotes. Convergence of signaling pathways at 
the posterior part of the embryo leads to primi-
tive streak formation and initiation of the EMT 
as well as the mesodermal fate program. Snail 
genes are key regulators of the EMT program dur-
ing gastrulation in amniotes as they control cell-
cell adhesion, cell shape, and motility. Additional 
mechanisms such as endocytosis, lysosomal tar-
geting, and degradation of the E-cadherin protein 
together with the control of basement membrane 
integrity explain the rapid and drastic changes oc-
curring in ingressing cells during gastrulation. The 
induction of endodermal and mesodermal fates is 
mainly governed by the FGF and Nodal pathways 
through specific regulators and the contribution of 
some of the genes involved in the EMT program. 
EPB4L5, FERM and actin-binding domains-con-
taining band 4.1 superfamily member; FLRT3, Fi-
bronectin-leucine-rich-transmembrane protein-3; 
Net-1, neuroepithelial transforming factor 1; MMP, 
metalloproteinases; p38IK, p38 interacting kinase.
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Jung-Soon Mo et al, EMBO Reports 2014

Wicklow et al., Plos Gentic 2014
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