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Epithelial plasticity involved the terminal and transitional stages that occur during epithe-
lial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial transition (MET),
both are essential at different stages of early embryonic development that have been co-
opted by cancer cells to undergo tumor metastasis. These processes are regulated at
multiple instances, whereas the post-transcriptional regulation of key genes mediated by
microRNAs is gaining major attention as a common and conserved pathway. In this
review, we focus on discussing the latest findings of the cellular and molecular basis of
the less characterized process of MET during embryonic development, with special atten-
tion to the role of microRNAs. Although we take in consideration the necessity of being
cautious when extrapolating the obtained evidence, we propose some commonalities
between early embryonic development and cancer progression that can shed light into
our current understanding of this complex event and might aid in the design of specific
therapeutic approaches.

Introduction
Epithelial plasticity is defined as the ability of cells to change their epithelial phenotype to mesenchy-
mal and vice versa. This characteristic is essential during embryonic development because the mor-
phogenesis and organogenesis that generate the body plan depends on cells changing rapidly and
reversibly among those phenotypes. Epithelial cells go through a process called
epithelial-to-mesenchymal transition (EMT), which involves losing of apico-basal polarity, negative
regulation of adhesion protein expression, and cytoskeleton reorganization to accomplish the extensive
cellular movements that will give rise to the embryonic germ layers and later to tissues [1].
Mesenchymal migratory cells may occasionally initiate a reversible process called
mesenchymal-to-epithelial transition (MET) which includes not only cellular repolarization but also
increasing their tight and adherens junctions. During morphogenesis and organogenesis, progenitor
cells would require multiple events EMT and MET allowing the precise creation of microenvironments
required during cell–cell communication. Both mechanisms are conserved evolutionarily and it has
been described that they do not conform to a binary system, but instead embryonic cells sometimes
display attributes of both epithelial and mesenchymal phenotypes [2,3]. These transitions and inter-
mediate stages do not only participate in normal development from gastrulation to complex organ for-
mation, they are also involved in tissue regeneration during adulthood and co-opted by cancer cells to
facilitate tumor metastasis [1,4,5].
Epithelial plasticity is tightly regulated at different levels, including regulation of gene expression by

key transcription factors (known as EMT-TF or MET-TFs), changes on cell and tissue architecture
and modulation in cellular levels of microRNAs (miRNAs). This well-studied class of small regulatory
RNAs plays a critical role in the checkpoint through degradation of transcripts or inhibition of EMT/
MET-TFs [6,7], providing a quick solution to the need for a specific temporal and spatial control of
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epithelial plasticity during development. Although EMT regulation has been highly characterized and exten-
sively revised during embryonic development and under pathological conditions [8], very little is known related
with the mechanistic processes driving MET.
In this review, we will focus on the understanding of the cellular and molecular basis of MET process during

early development, with special attention to the role of microRNA as a possible platform to understand their
contribution during cancer progression.

Epithelial plasticity: not only a binary state
During embryonic development, epithelial cells have a characteristic apico-basal polarity, low degree of individ-
ual motility due to strong intercellular adherence and tight junctions, desmosome complexes, and basal inter-
action with the extracellular matrix [9]. However, during the EMT process these structures are dismantled,
epithelial cells change their phenotype and acquired mesenchymal characteristics in concomitance with a high
degree motility. Specifically, expression levels of adhesion proteins decrease, epithelial genes begin to be
repressed, and mesenchymal gene expression programs are activated. Finally, the actin cytoskeleton is reorga-
nized, apical-basal polarity and interaction with the extracellular matrix are lost, but cells acquired a front-back
polarity [1,10]. In some cases, mesenchymal cells initiate a re-epithelialization process through MET, which
allows them to reestablish cell polarity, re-express adhesion proteins, such as certain type of cadherins and
integrins, to finally recover their ability to form an epithelial tissue [2]. This process is essential to maintain the
morphology of tissues and the establishment of the body plan in organisms, but if it is activated inappropri-
ately, it will end in deleterious development pathologies and in cancer metastasis [9].
It is important to mention that in the last years the conceptual framework where EMT promotes metastasis

and invasion was challenged and extensively discussed [11]. Several lines of evidence support this notion since
the knockout of EMT-TFs (Twist or Snail) in mouse models of pancreatic and breast cancer does not signifi-
cantly affect the incidence of metastasis [12,13]. These data may suggest that an overt or a complete EMT may
reduce the metastatic capacity when some molecular and/or morphological epithelial traits are required to be
maintained [14–16]. Tanking this in consideration, in the recent years epithelial plasticity was not only consid-
ered as a binary process where cells pass completely through EMT or MET, acquiring a mesenchymal pheno-
type or recovering epithelial characteristics, respectively [10,17,18]. However, it has been reported that in some
cases there are cells which present epithelial and mesenchymal characteristics simultaneously [19,20], indicating
that some characteristics of both phenotypes were lost or acquired. Cells with an intermediate phenotype gener-
ally have low levels of expression of adhesion proteins, but they do not completely lose adhesion capacity to
neighboring cells. Likewise, they can retain some apico-basal polarity but cells still have the ability to migrate
[21,22]. Interestingly, these spectrum of phenotypes or partial transition have been described not only during
embryo development but also recently in wound healing, organ fibrosis and circulating tumor cells where these
intermediate phenotypes present the greatest metastatic potential [5,23–25]. Nowadays, we know that partial
transitional stages may represent the final outcome but not only an intermediate metastable stage [1].
Regarding this, the degree of ‘epitheliality’ or ‘mesenchymality’ is very variable and partial transition would
depend of the initial epithelial state and the type of migration [19,20]. For example, migratory cells that main-
tain epithelial features but exhibit intermediate expression of mesenchymal markers, this would favor reversion
to the epithelial state via MET compared with cells that have undergone full EMT [27]. On one hand, this is
still a debate in cancer cells, because some authors proposed that partial or complete EMT contributes to their
invasiveness [28,29]. On the other side, there are also a variable degree of mesenchymal states, very appreciable
during collective or individual migration. As a general rule, the more cell–cell adhesion and junctions are pre-
sented between cells, the more ‘collective’ the migratory process will be [15,30]. However, this is a very simplis-
tic assumption, many cell types that were thought to move individually because they have a complete EMT,
also shown to make cell–cell contacts that influence each other’s movements [31,32]. Moreover, collective
migration of mesenchymal cells is also observed in absence of cell–cell contact where chemotaxis between
neighboring cells plays a major role [32,33].
In sum, the spectrum of phenotypes, including intermediate metastable and stable stages, suggests that epi-

thelial plasticity depends on cell context, extracellular signaling, epithelial/mesenchymal maturity and molecular
changes that ultimate will affect the cellular machinery driving migration and invasion. Based on this, it is very
difficult to define the ‘epithelialization’ or ‘mesenchymalization’ state in a group of cells by only analyzing a few
markers since many initial, intermediate and final states are possible.
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Cellular and molecular basis of MET
Vertebrate epithelial cells typically contact each other through tight junctions near the apical surface along with
adherent junctions, desmosomes and gap junctions at the lateral surface [34]. The cellular changes occuring
during the ‘mesenchymalization’ included several stereotypical events: (1) The tight junction weakening is
accompanied by a decrease in the expression of their components (Claudin and Occluding), and the relocation
of the Zona Occludens 1 protein (ZO1) upon initiation of an EMT process. (2) E-cadherin (E-cad or CDH1) is
transcriptionally repress by SNAIL, cleavage and degraded from the cell membrane [35]. Thus, β-catenin may
no longer interacts with E-cad favoring either their degradation or protecting them in order to activate the
downstream transcription [36]. (3) Desmosomes and gap junctions are disrupted. (4) Loss of epithelial cell
polarity is altered by abolishing Par and Crumbs complexes localization at the cell junctions [37,38]. Typically,
these complexes are associated with Lin-7 to define the apical compartment; whereas, Scribble complexes
define the basolateral compartment [39].
On the other hand, the mechanisms driving MET or ‘re-epithelialization’ are far less well understood than

those underlying EMT, and it remains unclear how the mechanisms driving these processes relate one to
another. How re-epithelialization is executed has been partly revealed by studying apico-basal polarity.
However, it is important to mention that the order of events is likely to be highly dependent of the cell and
tissue context. Stereotypical MET events involve the polarization that generates the apical membrane facing the
lumen, and the basolateral membrane which ensures intercellular adhesion and interaction with the extracellu-
lar matrix [40,41] (Figure 1). Intercellular adhesion is established through the transmembrane protein Nectin,
which builds scaffolds that recruits the actin-binding protein Afadin and E-cad [42,43]. E-cad forms calcium-
dependent homo-trans-dimer with adjacent cells and interacts with β-catenin, p120 catenin, and α-catenin,
which then links the protein to the actin cytoskeleton. Ultimately, this triggers downstream signaling by indir-
ectly recruiting Rac and Rho [44–46]. Then, their effectors will promote cortical actin network formation and
stabilization which, in turn, strengthens adherens junctions [42]. Cell–cell and cell–extra cellular matrix

Figure 1. Major cellular changes occurring during mesenchymal-to-epithelial transition (MET).

Mesenchymal cells express Nectin and recruit the protein Afadin. The interaction between both proteins leads to the

expression of E-cad and the interaction between adjacent cells. Adherent junctions and cell–matrix junctions are formed.

Polarization gradually recovers with the remodeling of the actin cytoskeleton and the expression of Par and Crubs complexes

in the future apical region. Finally, desmosomes and tight junction consolidate the apical-basal polarity. The figure was created

with BioRender.com.
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crosstalk are required during the establishment of adherens junctions through the action of Nectin family
members [47–49] which recruits partitioning defective 3 and 6 (Par3 and Par6) to form the Par polarity in the
apical domain. Par proteins recruit the apical determinant Crumbs complex and displace the basolateral deter-
minant Scribble complex. Finally, desmosomes and tight junction, composed by occluding, ZO proteins and
Claudins, consolidate the apical-basal polarity [2,9,50].
Some authors postulate that MET is trigger just by down-regulating the EMT-inducing signals, including the

transforming growth factor β (TGF-β) [51,52] or master EMT-associated transcription factors (EMT-TF:
SNAIL1/2, TWIST1/2 and ZEB1/2) [53,54]. In line with this, EMT-TFs are rarely detectable in adult epithelial
tissues and several factors were recently shown to protect this epithelial state [55]. However, EMT-TFs down-
regulation does not appear to be sufficient for MET induction during embryo development, where the inter-
action with neighboring tissues and the activation of specific sets of transcription factors or signaling pathways
would be required [56–59]. Together these evidences put in consideration that the mechanisms driving MET
may be quite distinct from those that were disassembled during EMT. Thus, emerging concepts are considering
that the re-epithelialization of cells, during development or under pathological condition, represent an alterna-
tive pathway with new players where cell cross-talk may play a pivotal role. A recent revision proposed
Grainy-head like family (GRHL1–3), Ovo-like family (OVOL1/2), Epithelium-Specific Ets-Domain containing
factors (ELF3/5), Singleminded 2 (Sim2), and SRY-box 3 (Sox3) as a main MET-TF regulated in a tissue-
specific manner to enable precise spatiotemporal control of MET event during development and in adult epi-
thelial tissue maintenance [50]. After all, the identification of MET-TF is yet to be formally investigated in dif-
ferent developmental system and cellular context.
In the pathological context, it has been considered that both EMT/MET transitions are responsible for the

progression of metastasis, but the most unfavorable stage in the development of the disease is the MET due to
its fatal potential [54,60]. However, the study of tumor spread in vivo presents many difficulties due to its
unpredictability in terms of where and when the secondary tumor is going to be established and also the low
number of cells that colonize the new tissue. It is important to mention that during metastasis, cancer cells
co-opted programs which the organism uses during early embryonic development [1]. For these reasons,
insights from early development are very helpful in elucidating the mechanisms underlying MET during cancer
progression.

Insights from early development the MET
Morphogenesis in animals require cell plasticity and in some cases several rounds of EMT–MET cycles, with
MET being a critical step during embryonic development and stabilization of epithelial tissues. This ability of
mesenchymal cells to revert to an epithelial phenotype during developmental condition would serve as an
excellent platform to study the inter-conversion between mesenchymal and epithelial phenotypes with far
reaching implications in pathological conditions. Principally due to the predictability of where and when these
processes will occur during embryo development, compared with the unpredictability observed in cancer cells.
In this section, we will comment on some aspects related to MET processes that occur in a few examples
during embryogenesis, tissue and organ development (Figure 2A–G).

Epiblast formation
The first MET in embryonic development happens before gastrulation during the formation of the epiblast.
This tissue contains a pluripotent population that will give rise to all cell lineages in an adult body. Loss of
pluripotency coincides with the onset of gastrulation, when the epiblast initiates lineage differentiation by gen-
erating the three definitive germ layers (ectoderm, mesoderm and endoderm). In avian and humans, this
occurs in a very similar series of molecular and morphogenetic events which includes: (1) molecular specifica-
tion of epiblast precursors; (2) morphological aggregation of epiblast-fated cells; (3) full epithelialization of the
epiblast; (4) morphogenesis of epithelialized epiblast; and (5) dissolution of epithelial structure during gastrula-
tion through EMT [61]. A very recent article provided evidences that during this initial epithelialization to
form the epiblast, cells initiated a pluripotency exit and correlated with a partial MET [62]. Specifically, the
authors proposed that transitions from naïve-to-primed and the later pluripotency exit have a correspondence
with two consecutive partial MET going from non-polarized epiblast to polarized epiblast and the latter fully
epithelial epiblast (Figure 2A). These sequential steps of polarization are induced by integrin-mediated cell–
extra cellular matrix (ECM) signaling. Specifically, β1-integrin and Dystroglycan are two of the mayor
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Figure 2. Examples of MET processes that occur during embryogenesis, tissue and organ development. Part 1 of 2

Epiblast formation. Epiblast cells traverse the MET after gastrulation. Somitogenesis. MET from the paraxial mesoderm gives

rise to somites. Kidney development. METs of the adjacent metanephric mesenchyme giving rise first to the renal vesicles and

then to the epithelial nephritic tubes. Heart development. The inner layer of the splanchnopleure will form the endocardial and

myocardial progenitors through MET. Liver development. During bile duct formation, hepatoblasts undergo MET to differentiate
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transmembrane proteins participating in the epiblast-ECM interaction during their polarization [63,64].
Adherens junction proteins, such as E-cad, also have an important role on epiblast cell–cell adhesion and
cell–ECM interactions [65]. Moreover, the destabilization of integrin epiblast–ECM interaction prevents the
efficient establishment of E-cad adhesion, probably through a regulation of their adhesive activity, among epi-
blast cells [66]. Taking together, a clear crosstalk among those type of interaction is crucial during epiblast
MET [67]. These lines of evidence suggest that polarization of the epiblast, including the establishment of
apico-basal polarity, epiblast-ECM interaction and the modulation of epiblast adherens junction, is involved in
epiblast pluripotency regulation.
Epiblast cell polarity is maintained until primitive streak formation, where the cells initiated the EMT during

gastrulation [68]. Newly formed mesenchymal cells will form the mesoderm which is subdivided into paraxial
cells, made up of mesenchymal cells that are close to the neural tube, while those that are located laterally are
organized into intermediate and lateral mesoderm. These populations will form transitory epithelium through
MET (somites, notochord, primordia of the urogenital system, splanchopleura and somatopleura) that later will
form specialized and differentiated tissues and organs. In the majority of these transient structures, cells will
undergo a second round of EMT and in some cases several rounds of EMT/MET are needed to form the final
tissue. Thus, demonstrating the high epithelial plasticity is required during embryonic development [10].

Somitogenesis
A prominent feature of the paraxial mesoderm lineage (cells destined to form the dermis, muscles and axial
bones) is to giving rise to a transitory epithelialized structure called somites through MET (Figure 2B). The pre-
somitic mesoderm, a pair of strips composed of mesenchymal cells, is localized laterally on both sides of the
embryo along the anterior-posterior axis. The mesenchymal state of these cells is maintained by the expression
of SNAIL1 and SNAIL2, whose expression is repressed when they move through tissues with high expression
of FGF [69]. At this moment, cells initiated the MET concomitantly with a dynamic and periodic formation of
tissue blocks that pinches off from the anterior end of the presomitic mesoderm [69,70]. Cells at the front of
the prospective boundary for the next segment begin to reorganize their actin cytoskeleton, polarize,
re-construct epithelial cell–cell adhesion and synthesize base-membrane proteins, ultimately resulting in the
re-epithelialization of these mesodermal cells. Cdc42 and Rac1 play important and different roles during MET
of vertebrate somitogenesis. High levels of Cdc42 maintain cells in a mesenchymal state and, opposite to that,
when Cdc42 signaling was blocked hype-repithelialization was promoted [71,72]. Ephrin signaling have been
also implicated in cell epithelialization during somite segmentation by regulating Cdc42 activity [73]. Proper
levels of Rac1 are also important for somitegenesis, since its activation or inhibition evidenced defects during
epithelialization [72]. Rac1 contributes to the induction of somitogenesis by acting post-transcriptionally on the
basic-loop-helix transcription factor Paraxis [72], a well-known transcriptional factor essential for somite
epithelialization [74]. In agreement with this, the overexpression of SNAIL2 in chick presomitic mesoderm
blocked MET and somitogenesis by preventing the expression of Paraxis [69]. It is important to mention that
there are clear specie-specific differences in the degree of somite epithelialization. Avian exhibit the most polar-
ized example with clear apical-basal assembly [72,75]. In contrast, fish and amphibians, which undergo a faster
larval development, presented a less epithelialized somites lacking apical junctions [76,77]. Somitogenesis in
these species appear to be more sensitive to same factors that destabilize the somite epitheliality [78], suggesting
that mesenchyme cells may undergo early phases of MET but do not complete the process, thus representing a
partial MET.

Kidney development
From the caudal region of the intermediate mesoderm, the kidney is formed by the MET of the adjacent meta-
nephric mesenchyme that gives rise to the epithelial nephritic tubes [79]. MET in kidney development is one

Figure 2. Examples of MET processes that occur during embryogenesis, tissue and organ development. Part 2 of 2

into cholangiocytes and hepatocytes. Cardiac neural crest development. The cardiac outflow tract septation is formed by

cardiac neural crest that condense along the endocardial walls via MET. Cornea development. The cells of the neural crest are

condensed to give rise to the cornea also through MET. Mesenchymal cells are represented as individual scattered cells,

whereas epitheliated cells passing through MET are represented in blue. The figure was created with BioRender.com.
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of the best characterized processes during organogenesis and the cellular and molecular basis of this transition
have been already well reviewed [79]. Initially, the intermediate mesoderm becomes segregated into the epithe-
lial nephric duct and the metanephric mesenchyme containing the cap cells undergo MET and give rise to part
of the glomerulus (Figure 2C). MET in the cap cells is induced by Wnt4 and Wnt9b secreted from the lateral
bud of the nephric duct [80]. These signals stabilize β-catenin and repress the Six2 transcription factor and
Cited1 (Cbp/p300-interacting transactivator 1) to engage cap cells into renal epithelial differentiation.
Polarization of renal tubule epithelia appears crucial for kidney development as perturbations give rise to
defects such as polycystic kidney disease [81].

Heart development
Heart development involved several rounds of EMT and MET [82,83]. As the definitive germ layers emerge in
the developing embryo, cardiac progenitors are amongst the first epiblast cells to undergo EMT and migrate
out from the primitive streak. Then, at the trunk level of the embryo, the lateral mesenchyme is subjected to
MET inducing the formation of a transient epithelia (splanchnopleura) that will contributes to the formation of
the heart [84] (Figure 2D). Later, when the heart tube starts shaping through folding of the two lateral
domains of the heart field, the inner layer of the splanchnopleure will then undergo EMT to generate endothe-
lial progenitors and will subsequently form the endocardial and myocardial progenitors through MET. The
outer layer of the splanchnopleura will give rise to pericardial progenitors, now forming a concentric epithelial-
like structures (endo-, myo- and peri-cardium) that constitute the heart tube (part of the ventricle and most of
the atria) [85,86]. A second wave of progenitors remains in contact with the endoderm and are maintained as a
pool of undifferentiated cells. These cells will progressively infiltrate new cardiac precursors contributing to ven-
tricle and outflow tract at the arterial pole, and part of the atria and inflow tract at the venous pole. Although
the EMT aspects of heart development have been extensively studied [87], very little mechanistic insight regard-
ing MET process is known in these tissue. What is known is that β-catenin, apical aPKC [84,88] and a belt of
N-cad [89] are expressed during endocardial and myocardial progenitor epithelialization. Fibronectin is also
deposited on the basal surface and plays a crucial role in establishing polarity and adherens junctions [88]. The
epicardium also derives from a MET at the external surface of the myocardium. The zinc-finger Wilms tumor
transcription factor WT1 participates in both EMT and MET regulation [82,83]. Interestingly, perturbation of
actomyosin based cell contractility prior to heart tube epithelialization causes cardiac defects [92,93], while
post-MET does not [89], implicating a crucial role of MET step for proper heart function.

Liver development
Some organs develop from the definitive endoderm, such as the lung, pancreas and liver. In the case of the
latter, although it is known that its development requires EMT–MET cycles, the precise molecular basis are not
well defined [94]. Hepatic buds are made up of endodermal cells that migrate into the mesenchyme via EMT
through the induction of BMP4, controlled by GATA4, which represses E-cad [95]. Then, hepatoblasts go
through MET to initiate liver morphogenesis and cell differentiation (cholangiocytes and hepatocytes)
(Figure 2E). However, some differences on the final outcomes exist where perivenous hepatocytes forming the
bile canaliculus express N-cad, while cholangiocytes and periportal hepatocytes are organized in a tubular
structure expressing E-cad [94–96]. This stage is fundamental to orchestrate cell specialization, differentiation
and assembly, ensuring correct liver morphogenesis.

Neural crest condensation
Neural crest cells are a multipotent group of embryonic cells that originate from the ectodermal epithelium and
initiate their delamination via a well described EMT process [97]. At their destinations, some cells stop their
pathways and undergo a condensation process to begin forming different tissues such as sensory, autonomic
and enteric ganglia, cornea, outflow tract septation, adrenal glands and peripheral nerves sheaths [98]. This
condensation step has been likened to MET, but we have to consider that during ganglia formation cells do not
become completely epithelial, and so this transition has been named as mesenchymal-to-ganglionic transition.
In this context, a very recent work revealed that many genes are specifically enhanced in neural crest-
condensing cells, including macrophage migration inhibitory factor (MIF) functioning as a potent chemo-
attractant during trunk ganglia formation [99].
Cardiac outflow tract septation depends on the neural crest cells colonization, whose invasion and condensa-

tion along the endocardial walls forces its scission into two tubes, the aorta and pulmonary trunk [100]
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(Figure 2F). This is a very important developmental process since account for 10% of all congenital anomal-
ies [101]. A very recent work has shown that neural crest cells aggregation along the outflow tract closure
depends on the BMP signaling gradient [102]. The authors found that CTDNEP1 (CTD Nuclear Envelope
Phosphatase 1, also known as Dullard) tunes the BMP gradient amplitude and prevents the premature conden-
sation of neural crest cells. The maintenance of its mesenchymal trait is caused by the repression of the aggre-
gation factor Sema3c and activating the EMT-TF Twist1. Conversely, down-regulation of CTDNEP1 increases
Smad1/5/8 activity concurrently with the down-regulation of mesenchymal markers (Snai2, Twist1, Rac1,
Mmp14 and Cdh2) and up-regulation of Sema3c. This lead to a premature neural crest cell condensation and
the consequent asymmetric septation of the outflow tract closure. In agreement with this notion, Sema3c pro-
motes the aggregation of neural crest cells in primary cultures as well as cancer cells in vivo [103–106].
The cornea is transparent epithelium located at surface of the eye which consists of three main tissue layers,

the outer stratified squamous epithelium, the intermediate stroma, and the inner endothelium. The stroma and
endothelial layers are derived from the periocular mesenchyme, which consists of neural crest cells that goes
through MET by bi-directional mesenchymal-epithelial signaling pathways coming from surrounding tissues
[107] (Figure 2G). These signals included including the TGFβ, retinoic acid and the canonical Wnt/β-catenin
pathway [108]. Pitx2 and Dkk2 factors have been identified to play an essential role in regulating Wnt/
β-catenin signaling, thus determining the epithelial fate of mesenchyme cells [109–111].
Finally, we would like to stress that the complications related to MET investigations led to common errors in

the characterization and description of the actors and the pathways implicated. During several years many
authors speculated that similar and reversible mechanisms may be occurring during EMT and MET [60].
However, new evidence supports the idea that distinct factors function during EMT and MET. This is clearly
evident in zebrafish embryos, where MET is dependent on the activation of α5-integrin and the extracellular
matrix protein fibronectin during somite repolarization. However, none of these proteins appear to play an
important role in the maintenance of epithelial status during the early embryogenesis [112]. Furthermore,
while E-cad repression is critical for EMT during the movement of cells through the primitive streak in verte-
brates; it is not required for MET during kidney morphogenesis [112]. Rather, new actors such as Afadin (a
Nectin adapter protein) are required during repolarization of renal vesicles formation, acting upstream of the
recruitment and/or stabilization of the predominant cadherin called R-cadherin [49]. Thus, in the few develop-
mental systems that have been examined in detail, condensation and/or re-epithelialization appear to be driven
by mechanisms other than those underlying the original transition to a mesenchymal state. Although we are
still in our infancies to understand the events mediating the end of mesenchymal cells migration, the beginning
of condensation and onset of epithelialization, studies on different developmental systems and the recent
advances in high-throughput technologies will provided new markers and potential regulatory candidates that
will shed some light during this event in normal and pathological conditions.

microRNAs control of MET in cancer and development
MicroRNAs (miRNAs) appear as excellent regulators of components that participate during MET, particularly
by inhibiting EMT-TFs or mesenchymal related genes [6,109]. They bind to target genes by base complemen-
tarity at the 30UTR end causing their down-modulation through multiple mechanisms, including translational
repression and/or mRNA destabilization [113–115]. In general, several microRNAs can act on the same target
gene, or few core microRNAs may regulate several genes on the same metabolic cascade [116], thus allowing a
very precise transcriptional control during transitional stages [117]. In agreement with this notion, early studies
demonstrated that miR-200 family (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) is a stereotypical
epithelial marker and regulator of EMT by directly inhibit ZEB1/2 to maintain E-cad expression [112,118,119].
Contrarily, ectopic expression of miR-200a and miR-200c induce MET in mesenchymal cancer cells [120]. In
turn, ZEB1/2 represses miR-200 transcription by binding its promoter in a negative feedback loop, ensuring a
tight temporal control during EMT and MET [121,122]. Similarly, two other studies identified another feed-
back loop between miR-203 and SNAIL that regulates tumoral cell transitions [123,124]. Interestingly, miR-200
and miR-203 are both EMT suppressors and significantly down-regulated in mesenchymal cancer cells
[125,126]. Moreover, there is a reciprocal regulation where SNAIL also represses miR-200 and ZEB also regu-
late miR-203 [123,127], positioning this module of microRNAs and EMT/MET-TF in a high hierarchical pos-
ition that defined cellular epitheliality. In addition, miR-200 and miR-203 are both epigenetically regulated by
DNA methylation [123–125]. There is an inverse correlation between miR-200 and miR-203 expression and
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their promoter methylation status [128,129]. Notably, a recent study showed that DNA methylation of the
miR-200 and miR-203 is dynamic and reversible and may play an important role in regulating plasticity
between epithelial and mesenchymal states [130].
In addition to these pioneer miRNAs, other have been characterized as suppressors of EMT, thus possibly

activating MET. Few of them have been studied during embryo development and presenting similar targets and
functionalities (Figure 3). In this regards, a recent work from our group demonstrated that the epigenetic
repression of miR-203 by DNA methylation is required to induce the expression of its direct targets Snail2 and
Phf12 [131], both required to trigger the EMT in neural crest cells [97]. Moreover, we evidenced a similar
feedback-loop where SNAIL2 itself is involved in the recruitment of the DNA methyltransferase 3B (DNMT3B)
to methylate the miR-203 promoter and repress its expression prior to neural crest delamination [131]. On the
other side, miR-200 family have been extensively studied regulating cell proliferation, migration and neuronal
differentiation during vertebrate development [132]. Particularly, miR-200 has shown to control ZEB expres-
sion during brain development and a similar negative feedback loop between ZEB and miR-200 have been also
described [133]. Interestingly, Gregory et al. [130] demonstrated using canine kidney cell line, that by manipu-
lating the ZEB/miR-200 balance were able to repeatedly switch cells between epithelial and mesenchymal states.
Furthermore, prolonged autocrine TGF-β signaling induced reversible DNA methylation of the miR-200 loci
with corresponding changes in miR-200 levels.
Interestingly, an integrated analysis has identified a master miRNA regulatory network for the MET in

ovarian cancer cells [134]. Eight node miRNAs, including miR-506, miR-200a, miR-141, miR-101, miR-29c,
miR-128, miR-182 and miR-25 were predicted to regulate 89% of the genes implicated in MET. Particularly,
miR-506 augmented E-cad expression, inhibited cell migration and invasion, and prevented TGFβ-induced
EMT by targeting SNAI2.
Mir-34 and miR-30a were also describe as EMT suppressors by inhibiting SNAIL1 thus leading to E-cad

repression and the initiation of MET in cancerous cells [135–137]. Similarly, miR-30 has been also implicated

Figure 3. Summary of miRNAs playing an important role by promoting MET or inhibiting EMT during early development.

The figure was created with BioRender.com.
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in early development during hepatoblast migration and maturation by targeting SNAIL1, which result in the
regulation of E-cad [138]. On the other side, p53 induces the expression of miR-34, as well as miR-200, thus
determining the cell fate between epithelial, mesenchymal, or transitional stages [139]. Moreover, studies have
shown that members of the miR-34 family enforced cells towards cell-cycle exit, which results in the generation
of mature and differentiated cells [140]. This is in agreement with the observation that this family of
microRNAs target multiple genes of the cell-cycle machinery such as cyclin D1, Cyclin E2, CDK4, CDK6,
CDC25 and E2F3. On the other side, miR-34a have been described to restrict the cell fate potential of
Embryonic Stem Cells (ESCs) and induced Pluripotent Stem Cells (iPSCs), possibly by affecting pruripotency
genes (Nanog, Sox2 and N-Myc), which can convert into both embryonic and extraembryonic lineage [141].
The role of miR-34 family has also been studied extensively in neurodevelopment and neuronal apoptosis
using different models [142–144], but not much attention was paid to their role on different embryonic cells
passing through MET.
The expression of miR-302b and miR-20a have been implicated in hepatoblasts re-epitelialization to form

the liver primordium [145]. Particularly, both miRNAs suppressed TGFβ signaling, thus repressing EMT and
leading to liver morphogenesis and cell differentiation. It is interesting to note that the miR-302/367 family,
comprising miR-367, miR-302a, miR-302b, miR-302c, miR-302d, and miR-371/373, is the most abundant
miRNA family in human ESCs, and can promote somatic cell reprogramming [146]. It is important to
mention that during somatic cells reprogramming, removal of repressive chromatin modifications and MET are
required. In agreement with this notion, miR-302 members repressed chromatin modifying enzymes, such as
lysine-specific histone demethylases and methyl-CpG binding proteins, leading to a genome-wide demethyla-
tion [146]. Lastly, miR-302 members also promoted BMP signaling and inhibited by TGFβ signaling thus low-
ering the MET barrier during reprogramming [147,148].
miR-204 has been also described as an EMT suppressor by regulating Snail2 and TGFβR2 [149]. In a similar

manner, miR-204 maintains the epithelial integrity of the retinal pigment epithelium by regulating the same
targets [149]. It is important to mention that TGFβ plays a key role, during pathological condition such as sub-
retinal fibrosis (macular degeneration that lead to profound and permanent vision loss) by triggering the
retinal EMT, leading to miR-204 repression [150]. Further investigations are needed to understand how
miR-204 is activated during normal retinal development, a tissue formed by MET, which may open new oppor-
tunities in reversing subretinal fibrosis through MET reactivation to restore vision in adults.
miR-1 and miR-124 both target Snail2 and also act as EMT suppressors in tumoral cells [151,152].

Interestingly, deletion of miR-1/miR-133a gene cluster in mice results in embryonic lethality due to severe
heart malformations. Particularly, the KO embryos exhibit a thinner ventricular wall due to prominent reduc-
tion in the number of cells at the compact layer of the heart and trabecular growth arrest [153]. Moreover, the
authors identified Myocardin as one of the mayor target of miR-1/miR-133, but also evidenced a consistent
down-regulation of Msx1 and Msx2 which are involved in cardiac EMT during atrioventricular myocardium
formation [154]. Further studies are needed to evidence a possible role of miR-1 on the successive round of
EMT/MET steps that are critical during heart development as we described before.
miR-150 expression was significantly lower in cancer tissues compared with adjacent non-cancerous tissues

and correlated with tumor size, invasion capacity and poor prognosis [155]. In vitro assays showed ZEB1 as a
new direct target of miR-150, thus acting as an EMT suppressor and leading to MET [155]. During develop-
ment, miR150, together with miR-200c, play an important role in human endothelial lineage specification and
chick embryonic vasculogenesis by targeting ZEB1 [156]. It is interesting to mention that endothelial tissue
requires to go through a successive round of EMT/MET cycles during cardiovascular development and further
studies are need to elucidate the role of particular miRNAs during those transitions.
Presomitic mesoderm, consisting primarily of mesenchymal cells, goes through MET to form somites in ver-

tebrates. A recent study performed in zebrafish embryos demonstrated the role of miR-206 regulating MET
during somite boundary formation [157]. Specifically, miR-206 mediates down-regulation of Reticulon4a
(Rtn4a) during newly forming somites, leading to an increase in Cxcr4a/Thbs3a axis which is required during
extracellular matrix formation and the epithelialization of somite boundary cells. A similar finding has been
observed in Xenopus laevis embryos, where both knockdown and over-expression of miR-206 result in abnor-
mal somite formation affecting cell adhesion [158]. Interestingly, miR-206 arrest cell cycle and suppress EMT
acting as a suppressor in many cancers, including lung, colorectal, renal, and gastric cancers [159–162].
Although the role of miR-206 on those different type of cancer during MET has been demonstrated, its targets
and the underlying mechanism are still obscure.
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As we mentioned before, the existence of hybrid epithelial/mesenchymal phenotype has been increasingly
recognized not only as a metastable or transient stage. Computational and experimental assays have positioned
the miR-135 as one of the ‘phenotypic stability factors’ that can expand the existence of the hybrid epithelial/
mesenchymal phenotype to a more stable stage [163]. This microRNA, together with other ‘phenotypic stability
factors’, is involved in the stabilization of regulatory network governing epithelial/mesenchymal plasticity such
as the miR-34/SNAIL and the miR-200/ZEB mutually inhibiting loops [139]. The author speculated that these
‘phenotypic stability factors’ may have a dual role during cancer metastasis as they can both enable collective
migration of tumor cell clusters and confer these clusters with highly invasive properties. Both properties have
been observed in many aggressive tumors since collective migration allows them to enter and exit the blood-
stream more efficiently [164], are resistant to anoikis programmed cell death and form metastasis 50-times
more frequently [30]. Thus, the hybrid epithelial/mesenchymal phenotype can pose a higher metastatic risk in
patients as compared with the pure mesenchymal cells that complete EMT phenotype [165]. Therapeutically
targeting the microRNAs that works on the stabilization of the hybrid phenotype can help to ameliorate the
metastatic dissemination of tumoral cells.

Conclusion and perspectives
It is clear that without dissemination, metastases would not develop. However even when mesenchymal cells
present high migratory capacities, they require to recover some epithelial characteristics to settle and resume
proliferation at metastatic sites. The understanding of metastasis colonization in vivo presents many limitations
due to its temporal and spatial unpredictability and the few cells that reach the metastatic sites. On the other
side, MET is essential for normal embryogenesis. Taking this in consideration, the fields of cancer research and
development appear to be converging. In this regards, some authors affirm that during metastasis, cancer cells
co-opted the same programs as the ones that uses during early embryonic development [166]. Thus, develop-
mental models enable the cellular and molecular manipulations with advantages of the in vivo approach and
the predictability of the cellular behaviors.
In this review, we highlighted the role of miRNAs as central regulators of several aspects of MET during both

tumor metastasis and development. The finding of new miRNAs and their targets during MET in embryonic devel-
opment raised the possibility that cancer progression may mirror those mechanisms used by that tissue early in
development. MET not only implies a reversion to the epithelial phenotype and many other non-MET-associated
miRNAs may play an important role during cell proliferation, differentiation and communication, which are also
important aspect during epithelialization that need to be taken in consideration for further studies.
An emerging challenge will be to decipher the heterogeneity of cells during transitional stages and how

miRNA dynamics is represented on those cells. Excitingly, the increasing improvement of sequencing technol-
ogy may help to further analyze miRNA expression at a single-cell resolution that will significantly contribute
to the understanding of MET-associated core miRNA signature in different developmental systems. These
studies may act as models and will help to comprehend the role of particular miRNAs in specific cancer types,
thus serving later for prognosis and therapeutic approaches.
During decades researches and pharmaceutical companies has been placing all their effort to impede primary

tumor to initiate EMT. However, based on the recent data on epithelial plasticity during metastasis, rather than
preventing metastasis, inhibiting EMT may be counterproductive and favor the formation of secondary tumors
from already disseminated cells. We are optimistic that this review will encourage further studies into the less
characterized role of miRNAs during MET in early development and we propose that targeting tissue-specific
MET-related miRNAs will help to define better therapeutic strategies to combat cancer metastasis.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
DNMT3B, DNA methyltransferase 3B; ECM, cell–extra cellular matrix; EMT, epithelial-to-mesenchymal transition;
ESCs, embryonic stem cells; MET, mesenchymal-to-epithelial transition.

References
1 Nieto, M.A., Huang, R.Y., Jackson, R.A. and Thiery, J.P. (2016) EMT: 2016. Cell 166, 21–45 https://doi.org/10.1016/j.cell.2016.06.028

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1819

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1016/j.cell.2016.06.028


2 Pei, D., Shu, X., Gassama-Diagne, A. and Thiery, J.P. (2019) Mesenchymal-epithelial transition in development and reprogramming. Nat. Cell Biol. 21,
44–53 https://doi.org/10.1038/s41556-018-0195-z

3 Lim, J. and Thiery, J.P. (2012) Epithelial-mesenchymal transitions: insights from development. Development 139, 3471–3486 https://doi.org/10.1242/
dev.071209

4 Lamouille, S., Xu, J. and Derynck, R. (2014) Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178–196
https://doi.org/10.1038/nrm3758

5 Pastushenko, I. and Blanpain, C. (2019) EMT transition states during tumor progression and metastasis. Trends Cell Biol. 29, 212–226
https://doi.org/10.1016/j.tcb.2018.12.001

6 Zhang, J. and Ma, L. (2012) MicroRNA control of epithelial-mesenchymal transition and metastasis. Cancer Metastasis Rev. 31, 653–662
https://doi.org/10.1007/s10555-012-9368-6

7 Bullock, M.D., Sayan, A.E., Packham, G.K. and Mirnezami, A.H. (2012) MicroRNAs: critical regulators of epithelial to mesenchymal (EMT) and
mesenchymal to epithelial transition (MET) in cancer progression. Biol. Cell 104, 3–12 https://doi.org/10.1111/boc.201100115

8 Campbell, K. and Theveneau, E. (2021) The Epithelial-to Mesenchymal Transition
9 Rodriguez-Boulan, E. and Macara, I.G. (2014) Organization and execution of the epithelial polarity programme. Nat. Rev. Mol. Cell Biol. 15, 225–242

https://doi.org/10.1038/nrm3775
10 Thiery, J.P., Acloque, H., Huang, R.Y. and Nieto, M.A. (2009) Epithelial-mesenchymal transitions in development and disease. Cell 139, 871–890

https://doi.org/10.1016/j.cell.2009.11.007
11 Jolly, M.K., Ware, K.E., Gilja, S., Somarelli, J.A. and Levine, H. (2017) EMT and MET: necessary or permissive for metastasis? Mol. Oncol. 11,

755–769 https://doi.org/10.1002/1878-0261.12083
12 Zheng, X., Carstens, J.L., Kim, J., Scheible, M., Kaye, J., Sugimoto, H. et al. (2015) Epithelial-to-mesenchymal transition is dispensable for metastasis

but induces chemoresistance in pancreatic cancer. Nature 527, 525–530 https://doi.org/10.1038/nature16064
13 Fischer, K.R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S.T.C., et al. (2015) Epithelial-to-mesenchymal transition is not required for lung metastasis

but contributes to chemoresistance. Nature 527, 472–476 https://doi.org/10.1038/nature15748
14 Biddle, A., Liang, X., Gammon, L., Fazil, B., Harper, L.J., Emich, H. et al. (2011) Cancer stem cells in squamous cell carcinoma switch between two

distinct phenotypes that are preferentially migratory or proliferative. Cancer Res. 71, 5317–5326 https://doi.org/10.1158/0008-5472.CAN-11-1059
15 Jolly, M.K., Boareto, M., Huang, B., Jia, D., Lu, M., Onuchic, J.N. et al. (2015) Implications of the hybrid epithelial/mesenchymal phenotype in

metastasis. Front. Oncol. 5, 155 https://doi.org/10.3389/fonc.2015.00155
16 Shamir, E.R., Pappalardo, E., Jorgens, D.M., Coutinho, K., Tsai, W.T., Aziz, K. et al. (2014) Twist1-induced dissemination preserves epithelial identity

and requires E-cadherin. J. Cell Biol. 204, 839–856 https://doi.org/10.1083/jcb.201306088
17 Hay, E.D. (1995) An overview of epithelio-mesenchymal transformation. Cells Tissues Organs 154, 8–20 https://doi.org/10.1159/000147748
18 Thiery, J.P. and Sleeman, J.P. (2006) Complex networks orchestrate epithelial–mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 7, 131–142

https://doi.org/10.1038/nrm1835
19 Jordan, N.V., Johnson, G.L. and Abell, A.N. (2011) Tracking the intermediate stages of epithelial-mesenchymal transition in epithelial stem cells and

cancer. Cell Cycle 10, 2865–2873 https://doi.org/10.4161/cc.10.17.17188
20 Huang, R.Y.-J., Wong, M.K., Tan, T.Z., Kuay, K.T., Ng, A.H.C., Chung, V.Y., et al. (2013) An EMT spectrum defines an anoikis-resistant and

spheroidogenic intermediate mesenchymal state that is sensitive to e-cadherin restoration by a src-kinase inhibitor, saracatinib (AZD0530). Cell Death
Dis. 4, e915 https://doi.org/10.1038/cddis.2013.442

21 Chu, Y.-S., Eder, O., Thomas, W.A., Simcha, I., Pincet, F., Ben-Ze’ev, A. et al. (2006) Prototypical type I E-cadherin and type II cadherin-7 mediate very
distinct adhesiveness through their extracellular domains. J. Biol. Chem. 281, 2901–2910 https://doi.org/10.1074/jbc.M506185200

22 Halbleib, J.M. and Nelson, W.J. (2006) Cadherins in development: cell adhesion, sorting, and tissue morphogenesis. Genes Dev. 20, 3199–3214
https://doi.org/10.1101/gad.1486806

23 Aiello, N.M., Maddipati, R., Norgard, R.J., Balli, D., Li, J., Yuan, S., et al. (2018) EMT subtype influences epithelial plasticity and mode of cell migration.
Dev. Cell 45, 681–695.e4 https://doi.org/10.1016/j.devcel.2018.05.027

24 Lu, W. and Kang, Y. (2019) Epithelial-Mesenchymal plasticity in cancer progression and metastasis. Dev. Cell 49, 361–374 https://doi.org/10.1016/j.
devcel.2019.04.010

25 Futterman, M.A., García, A.J. and Zamir, E.A. (2011) Evidence for partial epithelial-to-mesenchymal transition (pEMT) and recruitment of motile
blastoderm edge cells during avian epiboly. Dev. Dyn. 240, 1502–1511 https://doi.org/10.1002/dvdy.22607

26 Aban, C.E., Lombardi, A., Neiman, G., Biani, M.C., La Greca, A., Waisman, A. et al. (2021) Downregulation of E-cadherin in pluripotent stem cells
triggers partial EMT. Sci. Rep. 11, 2048 https://doi.org/10.1038/s41598-021-81735-1

27 Rosanò, L., Spinella, F., Di Castro, V., Decandia, S., Nicotra, M.R., Natali, P.G. et al. (2006) Endothelin-1 Is required during epithelial to mesenchymal
transition in ovarian cancer progression. Exp. Biol. Med. 231, 1128–1131 PMID:16741062

28 Brabletz, T., Kalluri, R., Nieto, M.A. and Weinberg, R.A. (2018) EMT in cancer. Nat. Rev. Cancer 18, 128–134 https://doi.org/10.1038/nrc.2017.118
29 Campbell, K. (2018) Contribution of epithelial-mesenchymal transitions to organogenesis and cancer metastasis. Curr. Opin. Cell Biol. 55, 30–35

https://doi.org/10.1016/j.ceb.2018.06.008
30 Aceto, N., Toner, M., Maheswaran, S. and Haber, D.A. (2015) En route to metastasis: circulating tumor cell clusters and epithelial-to-Mesenchymal

transition. Trends Cancer 1, 44–52 https://doi.org/10.1016/j.trecan.2015.07.006
31 Kulesa, P.M. and Gammill, L.S. (2010) Neural crest migration: patterns, phases and signals. Dev. Biol. 344, 566–568 https://doi.org/10.1016/j.ydbio.

2010.05.005
32 Theveneau, E., Marchant, L., Kuriyama, S., Gull, M., Moepps, B., Parsons, M. et al. (2010) Collective chemotaxis requires contact-Dependent cell

polarity. Dev. Cell 19, 39–53 https://doi.org/10.1016/j.devcel.2010.06.012
33 Carmona-Fontaine, C., Theveneau, E., Tzekou, A., Tada, M., Woods, M., Page, K.M. et al. (2011) Complement Fragment C3a Controls Mutual Cell

Attraction during Collective Cell Migration. . Dev. Cell Cell Press 21, 1026–1037.
34 Huang, R.Y.-J., Guilford, P. and Thiery, J.P. (2012) Early events in cell adhesion and polarity during epithelial-mesenchymal transition. J. Cell Sci. 125,

4417–4422 https://doi.org/10.1242/jcs.099697

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1820

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1038/s41556-018-0195-z
https://doi.org/10.1038/s41556-018-0195-z
https://doi.org/10.1038/s41556-018-0195-z
https://doi.org/10.1038/s41556-018-0195-z
https://doi.org/10.1242/dev.071209
https://doi.org/10.1242/dev.071209
https://doi.org/10.1038/nrm3758
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1007/s10555-012-9368-6
https://doi.org/10.1007/s10555-012-9368-6
https://doi.org/10.1007/s10555-012-9368-6
https://doi.org/10.1007/s10555-012-9368-6
https://doi.org/10.1111/boc.201100115
https://doi.org/10.1038/nrm3775
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1002/1878-0261.12083
https://doi.org/10.1002/1878-0261.12083
https://doi.org/10.1038/nature16064
https://doi.org/10.1038/nature15748
https://doi.org/10.1158/0008-5472.CAN-11-1059
https://doi.org/10.1158/0008-5472.CAN-11-1059
https://doi.org/10.1158/0008-5472.CAN-11-1059
https://doi.org/10.1158/0008-5472.CAN-11-1059
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.1083/jcb.201306088
https://doi.org/10.1159/000147748
https://doi.org/10.1038/nrm1835
https://doi.org/10.4161/cc.10.17.17188
https://doi.org/10.1038/cddis.2013.442
https://doi.org/10.1074/jbc.M506185200
https://doi.org/10.1101/gad.1486806
https://doi.org/10.1016/j.devcel.2018.05.027
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1002/dvdy.22607
https://doi.org/10.1038/s41598-021-81735-1
https://doi.org/10.1038/s41598-021-81735-1
https://doi.org/10.1038/s41598-021-81735-1
https://doi.org/10.1038/s41598-021-81735-1
http://www.ncbi.nlm.nih.gov/pubmed/16741062
https://doi.org/10.1038/nrc.2017.118
https://doi.org/10.1016/j.ceb.2018.06.008
https://doi.org/10.1016/j.trecan.2015.07.006
https://doi.org/10.1016/j.ydbio.2010.05.005
https://doi.org/10.1016/j.ydbio.2010.05.005
https://doi.org/10.1016/j.devcel.2010.06.012
https://doi.org/10.1242/jcs.099697


35 Yilmaz, M. and Christofori, G. (2009) EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 28, 15–33 https://doi.org/10.1007/
s10555-008-9169-0

36 Niehrs, C. (2012) The complex world of WNT receptor signalling. Nat. Rev. Mol. Cell Biol. 13, 767–779 https://doi.org/10.1038/nrm3470
37 Whiteman, E.L., Liu, C.-J., Fearon, E.R. and Margolis, B. (2008) The transcription factor snail represses Crumbs3 expression and disrupts apico-basal

polarity complexes. Oncogene 27, 3875–3879 https://doi.org/10.1038/onc.2008.9
38 Ozdamar, B., Bose, R., Barrios-Rodiles, M., Wang, H.-R., Zhang, Y. and Wrana, J.L. (2005) Regulation of the polarity protein Par6 by TGFß receptors

controls epithelial cell plasticity. Science 307, 1603–1609 https://doi.org/10.1126/science.1105718
39 Assémat, E., Bazellières, E., Pallesi-Pocachard, E., Le Bivic, A. and Massey-Harroche, D. (2008) Polarity complex proteins. Biochim. Biophys. Acta

Biomembr. 1778, 614–630 https://doi.org/10.1016/j.bbamem.2007.08.029
40 Overeem, A.W., Bryant, D.M. and van IJzendoorn, S.C. (2015) Mechanisms of apical-basal axis orientation and epithelial lumen positioning. Trends Cell

Biol. 25, 476–485 https://doi.org/10.1016/j.tcb.2015.04.002
41 Bryant, D.M. and Mostov, K.E. (2008) From cells to organs: building polarized tissue. Nat. Rev. Mol. Cell Biol. 9, 887–901 https://doi.org/10.1038/

nrm2523
42 Engl, W., Arasi, B., Yap, L.L., Thiery, J.P. and Viasnoff, V. (2014) Actin dynamics modulate mechanosensitive immobilization of E-cadherin at adherens

junctions. Nat. Cell Biol. 16, 587–594 https://doi.org/10.1038/ncb2973
43 Yap, A.S., Gomez, G.A. and Parton, R.G. (2015) Adherens junctions revisualized: organizing cadherins as nanoassemblies. Dev. Cell 35, 12–20

https://doi.org/10.1016/j.devcel.2015.09.012
44 Chu, Y.-S., Thomas, W.A., Eder, O., Pincet, F., Perez, E., Thiery, J.P. et al. (2004) Force measurements in E-cadherin–mediated cell doublets reveal

rapid adhesion strengthened by actin cytoskeleton remodeling through Rac and Cdc42. J. Cell Biol. 167, 1183–1194 https://doi.org/10.1083/jcb.
200403043

45 Yap, A.S., Niessen, C.M. and Gumbiner, B.M. (1998) The juxtamembrane region of the cadherin cytoplasmic tail supports lateral clustering, adhesive
strengthening, and interaction with p120(ctn). J. Cell Biol. 141, 779–789 https://doi.org/10.1083/jcb.141.3.779

46 Shibamoto, S., Hayakawa, M., Takeuchi, K., Hori, T., Miyazawa, K., Kitamura, N., et al. (1995) Association of p120, a tyrosine kinase substrate, with
E-cadherin/catenin complexes. J. Cell Biol. 128, 949–957 https://doi.org/10.1083/jcb.128.5.949

47 Ivanov, A.I. and Naydenov, N.G. (2013) Dynamics and regulation of epithelial adherens junctions: recent discoveries and controversies. Int Rev Cell Mol
Biol 303, 27–99 https://doi.org/10.1016/B978-0-12-407697-6.00002-7

48 Coopman, P. and Djiane, A. (2016) Adherens junction and E-Cadherin complex regulation by epithelial polarity. Cell. Mol. Life Sci. 73, 3535–3553
https://doi.org/10.1007/s00018-016-2260-8

49 Yang, Z., Zimmerman, S., Brakeman, P.R., Beaudoin, G.M., Reichardt, L.F. and Marciano, D.K. (2013) De novo lumen formation and elongation in the
developing nephron: a central role for afadin in apical polarity. Development 140, 1774–1784 https://doi.org/10.1242/dev.087957

50 Ng-Blichfeldt, J.P. and Röper, K. (2021) Mesenchymal-to-Epithelial transitions in development and cancer. Methods Mol. Biol. 2179, 43–62
https://doi.org/10.1007/978-1-0716-0779-4_7

51 Karacosta, L.G., Anchang, B., Ignatiadis, N., Kimmey, S.C., Benson, J.A., Shrager, J.B. et al. (2019) Mapping lung cancer epithelial-mesenchymal
transition states and trajectories with single-cell resolution. Nat. Commun. 10, 5587 https://doi.org/10.1038/s41467-019-13441-6

52 Shinde, A., Paez, J.S., Libring, S., Hopkins, K., Solorio, L. and Wendt, M.K. (2020) Transglutaminase-2 facilitates extracellular vesicle-mediated
establishment of the metastatic niche. Oncogenesis 9, 16 https://doi.org/10.1038/s41389-020-0204-5

53 Tsai, J.H., Donaher, J.L., Murphy, D.A., Chau, S. and Yang, J. (2012) Spatiotemporal regulation of epithelial-mesenchymal transition is essential for
squamous cell carcinoma metastasis. Cancer Cell 22, 725–736 https://doi.org/10.1016/j.ccr.2012.09.022

54 Stylianou, N., Lehman, M.L., Wang, C., Fard, A.T., Rockstroh, A., Fazli, L., et al. (2019) A molecular portrait of epithelial–mesenchymal plasticity in
prostate cancer associated with clinical outcome. Oncogene 38, 913–934 https://doi.org/10.1038/s41388-018-0488-5

55 Loubat-Casanovas, J., Peña, R., Gonzàlez, N., Alba-Castellón, L., Rosell, S., Francí, C. et al. (2016) Snail1 is required for the maintenance of the
pancreatic acinar phenotype. Oncotarget 7, 4468–4482 https://doi.org/10.18632/oncotarget.6785

56 Šošic,́ D., Brand-Saberi, B., Schmidt, C., Christ, B. and Olson, E.N. (1997) Regulation of paraxis expression and somite formation by ectoderm- and
neural tube-derived signals. Dev. Biol. 185, 229–243 https://doi.org/10.1006/dbio.1997.8561

57 Correia, K.M. and Conlon, R.A. (2000) Surface ectoderm is necessary for the morphogenesis of somites. Mech. Dev. 91, 19–30 https://doi.org/10.
1016/S0925-4773(99)00260-9

58 Rifes, P., Carvalho, L., Lopes, C., Andrade, R.P., Rodrigues, G., Palmeirim, I. et al. (2007) Redefining the role of ectoderm in somitogenesis: a player in
the formation of the fibronectin matrix of presomitic mesoderm. Development 134, 3155–3165 https://doi.org/10.1242/dev.003665

59 Girós, A., Grgur, K., Gossler, A. and Costell, M. (2011) Α5β1 integrin-Mediated adhesion to fibronectin Is required for axis elongation and somitogenesis
in mice. PLoS ONE 6, e22002 https://doi.org/10.1371/journal.pone.0022002

60 Esposito, M., Mondal, N., Greco, T.M., Wei, Y., Spadazzi, C., Lin, S.C., et al. (2019) Bone vascular niche E-selectin induces mesenchymal-epithelial
transition and Wnt activation in cancer cells to promote bone metastasis. Nat. Cell Biol. 21, 627–639 https://doi.org/10.1038/s41556-019-0309-2

61 Artus, J. and Chazaud, C. (2014) A close look at the mammalian blastocyst: epiblast and primitive endoderm formation. Cell. Mol. Life Sci. 71,
3327–3338 https://doi.org/10.1007/s00018-014-1630-3

62 Hamidi, S., Nakaya, Y., Nagai, H., Alev, C., Kasukawa, T., Chhabra, S., et al. (2020) Mesenchymal-epithelial transition regulates initiation of pluripotency
exit before gastrulation. Development 147, dev184960 https://doi.org/10.1242/dev.184960

63 Sakai, T., Li, S., Docheva, D., Grashoff, C., Sakai, K., Kostka, G. et al. (2003) Integrin-linked kinase (ILK) is required for polarizing the epiblast, cell
adhesion, and controlling actin accumulation. Genes Dev. 17, 926–940 https://doi.org/10.1101/gad.255603

64 Li, S., Qi, Y., McKee, K., Liu, J., Hsu, J. and Yurchenco, P.D. (2017) Integrin and dystroglycan compensate each other to mediate laminin-dependent
basement membrane assembly and epiblast polarization. Matrix Biol. 57–58, 272–284 https://doi.org/10.1016/j.matbio.2016.07.005

65 Basilicata, M.F., Frank, M., Solter, D., Brabletz, T. and Stemmler, M.P. (2016) Inappropriate cadherin switching in the mouse epiblast compromises
proper signaling between the epiblast and the extraembryonic ectoderm during gastrulation. Sci. Rep. 6, 26562 https://doi.org/10.1038/srep26562

66 Martinez-Rico, C., Pincet, F., Thiery, J.P. and Dufour, S. (2010) Integrins stimulate E-cadherin-mediated intercellular adhesion by regulating Src-kinase
activation and actomyosin contractility. J. Cell Sci. 123, 712–722 https://doi.org/10.1242/jcs.047878

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1821

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1038/nrm3470
https://doi.org/10.1038/onc.2008.9
https://doi.org/10.1126/science.1105718
https://doi.org/10.1016/j.bbamem.2007.08.029
https://doi.org/10.1016/j.tcb.2015.04.002
https://doi.org/10.1038/nrm2523
https://doi.org/10.1038/nrm2523
https://doi.org/10.1038/ncb2973
https://doi.org/10.1016/j.devcel.2015.09.012
https://doi.org/10.1083/jcb.200403043
https://doi.org/10.1083/jcb.200403043
https://doi.org/10.1083/jcb.141.3.779
https://doi.org/10.1083/jcb.128.5.949
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1016/B978-0-12-407697-6.00002-7
https://doi.org/10.1007/s00018-016-2260-8
https://doi.org/10.1007/s00018-016-2260-8
https://doi.org/10.1007/s00018-016-2260-8
https://doi.org/10.1007/s00018-016-2260-8
https://doi.org/10.1242/dev.087957
https://doi.org/10.1007/978-1-0716-0779-4_7
https://doi.org/10.1007/978-1-0716-0779-4_7
https://doi.org/10.1007/978-1-0716-0779-4_7
https://doi.org/10.1007/978-1-0716-0779-4_7
https://doi.org/10.1007/978-1-0716-0779-4_7
https://doi.org/10.1038/s41467-019-13441-6
https://doi.org/10.1038/s41467-019-13441-6
https://doi.org/10.1038/s41467-019-13441-6
https://doi.org/10.1038/s41467-019-13441-6
https://doi.org/10.1038/s41389-020-0204-5
https://doi.org/10.1038/s41389-020-0204-5
https://doi.org/10.1038/s41389-020-0204-5
https://doi.org/10.1038/s41389-020-0204-5
https://doi.org/10.1016/j.ccr.2012.09.022
https://doi.org/10.1038/s41388-018-0488-5
https://doi.org/10.1038/s41388-018-0488-5
https://doi.org/10.1038/s41388-018-0488-5
https://doi.org/10.1038/s41388-018-0488-5
https://doi.org/10.18632/oncotarget.6785
https://doi.org/10.1006/dbio.1997.8561
https://doi.org/10.1016/S0925-4773(99)00260-9
https://doi.org/10.1016/S0925-4773(99)00260-9
https://doi.org/10.1016/S0925-4773(99)00260-9
https://doi.org/10.1016/S0925-4773(99)00260-9
https://doi.org/10.1242/dev.003665
https://doi.org/10.1371/journal.pone.0022002
https://doi.org/10.1038/s41556-019-0309-2
https://doi.org/10.1038/s41556-019-0309-2
https://doi.org/10.1038/s41556-019-0309-2
https://doi.org/10.1038/s41556-019-0309-2
https://doi.org/10.1007/s00018-014-1630-3
https://doi.org/10.1007/s00018-014-1630-3
https://doi.org/10.1007/s00018-014-1630-3
https://doi.org/10.1007/s00018-014-1630-3
https://doi.org/10.1242/dev.184960
https://doi.org/10.1101/gad.255603
https://doi.org/10.1016/j.matbio.2016.07.005
https://doi.org/10.1038/srep26562
https://doi.org/10.1242/jcs.047878


67 Mui, K.L., Chen, C.S. and Assoian, R.K. (2016) The mechanical regulation of integrin-cadherin crosstalk organizes cells, signaling and forces. J. Cell
Sci. 129, 1093–1100 https://doi.org/10.1242/jcs.183699

68 Bedzhov, I. and Zernicka-Goetz, M. (2014) Self-organizing properties of mouse pluripotent cells initiate morphogenesis upon implantation. Cell 156,
1032–1044 https://doi.org/10.1016/j.cell.2014.01.023

69 Dale, J.K., Malapert, P., Chal, J., Vilhais-Neto, G., Maroto, M., Johnson, T. et al. (2006) Oscillations of the snail genes in the presomitic mesoderm
coordinate segmental patterning and morphogenesis in vertebrate somitogenesis. Dev. Cell 10, 355–366 https://doi.org/10.1016/j.devcel.2006.02.011

70 Morales, A.V., Acloque, H., Ocaña, O.H., de Frutos, C.A., Gold, V. and Nieto, M.A. (2007) Snail genes at the crossroads of symmetric and asymmetric
processes in the developing mesoderm. EMBO Rep. 8, 104–109 https://doi.org/10.1038/sj.embor.7400867

71 Nakaya, Y., Sukowati, E.W., Wu, Y. and Sheng, G. (2008) Rhoa and microtubule dynamics control cell-basement membrane interaction in EMT during
gastrulation. Nat. Cell Biol. 10, 765–775 https://doi.org/10.1038/ncb1739

72 Nakaya, Y., Kuroda, S., Katagiri, Y.T., Kaibuchi, K. and Takahashi, Y. (2004) Mesenchymal-epithelial transition during somitic segmentation is regulated
by differential roles of Cdc42 and Rac1. Dev. Cell 7, 425–438 https://doi.org/10.1016/j.devcel.2004.08.003

73 Watanabe, T., Sato, Y., Saito, D., Tadokoro, R. and Takahashi, Y. (2009) Ephrinb2 coordinates the formation of a morphological boundary and cell
epithelialization during somite segmentation. Proc. Natl Acad. Sci. U.S.A. 106, 7467–7472 https://doi.org/10.1073/pnas.0902859106

74 Burgess, R., Rawls, A., Brown, D., Bradley, A. and Olson, E.N. (1996) Requirement of the paraxis gene for somite formation and musculoskeletal
patterning. Nature 384, 570–573 https://doi.org/10.1038/384570a0

75 Duband, J.L., Dufour, S., Hatta, K., Takeichi, M., Edelman, G.M. and Thiery, J.P. (1987) Adhesion molecules during somitogenesis in the avian embryo.
J. Cell Biol. 104, 1361–1374 https://doi.org/10.1083/jcb.104.5.1361

76 Fagotto, F. and Gumbiner, B.M. (1994) Beta-catenin localization during Xenopus embryogenesis: accumulation at tissue and somite boundaries.
Development 120, 3667–3679 https://doi.org/10.1242/dev.120.12.3667

77 Daggett, D.F., Domingo, C.R., Currie, P.D. and Amacher, S.L. (2007) Control of morphogenetic cell movements in the early zebrafish myotome. Dev.
Biol. 309, 169–179 https://doi.org/10.1016/j.ydbio.2007.06.008

78 Kim, H.Y., Jackson, T.R. and Davidson, L.A. (2017) On the role of mechanics in driving mesenchymal-to-epithelial transitions. Semin. Cell Dev. Biol. 67,
113–122 https://doi.org/10.1016/j.semcdb.2016.05.011

79 Costantini, F. and Kopan, R. (2010) Patterning a complex organ: branching morphogenesis and nephron segmentation in kidney development. Dev. Cell
18, 698–712 https://doi.org/10.1016/j.devcel.2010.04.008

80 Carroll, T.J., Park, J.S., Hayashi, S., Majumdar, A. and McMahon, A.P. (2005) Wnt9b plays a central role in the regulation of mesenchymal to epithelial
transitions underlying organogenesis of the mammalian urogenital system. Dev. Cell 9, 283–292 https://doi.org/10.1016/j.devcel.2005.05.016

81 Fischer, E., Legue, E., Doyen, A., Nato, F., Nicolas, J.F., Torres, V. et al. (2006) Defective planar cell polarity in polycystic kidney disease. Nat. Genet.
38, 21–23 https://doi.org/10.1038/ng1701

82 Meilhac, S.M., Lescroart, F., Blanpain, C. and Buckingham, M.E. (2014) Cardiac cell lineages that form the heart. Cold Spring Harb. Perspect. Med. 4,
a013888 https://doi.org/10.1101/cshperspect.a013888

83 Tirosh-Finkel, L., Elhanany, H., Rinon, A. and Tzahor, E. (2006) Mesoderm progenitor cells of common origin contribute to the head musculature and
the cardiac outflow tract. Development 133, 1943–1953 https://doi.org/10.1242/dev.02365

84 Abu-Issa, R. and Kirby, M.L. (2007) Heart field: from mesoderm to heart tube. Annu. Rev. Cell Dev. Biol. 23, 45–68 https://doi.org/10.1146/annurev.
cellbio.23.090506.123331

85 Linask, K.K. (1992) N-cadherin localization in early heart development and polar expression of Na+,K(+)-ATPase, and integrin during pericardial coelom
formation and epithelialization of the differentiating myocardium. Dev. Biol. 151, 213–224 https://doi.org/10.1016/0012-1606(92)90228-9

86 von Gise, A. and Pu, W.T. (2012) Endocardial and epicardial epithelial to mesenchymal transitions in heart development and disease. Circ. Res. 110,
1628–1645 https://doi.org/10.1161/CIRCRESAHA.111.259960

87 Kovacic, J.C., Mercader, N., Torres, M., Boehm, M. and Fuster, V. (2012) Epithelial-to-mesenchymal and endothelial-to-mesenchymal transition from
cardiovascular development to disease. Circulation 125, 1795–1808 https://doi.org/10.1161/CIRCULATIONAHA.111.040352

88 Trinh, L.A. and Stainier, D.Y. (2004) Cardiac development. Methods Cell Biol. 76, 455–473 https://doi.org/10.1016/S0091-679X(04)76020-3
89 Radice, G.L., Rayburn, H., Matsunami, H., Knudsen, K.A., Takeichi, M. and Hynes, R.O. (1997) Developmental defects in mouse embryos lacking

N-cadherin. Dev. Biol. 181, 64–78 https://doi.org/10.1006/dbio.1996.8443
90 Asli, N.S. and Harvey, R.P. (2013) Epithelial to mesenchymal transition as a portal to stem cell characters embedded in gene networks. Bioessays 35,

191–200 https://doi.org/10.1002/bies.201200089
91 Moore, A.W., McInnes, L., Kreidberg, J., Hastie, N.D. and Schedl, A. (1999) YAC complementation shows a requirement for Wt1 in the development of

epicardium, adrenal gland and throughout nephrogenesis. Development 126, 1845–1857 https://doi.org/10.1242/dev.126.9.1845
92 Shi, Y., Varner, V.D. and Taber, L.A. (2015) Why is cytoskeletal contraction required for cardiac fusion before but not after looping begins? Phys. Biol.

12, 16012 https://doi.org/10.1088/1478-3975/12/1/016012
93 Li, S., Zhou, D., Lu, M.M. and Morrisey, E.E. (2004) Advanced cardiac morphogenesis does not require heart tube fusion. Science 305, 1619–1622

https://doi.org/10.1126/science.1098674
94 Tanimizu, N. and Miyajima, A. (2007) Molecular mechanism of liver development and regeneration. Int. Rev. Cytol. 259, 1–48 https://doi.org/10.1016/

S0074-7696(06)59001-1
95 Bort, R., Signore, M., Tremblay, K., Martinez Barbera, J.P. and Zaret, K.S. (2006) Hex homeobox gene controls the transition of the endoderm to a

pseudostratified, cell emergent epithelium for liver bud development. Dev. Biol. 290, 44–56 https://doi.org/10.1016/j.ydbio.2005.11.006
96 Tsukita, S. (1989) Isolation of cell-to-cell adherens junctions from rat liver. J. Cell Biol. 108, 31–41 https://doi.org/10.1083/jcb.108.1.31
97 Strobl-Mazzulla, P.H. and Bronner, M.E. (2012) A PHD12-Snail2 repressive complex epigenetically mediates neural crest epithelial-to-mesenchymal

transition. J. Cell Biol. 198, 999–1010 https://doi.org/10.1083/jcb.201203098
98 Le Douarin, N.M., Calloni, G.W. and Dupin, E. (2008) The stem cells of the neural crest. Cell Cycle 7, 1013–1019 https://doi.org/10.4161/cc.7.8.5641
99 Lee, V.M., Hernandez, S., Giang, B., Chabot, C., Hernandez, J. and de Bellard, M.E. (2020) Molecular events controlling cessation of trunk neural crest

migration and onset of differentiation. Front. Cell Dev. Biol. 8, 199 https://doi.org/10.3389/fcell.2020.00199
100 Yamagishi, H. (2021) Cardiac neural crest. Cold Spring Harb. Perspect. Biol. 13, a036715 https://doi.org/10.1101/cshperspect.a036715

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1822

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1242/jcs.183699
https://doi.org/10.1016/j.cell.2014.01.023
https://doi.org/10.1016/j.devcel.2006.02.011
https://doi.org/10.1038/sj.embor.7400867
https://doi.org/10.1038/ncb1739
https://doi.org/10.1016/j.devcel.2004.08.003
https://doi.org/10.1073/pnas.0902859106
https://doi.org/10.1038/384570a0
https://doi.org/10.1083/jcb.104.5.1361
https://doi.org/10.1242/dev.120.12.3667
https://doi.org/10.1016/j.ydbio.2007.06.008
https://doi.org/10.1016/j.semcdb.2016.05.011
https://doi.org/10.1016/j.devcel.2010.04.008
https://doi.org/10.1016/j.devcel.2005.05.016
https://doi.org/10.1038/ng1701
https://doi.org/10.1101/cshperspect.a013888
https://doi.org/10.1242/dev.02365
https://doi.org/10.1146/annurev.cellbio.23.090506.123331
https://doi.org/10.1146/annurev.cellbio.23.090506.123331
https://doi.org/10.1016/0012-1606(92)90228-9
https://doi.org/10.1016/0012-1606(92)90228-9
https://doi.org/10.1016/0012-1606(92)90228-9
https://doi.org/10.1161/CIRCRESAHA.111.259960
https://doi.org/10.1161/CIRCULATIONAHA.111.040352
https://doi.org/10.1016/S0091-679X(04)76020-3
https://doi.org/10.1016/S0091-679X(04)76020-3
https://doi.org/10.1016/S0091-679X(04)76020-3
https://doi.org/10.1006/dbio.1996.8443
https://doi.org/10.1002/bies.201200089
https://doi.org/10.1242/dev.126.9.1845
https://doi.org/10.1088/1478-3975/12/1/016012
https://doi.org/10.1088/1478-3975/12/1/016012
https://doi.org/10.1126/science.1098674
https://doi.org/10.1016/S0074-7696(06)59001-1
https://doi.org/10.1016/S0074-7696(06)59001-1
https://doi.org/10.1016/S0074-7696(06)59001-1
https://doi.org/10.1016/S0074-7696(06)59001-1
https://doi.org/10.1016/j.ydbio.2005.11.006
https://doi.org/10.1083/jcb.108.1.31
https://doi.org/10.1083/jcb.201203098
https://doi.org/10.4161/cc.7.8.5641
https://doi.org/10.3389/fcell.2020.00199
https://doi.org/10.1101/cshperspect.a036715


101 Schussler, O., Gharibeh, L., Mootoosamy, P., Murith, N., Tien, V., Rougemont, A.-L. et al. (2020) Cardiac neural crest cells: their rhombomeric
specification, migration, and association with heart and great vessel anomalies. Cell. Mol. Neurobiol. 41, 403–429 https://doi.org/10.1007/
s10571-020-00863-w

102 Darrigrand, J.F., Valente, M., Comai, G., Martinez, P., Petit, M., Nishinakamura, R., et al. (2020) Dullard-mediated Smad1/5/8 inhibition controls mouse
cardiac neural crest cells condensation and outflow tract septation. eLife 9, e50325 https://doi.org/10.7554/eLife.50325

103 Delloye-Bourgeois, C., Bertin, L., Thoinet, K., Jarrosson, L., Kindbeiter, K., Buffet, T., et al. (2017) Microenvironment-Driven shift of cohesion/
Detachment balance within tumors induces a switch toward metastasis in neuroblastoma. Cancer Cell 32, 427–443.e8 https://doi.org/10.1016/j.ccell.
2017.09.006

104 Plein, A., Fantin, A. and Ruhrberg, C. (2015) Neural crest cells in cardiovascular development. Curr. Top. Dev. Biol. 111, 183–200 https://doi.org/10.
1016/bs.ctdb.2014.11.006

105 Kodo, K., Shibata, S., Miyagawa-Tomita, S., Ong, S.G., Takahashi, H., Kume, T. et al. (2017) Regulation of Sema3c and the interaction between cardiac
neural crest and second heart field during outflow tract development. Sci. Rep. 7, 1–13 https://doi.org/10.1038/s41598-017-06964-9

106 Toyofuku, T., Yoshida, J., Sugimoto, T., Yamamoto, M., Makino, N., Takamatsu, H., et al. (2008) Repulsive and attractive semaphorins cooperate to
direct the navigation of cardiac neural crest cells. Dev. Biol. 321, 251–262 https://doi.org/10.1016/j.ydbio.2008.06.028

107 Walker, H., Akula, M. and West-Mays, J.A. (2020) Corneal development: role of the periocular mesenchyme and bi-directional signaling. Exp. Eye Res.
201, 108231 https://doi.org/10.1016/j.exer.2020.108231

108 Ma, J. and Lwigale, P. (2019) Transformation of the transcriptomic profile of mouse periocular mesenchyme during formation of the embryonic cornea.
Invest. Ophthalmol. Vis. Sci. 60, 661–676 https://doi.org/10.1167/iovs.18-26018

109 Gage, P.J., Qian, M., Wu, D. and Rosenberg, K.I. (2008) The canonical Wnt signaling antagonist DKK2 is an essential effector of PITX2 function during
normal eye development. Dev. Biol. 317, 310–324 https://doi.org/10.1016/j.ydbio.2008.02.030

110 He, X., Semenov, M., Tamai, K. and Zeng, X. (2004) LDL receptor-related proteins 5 and 6 in Wnt/β-catenin signaling: arrows point the way.
Development 131, 1663–1677 https://doi.org/10.1242/dev.01117

111 Mao, B. and Niehrs, C. (2003) Kremen2 modulates Dickkopf2 activity during Wnt/lRP6 signaling. Gene 302, 179–183 https://doi.org/10.1016/
S0378-1119(02)01106-X

112 Koshida, S., Kishimoto, Y., Ustumi, H., Shimizu, T., Furutani-Seiki, M., Kondoh, H. et al. (2005) Integrinα5-dependent fibronectin accumulation for
maintenance of somite boundaries in zebrafish embryos. Dev. Cell 8, 587–598 https://doi.org/10.1016/j.devcel.2005.03.006

113 Eulalio, A., Huntzinger, E. and Izaurralde, E. (2008) Getting to the root of miRNA-mediated gene silencing. Cell 132, 9–14 https://doi.org/10.1016/j.cell.
2007.12.024

114 Bartel, D.P. (2009) MicroRNAs: target recognition and regulatory functions. Cell 136, 215–233 https://doi.org/10.1016/j.cell.2009.01.002
115 Jonas, S. and Izaurralde, E. (2015) Towards a molecular understanding of microRNA-mediated gene silencing. Nat. Rev. Genet. 16, 421–433

https://doi.org/10.1038/nrg3965
116 Subramanyam, D. and Blelloch, R. (2011) From microRNAs to targets: pathway discovery in cell fate transitions. Curr. Opin. Genet. Dev. 21, 498–503

https://doi.org/10.1016/j.gde.2011.04.011
117 Lamouille, S., Subramanyam, D., Blelloch, R. and Derynck, R. (2013) Regulation of epithelial-mesenchymal and mesenchymal-epithelial transitions by

microRNAs. Curr. Opin. Cell Biol. 25, 200–207 https://doi.org/10.1016/j.ceb.2013.01.008
118 Esposito, M., Mondal, N., Greco, T.M., Wei, Y., Spadazzi, C., Lin, S.C. et al. (2019) Bone vascular niche E-selectin induces mesenchymal–epithelial

transition and Wnt activation in cancer cells to promote bone metastasis. Nat. Cell Biol., Nature Publishing Group 21, 627–639.
119 Xia, H. and Hui, K.M. (2012) MicroRNAs involved in regulating epithelial-mesenchymal transition and cancer stem cells as molecular targets for cancer

therapeutics. Cancer Gene Ther. 19, 723–730 https://doi.org/10.1038/cgt.2012.58
120 Park, S.M., Gaur, A.B., Lengyel, E. and 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 https://doi.org/10.1101/gad.1640608
121 Burk, U., Schubert, J., Wellner, U., Schmalhofer, O., Vincan, E., Spaderna, S. et al. (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 https://doi.org/10.1038/embor.2008.74
122 Bracken, C.P., Gregory, P.A., Kolesnikoff, N., Bert, A.G., Wang, J., Shannon, M.F. et al. (2008) A double-negative feedback loop between ZEB1-SIP1

and the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer Res. 68, 7846–7854 https://doi.org/10.1158/0008-5472.
CAN-08-1942

123 Ding, X., Park, S.I., McCauley, L.K. and Wang, C.Y. (2013) Signaling between transforming growth factor β (TGF-β) and transcription factor SNAI2
represses expression of microRNA miR-203 to promote epithelial-mesenchymal transition and tumor metastasis. J. Biol. Chem. 288, 10241–10253
https://doi.org/10.1074/jbc.M112.443655

124 Moes, M., Le Béchec, A., Crespo, I., Laurini, C., Halavatyi, A., Vetter, G. et al. (2012) A novel network integrating a miRNA-203/SNAI1 feedback loop
which regulates epithelial to mesenchymal transition. PLoS ONE 7, e35440 https://doi.org/10.1371/journal.pone.0035440

125 Herschkowitz, J.I., Zhao, W., Zhang, M., Usary, J., Murrow, G., Edwards, D., et al. (2012) Comparative oncogenomics identifies breast tumors enriched
in functional tumor-initiating cells. Proc. Natl Acad. Sci. U.S.A. 109, 2778–2783 https://doi.org/10.1073/pnas.1018862108

126 Castilla, M., Moreno-Bueno, G., Romero-Pérez, L., Van De Vijver, K., Biscuola, M., López-García, M., et al. (2011) Micro-RNA signature of the
epithelial-mesenchymal transition in endometrial carcinosarcoma. J. Pathol. 223, 72–80 https://doi.org/10.1002/path.2802

127 Wellner, U., Schubert, J., Burk, U.C., Schmalhofer, O., Zhu, F., Sonntag, A., et al. (2009) The EMT-activator ZEB1 promotes tumorigenicity by
repressing stemness-inhibiting microRNAs. Nat. Cell Biol. 11, 1487–1495 https://doi.org/10.1038/ncb1998

128 Zhang, Z., Zhang, B., Li, W., Fu, L., Zhu, Z. and Dong, J.T. (2011) Epigenetic silencing of miR-203 upregulates SNAI2 and contributes to the
invasiveness of malignant breast cancer cells. Genes Cancer 2, 782–791 https://doi.org/10.1177/1947601911429743

129 Vrba, L., Jensen, T.J., Garbe, J.C., Heimark, R.L., Cress, A.E., Dickinson, S. et al. (2010) Role for DNA methylation in the regulation of miR-200c and
miR-141 expression in normal and cancer cells. PLoS ONE 5, e8697 https://doi.org/10.1371/journal.pone.0008697

130 Gregory, P.A., Bracken, C.P., Smith, E., Bert, A.G., Wright, J.A., Roslan, S., et al. (2011) An autocrine TGF-beta/ZEB/miR-200 signaling network
regulates establishment and maintenance of epithelial-mesenchymal transition. Mol. Biol. Cell 22, 1686–1698 https://doi.org/10.1091/mbc.
e11-02-0103

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1823

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.7554/eLife.50325
https://doi.org/10.1016/j.ccell.2017.09.006
https://doi.org/10.1016/j.ccell.2017.09.006
https://doi.org/10.1016/bs.ctdb.2014.11.006
https://doi.org/10.1016/bs.ctdb.2014.11.006
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1016/j.ydbio.2008.06.028
https://doi.org/10.1016/j.exer.2020.108231
https://doi.org/10.1167/iovs.18-26018
https://doi.org/10.1167/iovs.18-26018
https://doi.org/10.1016/j.ydbio.2008.02.030
https://doi.org/10.1242/dev.01117
https://doi.org/10.1016/S0378-1119(02)01106-X
https://doi.org/10.1016/S0378-1119(02)01106-X
https://doi.org/10.1016/S0378-1119(02)01106-X
https://doi.org/10.1016/S0378-1119(02)01106-X
https://doi.org/10.1016/j.devcel.2005.03.006
https://doi.org/10.1016/j.cell.2007.12.024
https://doi.org/10.1016/j.cell.2007.12.024
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1038/nrg3965
https://doi.org/10.1016/j.gde.2011.04.011
https://doi.org/10.1016/j.ceb.2013.01.008
https://doi.org/10.1038/cgt.2012.58
https://doi.org/10.1101/gad.1640608
https://doi.org/10.1038/embor.2008.74
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1074/jbc.M112.443655
https://doi.org/10.1371/journal.pone.0035440
https://doi.org/10.1073/pnas.1018862108
https://doi.org/10.1002/path.2802
https://doi.org/10.1038/ncb1998
https://doi.org/10.1177/1947601911429743
https://doi.org/10.1371/journal.pone.0008697
https://doi.org/10.1091/mbc.e11-02-0103
https://doi.org/10.1091/mbc.e11-02-0103
https://doi.org/10.1091/mbc.e11-02-0103
https://doi.org/10.1091/mbc.e11-02-0103


131 Sánchez-Vásquez, E., Bronner, M.E. and Strobl-Mazzulla, P.H. (2019) Epigenetic inactivation of miR-203 as a key step in neural crest
epithelial-to-mesenchymal transition. Development 146, dev171017 https://doi.org/10.1242/dev.171017

132 Jauhari, A. and Yadav, S. (2019) MiR-34 and MiR-200: regulator of cell fate plasticity and neural development. NeuroMolecular Med. 21, 97–109
https://doi.org/10.1007/s12017-019-08535-9

133 Yang, S., Toledo, E.M., Rosmaninho, P., Peng, C., Uhlén, P., Castro, D.S. et al. (2018) A Zeb2-miR-200c loop controls midbrain dopaminergic neuron
neurogenesis and migration. Commun. Biol. 1, 75 https://doi.org/10.1038/s42003-018-0080-0

134 Yang, D., Sun, Y., Hu, L., Zheng, H., Ji, P., Pecot, C.V., et al. (2013) Integrated analyses identify a master microRNA regulatory network for the
mesenchymal subtype in serous ovarian cancer. Cancer Cell 23, 186–199 https://doi.org/10.1016/j.ccr.2012.12.020

135 Kim, N.H., Kim, H.S., Li, X.Y., Lee, I., Choi, H.S., Kang, S.E., et al. (2011) A p53/miRNA-34 axis regulates Snail1-dependent cancer cell
epithelial-mesenchymal transition. J. Cell Biol. 195, 417–433 https://doi.org/10.1083/jcb.201103097

136 Kumarswamy, R., Mudduluru, G., Ceppi, P., Muppala, S., Kozlowski, M., Niklinski, J. et al. (2012) MicroRNA-30a inhibits epithelial-to-mesenchymal
transition by targeting Snai1 and is downregulated in non-small cell lung cancer. Int. J. Cancer 130, 2044–2053 https://doi.org/10.1002/ijc.26218

137 Siemens, H., Jackstadt, R., Hünten, S., Kaller, M., Menssen, A., Götz, U. et al. (2011) miR-34 and SNAIL form a double-negative feedback loop to
regulate epithelial-mesenchymal transitions. Cell Cycle 10, 4256–4271 https://doi.org/10.4161/cc.10.24.18552

138 Zhang, J., Zhang, H., Liu, J., Tu, X., Zang, Y., Zhu, J. et al. (2012) miR-30 inhibits TGF-β1-induced epithelial-to-mesenchymal transition in hepatocyte
by targeting Snail1. Biochem. Biophys. Res. Commun. 417, 1100–1105 https://doi.org/10.1016/j.bbrc.2011.12.121

139 Lu, M., Jolly, M.K., Levine, H., Onuchic, J.N. and Ben-Jacob, E. (2013) MicroRNA-based regulation of epithelial-hybrid-mesenchymal fate determination.
Proc. Natl. Acad. Sci. U.S.A. 110, 18144–18149 https://doi.org/10.1073/pnas.1318192110

140 Otto, T., Candido, S.V., Pilarz, M.S., Sicinska, E., Bronson, R.T., Bowden, M., et al. (2017) Cell cycle-targeting microRNAs promote differentiation by
enforcing cell-cycle exit. Proc. Natl. Acad. Sci. U.S.A. 114, 10660–10665 https://doi.org/10.1073/pnas.1702914114

141 Choi, Y.J., Lin, C.P., Risso, D., Chen, S., Kim, T.A., Tan, M.H., et al. (2017) Deficiency of microRNA miR-34a expands cell fate potential in pluripotent
stem cells. Science 355, eaag1927 https://doi.org/10.1126/science.aag1927

142 Jauhari, A., Singh, T., Singh, P., Parmar, D. and Yadav, S. (2018) Regulation of miR-34 family in neuronal development. Mol. Neurobiol. 55, 936–945
https://doi.org/10.1007/s12035-016-0359-4

143 Aranha, M.M., Santos, D.M., Solá, S., Steer, C.J. and Rodrigues, C.M. (2011) miR-34a regulates mouse neural stem cell differentiation. PLoS ONE 6,
e21396 https://doi.org/10.1371/journal.pone.0021396

144 Pandey, A., Singh, P., Jauhari, A., Singh, T., Khan, F., Pant, A.B. et al. (2015) Critical role of the miR-200 family in regulating differentiation and
proliferation of neurons. J. Neurochem. 133, 640–652 https://doi.org/10.1111/jnc.13089

145 Wei, W., Hou, J., Alder, O., Ye, X., Lee, S., Cullum, R., et al. (2013) Genome-wide microRNA and messenger RNA profiling in rodent liver development
implicates mir302b and mir20a in repressing transforming growth factor-beta signaling. Hepatology 57, 2491–2501 https://doi.org/10.1002/hep.26252

146 Lin, S.L., Chang, D.C., Lin, C.H., Ying, S.Y., Leu, D. and Wu, D.T. (2011) Regulation of somatic cell reprogramming through inducible mir-302
expression. Nucleic Acids Res. 39, 1054–1065 https://doi.org/10.1093/nar/gkq850

147 Liao, B., Bao, X., Liu, L., Feng, S., Zovoilis, A., Liu, W., et al. (2011) MicroRNA cluster 302-367 enhances somatic cell reprogramming by accelerating
a mesenchymal-to-epithelial transition. J. Biol. Chem. 286, 17359–17364 https://doi.org/10.1074/jbc.C111.235960

148 Subramanyam, D., Lamouille, S., Judson, R.L., Liu, J.Y., Bucay, N., Derynck, R. et al. (2011) Multiple targets of miR-302 and miR-372 promote
reprogramming of human fibroblasts to induced pluripotent stem cells. Nat. Biotechnol. 29, 443–448 https://doi.org/10.1038/nbt.1862

149 Wang, F.E., Zhang, C., Maminishkis, A., Dong, L., Zhi, C., Li, R., et al. (2010) MicroRNA-204/211 alters epithelial physiology. FASEB J. 24,
1552–1571 https://doi.org/10.1096/fj.08-125856

150 Shu, D.Y., Butcher, E. and Saint-Geniez, M. (2020) EMT and EndMT: emerging roles in Age-Related macular degeneration. Int. J. Mol. Sci. 21, 4271
https://doi.org/10.3390/ijms21124271

151 Liu, Y.N., Yin, J.J., Abou-Kheir, W., Hynes, P.G., Casey, O.M., Fang, L., et al. (2013) MiR-1 and miR-200 inhibit EMT via slug-dependent and
tumorigenesis via slug-independent mechanisms. Oncogene 32, 296–306 https://doi.org/10.1038/onc.2012.58

152 Liang, Y.J., Wang, Q.Y., Zhou, C.X., Yin, Q.Q., He, M., Yu, X.T. et al. (2013) MiR-124 targets Slug to regulate epithelial-mesenchymal transition and
metastasis of breast cancer. Carcinogenesis 34, 713–722 https://doi.org/10.1093/carcin/bgs383

153 Wystub, K., Besser, J., Bachmann, A., Boettger, T. and Braun, T. (2013) miR-1/133a clusters cooperatively specify the cardiomyogenic lineage by
adjustment of myocardin levels during embryonic heart development. PLoS Genet. 9, e1003793 https://doi.org/10.1371/journal.pgen.1003793

154 Chen, Y.-H., Ishii, M., Sucov, H.M. and Maxson, R.E. (2008) Msx1 and Msx2are required for endothelial-mesenchymal transformation of the
atrioventricular cushions and patterning of the atrioventricular myocardium. BMC Dev. Biol. 8, 75 https://doi.org/10.1186/1471-213X-8-75

155 Yokobori, T., Suzuki, S., Tanaka, N., Inose, T., Sohda, M., Sano, A., et al. (2013) MiR-150 is associated with poor prognosis in esophageal squamous
cell carcinoma via targeting the EMT inducer ZEB1. Cancer Sci. 104, 48–54 https://doi.org/10.1111/cas.12030

156 Luo, Z., Wen, G., Wang, G., Pu, X., Ye, S., Xu, Q. et al. (2013) MicroRNA-200C and -150 play an important role in endothelial cell differentiation and
vasculogenesis by targeting transcription repressor ZEB1. Stem Cells 31, 1749–1762 https://doi.org/10.1002/stem.1448

157 Lin, C.Y., He, J.Y., Zeng, C.W., Loo, M.R., Chang, W.Y., Zhang, P.H. et al. (2017) microRNA-206 modulates an Rtn4a/Cxcr4a/Thbs3a axis in newly
forming somites to maintain and stabilize the somite boundary formation of zebrafish embryos. Open Biol. 7, 170009 https://doi.org/10.1098/rsob.
170009

158 Vergara, H.M., Ramirez, J., Rosing, T., Nave, C., Blandino, R., Saw, D., et al. (2018) miR-206 is required for changes in cell adhesion that drive muscle
cell morphogenesis in xenopus laevis. Dev. Biol. 438, 94–110 https://doi.org/10.1016/j.ydbio.2018.03.021

159 Sun, P., Sun, D., Wang, X., Liu, T., Ma, Z. and Duan, L. (2015) miR-206 is an independent prognostic factor and inhibits tumor invasion and migration
in colorectal cancer. Cancer Biomark. 15, 391–396 https://doi.org/10.3233/CBM-150489

160 Xiao, H., Xiao, W., Cao, J., Li, H., Guan, W., Guo, X., et al. (2016) miR-206 functions as a novel cell cycle regulator and tumor suppressor in clear-cell
renal cell carcinoma. Cancer Lett. 374, 107–116 https://doi.org/10.1016/j.canlet.2016.01.032

161 Ren, J., Huang, H.J., Gong, Y., Yue, S., Tang, L.M. and Cheng, S.Y. (2014) MicroRNA-206 suppresses gastric cancer cell growth and metastasis.
Cell Biosci. 4, 26 https://doi.org/10.1186/2045-3701-4-26

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1824

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.1242/dev.171017
https://doi.org/10.1007/s12017-019-08535-9
https://doi.org/10.1007/s12017-019-08535-9
https://doi.org/10.1007/s12017-019-08535-9
https://doi.org/10.1007/s12017-019-08535-9
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.1016/j.ccr.2012.12.020
https://doi.org/10.1083/jcb.201103097
https://doi.org/10.1002/ijc.26218
https://doi.org/10.4161/cc.10.24.18552
https://doi.org/10.1016/j.bbrc.2011.12.121
https://doi.org/10.1073/pnas.1318192110
https://doi.org/10.1073/pnas.1702914114
https://doi.org/10.1126/science.aag1927
https://doi.org/10.1007/s12035-016-0359-4
https://doi.org/10.1007/s12035-016-0359-4
https://doi.org/10.1007/s12035-016-0359-4
https://doi.org/10.1007/s12035-016-0359-4
https://doi.org/10.1371/journal.pone.0021396
https://doi.org/10.1111/jnc.13089
https://doi.org/10.1002/hep.26252
https://doi.org/10.1093/nar/gkq850
https://doi.org/10.1074/jbc.C111.235960
https://doi.org/10.1038/nbt.1862
https://doi.org/10.1096/fj.08-125856
https://doi.org/10.1096/fj.08-125856
https://doi.org/10.3390/ijms21124271
https://doi.org/10.1038/onc.2012.58
https://doi.org/10.1093/carcin/bgs383
https://doi.org/10.1371/journal.pgen.1003793
https://doi.org/10.1186/1471-213X-8-75
https://doi.org/10.1186/1471-213X-8-75
https://doi.org/10.1186/1471-213X-8-75
https://doi.org/10.1186/1471-213X-8-75
https://doi.org/10.1111/cas.12030
https://doi.org/10.1002/stem.1448
https://doi.org/10.1098/rsob.170009
https://doi.org/10.1098/rsob.170009
https://doi.org/10.1016/j.ydbio.2018.03.021
https://doi.org/10.3233/CBM-150489
https://doi.org/10.3233/CBM-150489
https://doi.org/10.1016/j.canlet.2016.01.032
https://doi.org/10.1186/2045-3701-4-26
https://doi.org/10.1186/2045-3701-4-26
https://doi.org/10.1186/2045-3701-4-26
https://doi.org/10.1186/2045-3701-4-26


162 Chen, Q.Y., Jiao, D.M., Wang, J., Hu, H., Tang, X., Chen, J. et al. (2016) miR-206 regulates cisplatin resistance and EMT in human lung
adenocarcinoma cells partly by targeting MET. Oncotarget 7, 24510–24526 https://doi.org/10.18632/oncotarget.8229

163 Jolly, M.K., Tripathi, S.C., Jia, D., Mooney, S.M., Celiktas, M., Hanash, S.M. et al. (2016) Stability of the hybrid epithelial/mesenchymal phenotype.
Oncotarget 7, 27067–27084 https://doi.org/10.18632/oncotarget.8166

164 Joosse, S.A., Gorges, T.M. and Pantel, K. (2015) Biology, detection, and clinical implications of circulating tumor cells. EMBO Mol. Med. 7, 1–11
https://doi.org/10.15252/emmm.201303698

165 Grosse-Wilde, A., Fouquier d’Hérouël, A., McIntosh, E., Ertaylan, G., Skupin, A., Kuestner, R.E. et al. (2015) Stemness of the hybrid epithelial/
Mesenchymal state in breast cancer and Its association with poor survival. PLoS ONE 10, e0126522 https://doi.org/10.1371/journal.pone.0126522

166 Nieto, M.A. (2013) Epithelial plasticity: a common theme in embryonic and cancer cells. Science 342, 1234850 https://doi.org/10.1126/science.
1234850

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1825

Biochemical Journal (2021) 478 1809–1825
https://doi.org/10.1042/BCJ20210083

https://doi.org/10.18632/oncotarget.8229
https://doi.org/10.18632/oncotarget.8166
https://doi.org/10.15252/emmm.201303698
https://doi.org/10.1371/journal.pone.0126522
https://doi.org/10.1126/science.1234850
https://doi.org/10.1126/science.1234850

	What we can learn from embryos to understand the mesenchymal-to-epithelial transition in tumor progression
	Abstract
	Introduction
	Epithelial plasticity: not only a binary state
	Cellular and molecular basis of MET
	Insights from early development the MET
	Epiblast formation
	Somitogenesis
	Kidney development
	Heart development
	Liver development
	Neural crest condensation

	microRNAs control of MET in cancer and development
	Conclusion and perspectives
	Competing Interests
	References


