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Epithelial-mesenchymal transition (EMT) describes the differentiation
switch between polarized epithelial cells and contractile and motile
mesenchymal cells, and facilitates cell movements and generation
of new tissue types during embryogenesis. Many secreted
polypeptides are implicated in the EMT process and their
corresponding intracellular transduction pathways form highly
interconnected networks. Transforming growth factor-, Wnt, Notch
and growth factors acting through tyrosine kinase receptors induce
EMT and often act in a sequential manner. Such growth factors
orchestrate the concerted regulation of an elaborate gene program
and a complex protein network, needed for establishment of new
mesenchymal phenotypes after disassembly of the main elements
of epithelial architecture, such as desmosomes, as well as tight,
adherens and gap junctions. EMT of tumor cells occurs during
cancer progression and possibly generates cell types of the tumor
stroma, such as cancer-associated myofibroblasts. EMT contributes
to new tumor cell properties required for invasiveness and vascular
intravasation during metastasis. Here we present some of the current
mechanisms that mediate the process of EMT and discuss their
relevance to cancer progression. (Cancer Sci 2007; 98: 1512-1520)

Polarized epithelial cell tissues are based on the formation of
intercellular tight and adherens junctions. This architectural
arrangement of the tissue can be deorganized by epithelial—
mesenchymal transition (EMT), whereby epithelial cells
disassemble their junctional structures, start expressing
mesenchymal cell proteins, remodel their extracellular matrix
and become migratory® (Fig. 1). EMT is therefore envisioned
as a differentiation or morphogenetic process in which new
tissue types are generated during embryogenesis, and which
contributes to the pathogenesis of disease, such as metastatic
cancer and tissue fibrosis.?™ The inverse process of mesenchymal—
epithelial transition (MET) describes how transitory mesenchymal
cells generate polarized epithelia after migration and homing into
new sites of tissue formation (Fig. 1). MET has been described
in the context of embryonic development and is also perturbed
pathologically in fibrotic disorders.®> Morphogenetic processes
such as EMT or MET are guided by the functional interplay of
many signal transduction pathways, usually initiated by secreted
polypeptide factors, which aim at regulating a new set of trans-
criptional and post-translational events, leading to the generation
of new cellular phenotypes. Here, we discuss the role of different
pathways in the control of EMT during embryogenesis and in
disease.

EMT is important during embryogenesis

During the early stages of embryogenesis, the three germ layers,
ectoderm, mesoderm and endoderm, form via an ontogenetic
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process called gastrulation (which stands for gut formation).
While gastrulation in lower chordates involves movements of
epithelial cell sheets,® in higher vertebrates, the same process
evolved a dependency on EMT, which leads to the formation of
migratory mesenchyme that progresses along the primitive
streak and populates new areas of the embryo that will develop
into mesoderm and endoderm.V Fibroblast growth factor (FGF)
signaling via receptor tyrosine kinases (RTK) promotes
mesodermal formation and mesenchymal cell migration through
the primitive streak.” An important target of FGF signaling
during gastrulation is the master regulator of EMT, Snail, which
directly represses expression of the epithelial integral component
of adherens junctions, E-cadherin.”~® Furthermore, Wnt signaling
via B-catenin and its nuclear partner LEF-1 is implicated in
the EMT process during gastrulation, and stabilization of
B-catenin accelerates the emergence of premature EMT in
the ectoderm.!D

At a later stage of embryogenesis, epithelial cells from the
neural tube in the dorsal side of the embryo, the neural crest,
undergo EMT, and the mesenchymal cells produced often
migrate long distances to new tissue areas, in order to differentiate
into several new mesenchymal cell types such as somites, bone
and chondrocytes.® Neural crest EMT is regulated by dose-
dependent actions of bone morphogenetic proteins (BMP),
which are members of the transforming growth factor (TGF)-3
superfamily, and a cohort of transcription factors, including
paired-box, high-mobility group (HMG), winged-helix tran-
scription factors and Snail."? In addition to neural crest EMT,
members of the TGF-f superfamily cause palatal EMT in the
mouse in order to create the connective tissue across the palate.!?
This action is mainly attributed to the TGF- member, TGF-3,
because mice lacking the TGF-B3 gene exhibit a cleft palate
phenotype. In chicken and mice, the heart valve and septa form
after a prominent EMT process of intracardial cells that respond
in a sequential manner to Notch signaling, which induces
expression of TGF-B2 in order to induce Snail expression and
repress E-cadherin.!'*!> Interestingly, the inverse scenario is
also possible, as TGF-P signaling can induce expression of
Notch ligands, such as Jagged-1, which activate Notch signaling,
leading to EMT and epithelial cell cycle arrest in cell models
in vitro.161)

A surrogate model system for morphogenetic processes that
normally occur during embryonic development, is the in vitro
culture in 3-D gels composed of extracellular matrix compo-
nents.® Such model systems have confirmed the critical role of
the above signaling pathways in regulation of branching mor-
phogenesis and the creation of organotypic epithelial tubes.!®
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Fig. 1. Epithelial-mesenchymal transition (EMT) and mesenchymal-
epithelial transition (MET). Cells in an epithelial sheet undergo EMT,
generating motile mesenchymal derivatives (darker color/striped nuclei).
Mesenchymal cells undergo MET, generating epithelial derivatives.

Interestingly, recent approaches that have tried to model the
factors that determine the position and frequency of branching
tubes have revealed that the local activity of autocrine TGF-3
signaling acts as an inhibitor of branching site selection.!®

It is therefore apparent that major developmental signaling
pathways mediated by, for example, RTK, Notch, Wnt and TGF-f3
provide primary inputs that change the fate of embryonic epithelial
cells to mesenchymal derivatives with enhanced migratory and
differentiation capacity, critical for the morphogenesis of many
vital organs and tissues.

Different signaling pathways provide the necessary
stimuli that trigger EMT

We will now discuss, in more detail, signal transduction pathways
and critical mediators of EMT in the context of in vitro cell
models and in vivo mouse tumor models (Fig.2). The
hepatocyte growth factor (HGF) that signals via the RTK c-Met
and the Erk mitogen-activated protein kinase (MAPK) cascade,
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Fig. 2. Major signal transduction pathways that induce epithelial-

mesenchymal transition (EMT). Hepatocyte growth factor (HGF),
fibroblast growth factor (FGF) and platelet-derived growth factor
(PDGF) signal via receptor tyrosine kinases (RTK) towards the central
Ras-Raf-MAPK pathway or towards the PI3K pathway and the Src-STAT
pathway. Transforming growth factor (TGF)-B signals via receptor
serine/threonine kinases (RS/TK) towards the central R-Smad/Co-Smad
pathway or towards the PI3K and MAPK pathways. Alternatively, the
TGF-B receptor signals towards the polarity protein Par6, thus
recruiting the ubiquitin ligase Smurf, which degrades Rho and leads to
disassembly of tight junctions in epithelial cells. Jagged and Delta-like
ligands signal via Notch receptors towards the transcription factor CSL.
Whnt ligands signal via Frizzled receptors towards B-catenin and the
transcription factors LEF-1/TCF. All these pathways modulate gene
expression and lead to EMT and cell motility.
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was among the first to be observed to play roles in reshaping
epithelial differentiation towards a scattering phenotype that was
characterized by robust down-regulation of E-cadherin and had
critical links to tumor metastasis.?® The HGF pathway has
recently been linked to the regulation of the transcription factor
Snail, a major inducer of EMT.?" In a similar fashion, FGF
signaling via its RTK receptor system mediates EMT.?? Recent
work has established, at least in frog embryos, that FGF
signaling promotes mesodermal differentiation by enhancing
embryonic TGF-B/nodal signaling.?® The mechanism depends
on p53 phosphorylation in response to FGF-induced activation
of the Erk MAPK that enables the interaction of phosphorylated
p53 with the TGF-B/nodal signal transducers, Smads, in the
nucleus. Phosphatidylinositol-3’-kinase (PI3K), which is a critical
intracellular signaling mediator of RTK but also of many other
transduction pathways, plays critical roles in the establishment
of EMT, and provides cross-talk between growth factor
signaling, integrin receptors and small GTPases of the Rho
family that control cytoskeletal organization.®**> A similar nodal
role has been recently established for the p38 MAPK, which
signals down-regulation of E-cadherin during gastrulation.?®

In addition to RTK signaling, polypeptide factors that signal
via G-protein coupled receptors, such as endothelin-1, also
mobilize signaling cascades that ultimately target Snail and the
regulation of E-cadherin expression during the establishment of
EMT.? Despite the established role of RTK signaling in EMT,
recent studies on the regulation of epithelial cell polarity clearly
demonstrate that oncogenic pathways whose signaling involves
RTK may not be sufficient to elicit EMT; while they are capable
of destroying polarity and tight junction assembly, they fail to
induce a mesenchymal, migratory phenotype.®® The Ilatter
observation is compatible with the overwhelming evidence that
EMT in various carcinomas involves an intricate interplay of
multiple signaling pathways, including the tumor suppressor
TGF-B, as well as platelet-derived growth factor (PDGF), Wnt
and Notch, which cause activation of downstream Erk MAPK,
B-catenin and nuclear factor-kB (NF-xB) pathways® (Fig. 3).
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Fig. 3. Autocrine/paracrine growth factor crosstalk during epithelial-
mesenchymal transition (EMT). Autocrine or paracrine loops of growth
factors induce expression and secretion of one another. Ras in the black
box represents its oncogenic form that often is required in order to
stimulate a robust autocrine crosstalk. The various signaling pathways
involved are highlighted in light gray. The integrated signaling network
(large gray ellipse) coordinates the action of transcription factors (such
as Snail family members), which down-regulate E-cadherin among other
gene responses in order to establish EMT.
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In addition, many of these pathways activate intracellular
reactive oxygen species (ROS), which inhibit the activity of
phosphatases, thus affecting MAPK signaling and effectors
of the EMT response.®” We will therefore attempt to highlight
here this complex signaling network by emphasizing the roles of
TGF-B, while citing new examples of alternative pathways that
contribute to EMT and tumor metastasis.

TGF-B is a major inducer of EMT

TGF-B signaling does not only contribute to EMT during
embryonic development, but also induces EMT during cancer
progression in mouse models in vivo. TGF-B signals via two
distinct receptor serine/threonine kinases, the type I and type
II receptors; after ligand binding, the type II receptor trans-
phosphorylates the type I receptor, which then phosphorylates
cytoplasmic Smad proteins (Smad2 and Smad3). Activated
Smad2/3 then form complexes with Smad4, which, upon entry
to the nucleus, bind to chromatin and regulate expression of
genes that play critical roles in the control of cell proliferation,
differentiation (including EMT), apoptosis and cell migration.®®
Furthermore, the TGF-f3 receptors activate alternative signaling
effectors, such as MAPK, PI3K and small GTPases of the Rho
family that contribute to both gene regulation and cytoplasmic
signaling involved in cell motility, apoptosis and EMT.CD

Transgenic mice that misexpress TGF-B1 in keratinocytes and
are exposed to a chemical carcinogenesis protocol activate
secretion of TGF-B3, which further enhances EMT progression
and development of spindle carcinomas that become invasive in
an accelerated fashion.®23» The fact that human skin carcinomas
oversecrete TGF-B1 and deregulate their TGF-[ type II receptor
suggests a similar scenario in human skin malignancies.®¥ EMT
induced by oncogenic stimuli depends on TGF-§ signaling
because in skin carcinogenesis, in mouse mammary carcinomas
that express the ras or raf oncogenes, as well as in liver and
colon carcinomas, inhibitors of the TGF-§ pathway block EMT;
interestingly, the TGF-B inhibitors also block carcinoma
invasiveness and metastasis.®*%-3® According to these mouse
models of cancer progression, carcinoma cells secrete abnormally
high doses of bioactive TGF-3, which sensitizes both carcinoma
and surrounding stromal cells, leading to escape from the primary
growth suppressive and pro-apoptotic response to TGF-3, but
permitting the establishment of EMT. These models of cancer
progression seem to be different from in vitro EMT models of
normal epithelial cells, which undergo EMT at the same time as
their proliferation is arrested.®” The control of the cell cycle is
therefore linked to the process of EMT, as it has been recently
demonstrated in epithelial cells that undergo EMT only when
their cycle is arrested at the G1/S border. In contrast, the same
cells undergo apoptosis when their cycle is stalled at the G2/M
boundary.“? This is relevant to the current model of the role of
TGF-fB during cancer progression, in which TGF- suppresses
normal epithelial and benign adenoma cell growth but also
promotes aggressive carcinoma EMT, invasiveness and
metastasis.®

In all in vitro cell models of EMT analyzed so far, TGF-8
down-regulates various epithelial proteins, including E-cadherin,
the tight junction protein ZO-1 and specific keratins, and up-
regulates certain mesenchymal proteins such as fibronectin,
fibroblast-specific protein 1, oi-smooth muscle actin and vimentin
(reviewed in“?). We have reported that signaling pathways of
the TGF-B/activin branch that activate Smad2 and Smad3, can
induce EMT.®*#¥ In contrast, pathways of the BMP branch
that activate Smadl, Smad5 and Smad8, do not induce robust
EMT,*” and can even inhibit EMT promoted by TGF-B in
normal mammary and lens epithelial cells.**> Such in vitro
studies, but also tumor analyses in mouse models have additionally
established that Smad signaling mediates the EMT response to
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TGF-f family members, because mutant Smad proteins that
block endogenous Smad signaling, Smad-specific RNA
interference (RNAI), tissue-specific Smad knockouts, and a
mutant type I receptor for TGF-f that cannot activate Smad2 or
Smad3, all block this specific epithelial cell response (reviewed
in“?). Interestingly, comparative analysis of Smad2 versus
Smad3 liver-specific knockout mice has recently confirmed
that TGF-B-driven EMT of hepatocytes depends on Smad3
and not Smad2; in contrast, Smad2 seemed to counteract the
EMT response thus acting as a suppressor of hepatocyte
dedifferentiation.“®

Smad signaling normally depends on the common mediator
Smad4. It was therefore surprising that a recent study showed
that the EMT response was not perturbed at all in human
immortalized keratinocytes and colon carcinoma cells in which
Smad4 was depleted using RNAi.“? It is possible that low activity
of the Smad signaling pathway, provided by a remaining low
level of Smad4, is sufficient to induce EMT. This is a plausible
explanation, as a parallel RNAi experiment targeting Smad4 in
cultured cell models and tissue-specific knockout of Smad4 in
the mammary gland and the pancreas, have all confirmed an
important role of Smad4 in EMT of these epithelial tissue
types.“85% Furthermore, Smad4 has been recently shown to be
indispensable for the transcriptional mechanism that down-
regulates E-cadherin expression in response to TGF-B, a hall-
mark of EMT.®P

The mechanism by which Smad signaling elicits the EMT
response involves regulation of several genes, whose products
either are necessary or need to be eliminated for EMT to take
place. Large-scale gene expression studies of cell models
undergoing EMT in response to TGF-B, or in vivo models of
carcinoma invasiveness and metastasis, have revealed many
potential regulators of EMT.(*%7%9 Some of these genes that
have already been functionally dissected will be discussed later.

Despite the importance of Smad signaling as an inducer of
EMT, most in vitro cell studies implicate alternative, non-Smad
signaling effectors as major regulators of EMT. As already
discussed above, transformed carcinoma cells expressing the ras
oncogene, but also immortalized keratinocytes and normal
mammary epithelial cells, respond to TGF-f and exhibit highly
active Erk, p38 and Jun-N-terminal kinase (JNK) MAPK,
PI3K, Rho GTPase and NF-xB signaling during induction of
EMT.(33:36:5257-65) At ]east in the case of NF-kB activation, which
cooperates functionally with Smad signaling, the MAPK kinase
kinase, TGF-B-activated kinase (TAK) 1, may link the TGF-
receptors to the activation of IxkB kinase 2 (IKK-2), which
phosphorylates and induces degradation of IkBa, thus releasing
active NF-xB.®® Additionally, integrin receptors can signal
together with TGF- for the activation of the p38 MAPK, which
can also contribute to EMT.®"%® Integrin-linked kinase (ILK)
gene expression can be induced by Smad signaling,® and ILK
contributes to TGF-B-induced EMT,” or to BMP-7-induced
ureteric bud formation, a morphogenetic process of renal epithelial
cells.”) An alternative signaling mechanism activated by TGF-f3
involves protein kinase A (PKA) and the signal transducer and
activator of transcription 3 (STAT3), which mediate both EMT
and apoptotic responses, via as yet uncharacterized downstream
effector mechanisms.?

A new signaling mechanism during EMT induced by TGF-8
makes a link between the TGF-P receptors and the polarity
complex that regulates epithelial polarization, the activity of
which needs to be reversed during EMT."® According to the
proposed mechanism, TGF-§ type I receptors are located in
the tight junctions of polarized epithelial cells and interact with
the integral membrane protein occludin and the polarity protein
Par6.”» When TGF-f signaling starts, the type II receptor is
recruited to tight junctions and phosphorylates not only the type
I receptor, but also the type I receptor-associated Par6, which

doi: 10.1111/j.1349-7006.2007.00550.x
© 2007 Japanese Cancer Association



BB = aa@v

Invasive cells

A
~ ~

Epithelial cells

Fig. 4. The transcriptional program of transforming growth factor (TGF)-B that elicits epithelial-mesenchymal transition (EMT). TGF-B activates
Smad complexes that act together with other transcription factors (TF) and induce expression of several other transcription factors. Gene targets
are shown as circles. Black circles represent gene repression, while white circles represent gene induction. I1d2 and Id3 inhibit E-box-binding
proteins such as E12/E47 and possibly Twist (?). HMGA2 induces further expression of Twist, Slug or Snail. All these transcriptional repressors down-
regulate E-cadherin expression. ZEB-1 and LEF-1 are transcriptionally induced and together with ZEB-2 participate in transcriptional complexes with
Smads, and repress the E-cadherin gene. Jagged-1 (JAG-1) activates the Notch pathway (dotted arrow), which possibly induces expression of Snail
(?). CUTL induces expression of Wnt-5, which activates the B-catenin pathway (dotted arrow), thus mobilizing transcription factor LEF-1. Finally,
Smad complexes induce expression of a-smooth muscle actin (a-SMA), fibronectin (FN), PAI-1, vimentin and N-cadherin, which contribute to the

establishment of the motile, mesenchymal cell.

leads to degradation of the small GTPase RhoA and tight junction
disorganization (Fig. 2).

In addition to tight junction dissolution during EMT, adherens
junction disassembly is equally important, and a novel cellular
mechanism proposes that E-cadherin levels are down-regulated
after clathrin-mediated endocytosis and lysosomal degradation
in mammary epithelial cells undergoing EMT in response to the
cooperating signals of TGF-f and oncogenic Raf."® Because
TGF-B induces expression of the adaptor protein disabled-2
(Dab2) that participates in clathrin-mediated endocytosis and
protects mammary cells from apoptosis, while permitting EMT
to occur,™ it is tempting to speculate that the pathway of lysosomal
degradation of E-cadherin might be induced by the TGF-f/Dab2
signal. Yet another new signaling mechanism of TGF-B-induced
EMT suggests that Ras and PI3K probably activate Src-family
tyrosine kinases, which phosphorylate ¢~ and B-catenin, thus
leading to destabilization of E-cadherin/catenin complexes and
destruction of the adherens junctions in pancreatic carcinoma
cells.”® These novel signaling mechanisms downstream of the
TGF-B receptors promise additional regulatory pathways that
govern EMT and tumor cell invasiveness, and the possible
involvement of Smad protein function in such membrane-
proximal mechanisms warrants future investigations.

In conclusion, a complex signaling mechanism downstream
of TGF-B induces EMT responses. Non-Smad and Smad signals
mediate the direct disorganization of epithelial cell adherens
junctions, while a genomic program must be critical for the
differentiation change and the generation of the mesenchymal
cell phenotype, as will be discussed later. The latter underscores
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the importance of gene targets of the TGF-8 pathway and their
role in EMT.

Gene targets of TGF-f signaling establish cross-talk with
many other pathways during EMT

Because the targets of TGF-B signaling are many (a few
hundred measured by genome-wide expression analyses in cell
models in vitro), we divide their discussion into three parts: (i)
gene targets that mediate activation of another signaling pathway,
thus establishing cross-talk with TGF-B, which is necessary for
EMT (Fig. 3); (ii) gene targets that encode transcription factors
and that establish a hierarchical gene network which controls the
EMT differentiation switch (Fig. 4); and (iii) gene targets that
define the mesenchymal phenotype (Fig. 4).

TGF-B regulates the status of other signaling pathways

A major example in this signaling scenario that leads to EMT
has emerged during the past year and involves transcriptional
induction of ligands of the PDGF family by the concerted action
of the TGF- and oncogenic Ras pathways. The first clear
evidence was reported from genome-wide transcriptomic studies
in hepatocellular carcinomas that undergo EMT, become
invasive and show enhanced in vivo metastasis in response to
TGF-B and oncogenic Ras stimuli.®*”” In this cell model, the
PDGF-A isoform and the two forms of the PDGF receptor (o
and ) were all up-regulated in cells undergoing EMT, causing
autocrine stimulation of cells. Critically, blocking PDGF
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signaling in the hepatocytes alleviated the ability of TGF-f to
elicit EMT and invasive cell behavior. The downstream effectors
of PDGF signaling were identified as PI3K and nuclear -
catenin, the former being important for a survival signal that
protects hepatocarcinoma cells from anoikis and promotes
their invasive spread during metastasis.”® An independent
study has established the mechanism by which PDGF regulates
B-catenin function.”® Accordingly, the PDGF receptor directly
phosphorylates the RNA helicase p68, which disrupts the
cytoplasmic complex of B-catenin with axin and glycogen
synthase 3" kinase B (GSK3p), translocates to the nucleus
together with B-catenin in a Wnt-independent manner, and
mediates formation of nuclear complexes with the transcription
factor LEF-1, thus leading to EMT. It appears therefore, that
under the primary instruction of TGF-B, PDGF signaling
engages major components of the Wnt pathway, thus taking over
the critical transcriptional control of the EMT transcriptome, in
a Wnt-independent manner. In a parallel model of breast cancer
metastasis, TGF-f induces EMT, which up-regulates PDGF
ligands and receptors, leading to PI3K activation and pro-
survival signals.®® This study provided new evidence that
PDGF receptor expression can serve as a marker for metastatic
breast cancer, and suggests that inhibitors of the PDGF receptor
kinase, such as imatinib, could be used therapeutically as an
anti-metastatic agent.

Another transcriptional target of TGF-B that links to tumor
cell invasiveness and to the Wnt signaling pathway is the
homeobox transcription factor CUTLI1.®Y CUTLI1 induces
expression of many genes that regulate cell motility, tumor cell
invasiveness and extracellular matrix deposition, and CUTL1
has been proposed as a poor prognosis marker for metastatic
breast carcinoma. The secreted factor Wnt5A is one of the major
transcriptional targets of CUTL1.%? Wnt5A plays critical roles
in the induction of EMT and invasiveness of pancreatic tumor
cells, and serves as a prognostic marker of invasive pancreatic
adenocarcinoma. Wnt signaling mobilizes Axin2, which blocks
the activity of GSK3[ and thus leads to Snail protein stabilization
and enhanced transcriptional activity, thus facilitating the onset
of EMT.®»

Additional signaling pathways that are mobilized by the
primary TGF-B stimulus include the Notch pathway that was
discussed above in the embryogenesis section, but also novel
cytokines, such as the secreted interleukin-like EMT-inducer
(ILEI), whose expression is stimulated by TGF- at the trans-
lational level, and which independently causes EMT, invasive
growth of carcinomas and metastasis of breast cancer models.®
The signaling pathway elicited by ILEI remains unknown;
however, it has been reported that ILEI might lead to sequential
waves of chemokine secretion by carcinoma cells. This interesting
possibility is in agreement with recent and parallel evidence that
the chemokine CXCL12/stromal cell-derived factor-1 (SDF-1),
which signals via the receptor CXCR4 and downstream PI3K/
Akt effectors, leads to EMT of oral squamous cell carcinomas,
and promotes lymph node metastasis in mouse models.®”

In conclusion, TGF-B orchestrates the activity of many other
signaling pathways contributing to EMT (Fig. 3). It should be
noted that many of these pathways (e.g. Ras/MAPK, Notch)
themselves induce TGF-J} secretion and activity, thus causing an
amplification of EMT.

A transcription factor network downstream of TGF-§

TGF- signals via Smads the transcriptional repression of
Id genes, while BMP Smad signaling induces and stabilizes
expression of the same Ids in epithelial cells“**® (Fig. 4). The Id
transcriptional regulators are known inhibitors of differentiation
and they also inhibit EMT.“*#" Repression of Id gene expression
by TGF-f is required for subsequent down-regulation of E-cadherin
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and ZO-1 and establishment of EMT.“Y For example, 1d2
repression by TGF-B permits binding of the basic helix-loop-helix
(bHLH) factors E12/E47 to the E-cadherin promoter, which
leads to its repression.®” In contrast, BMP signaling leads to
high Id levels, which supposedly interfere with proper bHLH
protein function, and via an unknown mechanism preserve
epithelial differentiation. We have proposed that regulation
of Id gene expression explains the established competition
between TGF-f and BMP signaling, because BMP induces
MET in a dominant fashion relative to TGF-f, which mediates
EMT.5#458%) We therefore propose that in early stage carcinomas,
few cells undergo EMT and reduce their Id levels. These cells
could possibly represent cancer stem cells. Upon metastasis, the
transitory cells in the new site of tumor growth could again
increase their Id levels in order to support their proliferation and
survival, and in this sense Id protein regulation serves the
purpose of metastatic spread. Experimental evidence shows that
high Id2 levels can be measured in bone and lung metastases
(reviewed in®”); however, evidence for a decrease in Id levels
during transient carcinoma invasiveness or intravasation is still
lacking.

In addition to Id, transcriptional repressors of the E-cadherin
gene, such as members of the Snail family of zinc finger proteins
(Snail, Slug), two-handed zinc finger/homeodomain proteins
(ZEB1, ZEB2), bHLH proteins (E12/E47, Twist) and high-
mobility group box-containing proteins (LEF-1), are involved in
the EMT response to TGF-B® (Fig. 4). These repressors recognize
E-box DNA sequences located near the transcriptional initiation
site of the E-cadherin gene, and recruit transcriptional co-
repressors and histone deacetylases. As already discussed
throughout the present review, regulation of E-cadherin is a
central event during EMT. TGF-f transcriptionally induces
Snail gene expression via Smad3 or via activation of the Erk and
PI3K pathways.®*?) Smad proteins interact with ZEB1 or
ZEB?2, thus forming repressor complexes on the E-box region of
the E-cadherin gene but also on other gene targets.®?>* TGF-3
can also activate LEF-1 activity directly via Smad signaling
during normal palate development or in mammary epithelial
cells that are transformed by a synthetic fos-estrogen receptor
oncogene, #3649 or indirectly via PDGF or Wnt signaling
pathways, as discussed before. In contrast, in chickens, TGF-3
induces expression of Slug during EMT that promotes normal
development of the heart valves.®® It is not currently understood
whether the many transcriptional mechanisms that aim at
repressing E-cadherin expression act independently from each
other or in concert downstream of TGF-B, or even whether they
represent tissue-specific scenarios. Our recent work provides
new insight to this problem, as the high mobility group factor,
HMGAZ2, has been identified as a new regulator of EMT, the
expression of which is transcriptionally induced by TGF-f/
Smad signaling, and which represents a known regulator of
mesenchymal differentiation during embryogenesis.®” Interest-
ingly, HMGA?2 induces expression of the transcriptional regulators
Snail, Slug and Twist, while depletion of HMGA?2 in mammary
epithelial cells prevents EMT. This finding suggests that
TGF-B may be capable of eliciting a hierarchical network of
transcriptional changes that involves many, if not all, of the
above regulators of E-cadherin.

Establishing the mesenchymal and migratory phenotype

Although regulation of E-cadherin is a central event during
EMT, this differentiation response is polygenic as already
described, and thus many additional gene targets should be
regulated by TGF-B or any of the other signaling pathways
involved. In most cases, it is accepted that the previously
described transcription factors, that is, Snail, Slug, Twist or
bHLH proteins, are responsible for the down-regulation of all
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necessary epithelial gene expression, particularly those genes
that contribute to the assembly of junctional complexes, such as
claudins, connexins, occludin, ZO-family genes, and more.“®
Interestingly, the same transcription factors seem to be required
for the induction of the mesenchymal phenotype, as, for example,
Snail induces expression of fibronectin or vitronectin,®® and
Twist induces expression of the serine/threonine kinase Akt2,
which is an effector of PI3K and a critical signaling regulator of
cell survival during EMT®? (Fig. 4). However, the pathways
and genes that define mesenchymal differentiation emerging
from epithelial precursors remain relatively underexplored.
This is emphasized by the recent finding that transcriptional
induction of a major marker of fibroblastic cells produced via
EMT, fibroblast-specific protein 1 (FSP1) is mediated by a
transcriptional complex between CArG box-binding factor A
(CBF-A) and KRAB-associated protein 1 (KAP-1).1%

Cancer cell invasiveness is thought to be directly linked to the
process of EMT. Motility, and an ability to degrade or remodel
the extracellular matrix, is a common feature of invasive cells.
The unifying model of EMT currently suggests that migratory
and matrix remodeling (fibrotic) features of tumor cells may not
only depend on the action of fibroblasts in the tumor environ-
ment, but rather characterize different stages of differentiation
of the original carcinoma cell.®

Focusing again on TGF-B and its role during carcinoma
motility, a plethora of cellular mechanisms can be listed that
involve both Smad-dependent gene regulation and activation of
alternative signaling effectors in the carcinoma cell. For example,
microarray screens have identified regulators of actin dynamics
downstream of TGF-3, such as the guanine exchange factor
NET1, which leads to sustained activation of Rho GTPases,
thus supporting actin reorganization."’? TGF-f also induces
expression of o3B1-integrin and promotes motility and inva-
siveness of hepatocellular carcinoma cells."®? In metastatic
breast carcinoma cells, autocrine TGF-B1 signals via the PI3K
pathway to induce in vitro motility."> Such examples bring
about common signaling mechanisms that are involved in the
establishment of EMT and also contribute to the process of
carcinoma motility.

How relevant is EMT to cancer progression and
metastasis?

The processes of embryonic development that rely on EMT for
the generation of new tissue types are co-opted by tumors,
reflecting their inherent uncontrolled proliferation, which leads
to spatial expansion.!*® Cancer stem cells may be the critical
contributors of EMT in the context of the growing tumor.'* If
this is true, EMT in the tumor context essentially represents
mesenchymal differentiation from tumor epithelial stem cells.
The latter idea is compatible with studies of embryonic stem
cells that are capable of undergoing EMT under in vitro culture
conditions.' In fact, a recent report on a mouse model of
hepatocellular carcinoma progression and metastasis, suggests
that sequential signal transduction by TGF-f3, which then induces
PDGEF secretion and PDGF receptor activation, cooperates with
[-catenin signaling to produce a small population of carcinoma
cells that seem to act as cancer stem cells.™

The hypothesis that EMT during cancer progression may
primarily affect the rare cancer stem cells is compatible with the
low-frequency observation of transitory mesenchymal cells
within or near the mass of a growing tumor that becomes invasive
and metastatic. Based on the difficulty of observing such rare
cell types using classical histochemical techniques, many oncol-
ogists and tumor pathologists have disputed the relevance of
EMT in cancer.'% A more objective view of the role of EMT
during advanced tumor progression and metastasis has consid-
ered the fact that EMT can be transient and reversible, and that
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it represents only one of the steps required by carcinomas to
establish productive expansion via invasiveness and intravasation
to the neighboring vasculature.'’” This is also compatible with
the ability of epithelial cell sheets to migrate without the need
of disseminating single migratory cells, possibly via the action
of proteins such as podoplanin, a regulator of actin dynamics, as
has recently been demonstrated.'® However, mechanisms such
as epithelial sheet migration do not exclude the presence or
significance of EMT as discussed here. Despite the apparent
difficulties in studying tumor-related EMT in vivo, recent
advances in imaging technology and transgenic mouse models
promise possibilities that transitory mesenchymal cells derived
from carcinomas might become easier to follow.!

Because tumors are 3-D tissues with a complex architecture
and a plethora of interconnected cell types and surrounding
extracellular matrix, it is obvious that EMT represents only part
of the processes of tumor cell invasiveness and metastasis.
Starting with a primary carcinoma, EMT of the transformed
carcinoma cells can produce migratory mesenchymal derivatives.
Such migratory cells use extracellular matrix structures (e.g.
collagen fibers) to reach the pericyte/endothelial wall of nearby
blood vessels in order to start the process of intravasation.'® In
this context, EMT can be distinguished from events that initiate
disruption of epithelial cell polarity, such as apical membrane
differentiation and tight junction organization, but fail to generate
true migratory cell derivatives.®” Finally, EMT of primary carci-
nomas may give rise to myoepithelial cells that are associated
with the tumor, and which become major regulators of the extra-
cellular matrix and providers of several growth factors, cytokines
and chemokines that reshape the landscape of the tumor micro-
environment as malignancy progresses.® The latter feature of
EMT in association with the hypothesis that EMT affects cancer
stem cells may in the end be proven as the major biological
roles of EMT in cancer progression.

Contribution of the tumor stroma on EMT and tumor
metastasis

In addition to reshaping the differentiation fate of the carcinoma
cells, EMT may also affect cells in the tumor microenvironment,
such as cancer-associated fibroblasts or myofibroblasts, immune
cells and microvessels. The developmental origin of tumor-
associated fibroblasts is unclear, and EMT of carcinoma cells
has been suggested to be a possible source of such cell types.®
This has been documented in human breast cancer cells that
undergo EMT but retain certain epithelial markers, such as
specific keratins, and function as direct ‘feeders’ of carcinoma
cells that regulate their proliferation.!” The ‘feeding’ process
naturally involves chemokines, growth and angiogenic factors
and among the many, TGF-§} plays a primary role in promoting
secretion of many other cytokines by the fibroblasts.!'V In
addition to TGF-B, PDGF and basic FGF are also produced by
cancer-associated fibroblasts. Such growth factors that signal via
RTK explain the mitogenic effects of TGF-P as explained above
in the discussion of EMT. Another TGF-B-inducible factor
secreted by fibroblasts is connective tissue growth factor (CTGF),
which induces mitogenesis of fibroblasts or neighboring
cells.""? Interestingly, CTGF has recently been established as a
prognostic marker for breast carcinoma metastasis to bone.®"
The tumor stroma also contains the so-called ‘activated’
myofibroblasts, which are characterized by the expression of
a-smooth muscle actin, and which have been proposed to provide
migratory cues for metastatic carcinoma cells, one of them
being TGF-B.1"3 Expression of N-cadherin seems to characterize
the invasive properties of the myofibroblasts. In the invasive
front of squamous cell carcinomas that secrete TGF-f3, stromal
myofibroblasts are derived via EMT.!"'Y TGF-J signaling in the
stromal myofibroblasts further induces expression of HGF,
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which promotes enhanced carcinoma proliferation and invasion.
This tumor model has been confirmed independently after
fibroblast-specific knockout of the TGF-B type II receptor.!!>
Fibroblasts that cannot receive TGF-P signals promote prostate
neoplasms and invasive squamous cell carcinomas in the
forestomach of the knockout mice. These tumors had an excessive
stroma with its fibroblasts secreting high HGF amounts that
stimulated proliferation of the adjacent epithelial cells. When
the TGF-B type II receptor was deleted from the mammary
gland fibroblasts, normal mammary ductal development was
inhibited significantly, because epithelial cell numbers decreased,
while the knockout fibroblasts increased in numbers.!!® A mix-
ture of receptor knockout mammary fibroblasts with mammary
carcinoma cells, when xenografted into mice, led to high tumor
growth and invasion, which correlated with over-production
of HGF, macrophage-stimulating protein (MSP) and other
mitogenic factors by the knockout fibroblasts.

Such studies concentrating on cancer-associated fibroblasts and
their regulatory roles promise new designs for anti-tumor therapy.

EMT and MET are established in vivo Processes in
fibrotic disease

In addition to cancer, EMT has been documented as a prominent
cellular process that contributes to tissue fibrosis. The best
studied cases are the development of fibrosis in the kidneys of
patients with chronic renal failure (reviewed in®). A major role
has been ascribed to TGF-f in the context of such fibrotic
disorders of the kidney. Accordingly, renal tubular epithelial
cells undergo EMT and deposit high levels of extracellular
matrix in response to the abnormally high levels of bioactive
TGF-B detected in these kidney lesions in patients suffering
from diabetic nephropathy or in experimental animals where a
protocol of ureteral obstruction is applied.®°D The end result is
tubulointerstitial fibrosis, which obstructs the proper filtering
function of the kidney glomeruli.

A number of inhibitors that target signaling proteins of
various pathways have proven efficacious for treatment of
kidney fibrosis at least in the context of experimental mouse
models. Some of these inhibitor studies could potentially be
translated to therapeutic application in humans. For example,
TGF-B seems to activate the intracellular kinase and proto-
oncogene, c-Abl, during signaling in fibroblasts of injured
kidneys. Based on this observation, progression of lung and kidney
fibrosis in experimental mouse and rat models could be blocked
by inhibitors of the c-Abl kinase, such as imatinib."'” Another
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attractive target for intervention is ILK, which contributes to
EMT in cell models in vitro; in mouse models of kidney fibrosis
in vivo, dominant-negative mutants of ILK effectively block
progression of fibrosis.® These findings suggest that combi-
nations of drugs that attack multiple signaling enzymes might
provide efficient pharmacological regimens that would eliminate
EMT-based processes during tissue fibrosis.

In addition to TGF-B and the intracellular kinases that impact
on EMT in fibrotic disorders, BMP induce the inverse process
of MET, and in this way antagonize the actions of TGF-} on
fibrotic kidney epithelial cells in vitro.®® A similar mode of
action of the BMP acting as TGF-f} antagonists has been observed
in additional in vitro cell models, such as normal mammary and
lens epithelial cells.“Y More important is the in vivo relevance
of this process that has been demonstrated during kidney
fibrosis®. In this case, BMP-7 acts on adult renal fibroblasts
and promotes MET, which has therapeutic effects because the
injured kidney regenerates and heals. We therefore suggest
that additional members of the BMP family might be potent
inducers of MET in various organs, and thus, in addition to kidney
fibrosis, such processes may have clinical importance even in
cases of cancer progression.

Perspectives

The process of EMT downstream of various signaling factors
becomes gradually explored in greater depth. A future challenge
is the understanding of complex signaling networks operating
during EMT in vivo. Additional important regulators of EMT
are also expected to be discovered in the years to come. A focus
on EMT also promises the generation of new drugs against
cancer cell invasiveness and metastasis, but also against tissue
fibrosis. Based on the role of multiple signaling pathways that
establish EMT, combinations of drugs that affect TGF-f3, Notch,
Wnt and RTK signaling might become important in anticancer
therapy.
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