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OPINION

Diverse cellular and molecular
mechanisms contribute to epithelial
plasticity and metastasis

Stefan Griinert, Martin Jechlinger and Hartmut Beug

In contrast to the aberrant control of
proliferation, apoptosis, angiogenesis
and lifespan, the cellular mechanisms
that cause local invasion and metastasis
of tumour cells are still poorly
understood. New experimental
approaches have identified different types
of epithelial-plasticity changes in tumour
cells towards fibroblastoid phenotypes as
crucial events that occur during
metastasis, and many molecules and
signalling pathways cooperate to trigger
these processes.

The mechanisms that oncogenes or tumour-
suppressor genes use during malignant trans-
formation are increasingly well understood™.
However, the emphasis that surrounds crucial
events during tumour progression is chang-
ing, as many molecular and epigenetic
changes seem to cooperate in altering
tumour-cell behaviour. These crucial events
include altered responses/interactions of
tumour cells to humoral and cellular environ-
mental cues, such as paracrine and autocrine
factors, tumour stroma and immune cells®*.
However, molecular understanding of these
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Box 1 | Normal and pathological epith

elial-plasticity phenotypes

[ .000 B
-
—
Cell division
S Wound healing;
2
:g: acute
S > inflammation
—
Migration; w7
tubulogenesis; :@#
branching %t
XX N 7
ot @ 2
Mesoderm Iy
formation; = i
kidney and
palate development =29
2
A

Polyps,
hyperplasias
or
Chronic Benign
inflammation; tumours
fibrotic changes (adenomas)
in liver cirrhosis;
lung fibrosis;
asthma/COPD;
rheumatoid Dedifferentiated
arthritis g??vf s
=) Local invasion,

metastasis

L
o)

¢

< Apical markers (DPP-IV, Muc1)
— Mesenchymal markers (vimentin)

< Basolateral mal

rkers (E-cadherin, B, integrin, ZO-1)

This simple scheme depicts the speculative idea
a fibroblastoid, mesenchymal phenotype occurs

complex events has been impeded by the lack
of communication between mechanistic
research on model systems? and the inher-
ently more descriptive studies on classifica-
tion and diagnosis of human cancer*. This is
being overcome by the recognition that
tumour progression/dedifferentiation might
resemble complex cellular processes that also
occur during early development, tissue
remodelling and inflammatory processes’.
Here, we will mainly focus on
epithelial-mesenchymal transition (EMT) and
the signalling pathways that regulate this
process. EMT was initially defined as a process
during which epithelial cells: first, acquire a
fibroblastoid, invasive phenotype; second,
downregulate epithelial-specific proteins (for
example, tight- and adherens-junction
proteins) and induce various mesenchymal
proteins (for example, vimentin; see BOX 1and
BOX 2¢); and third, digest and migrate through
the extracellular matrix (ECM)*°. The recent,
broader use of the term EMT, however — in an
attempt to cover any one of the diverse changes
in epithelial cells towards fibroblastoid mor-
phology — has considerably confused the field.

that loss of epithelial polarity and acquisition of
to varying degrees in normal cells (dotted

nuclei) in many processes during development and tissue repair in adults (left panel), as well as
in genetically altered cells (full nuclei) during numerous pathological processes (right panel).
The cell cartoons depict (top to bottom): fully polarized epithelial cells; partial loss of epithelial
polarity; complete loss of epithelial polarity; migration/scattering (without sustained gene-
expression changes); and epithelial-mesenchymal transition (EMT, including loss of epithelial
and gain of mesenchymal markers). COPD, chronic obstructive pulmonary disease; DPP-IV,
dipeptidylpeptidase IV; ZO-1, zona occludens 1.

Our focus on Ras plus transforming growth
factor-f (TGF-B) to regulate EMT and metas-
tasis should not belittle the potential impor-
tance of other mechanisms — for example,
those that involve scatter factor (SF; also
termed hepatocyte growth factor, HGF) or
fibroblast growth factor (FGF) (see REE 4 and
references therein).

Epithelial plasticity and EMT in vivo

Many processes during embryonic develop-
ment and in adult organisms might cause
epithelial cells to lose their polarized phe-
notype. Transient loss of polarity, accompa-
nied by redistribution of tight- and
adherens-junction markers (for example,
E-cadherin or zona occludens 1 (ZO-1)) and
migration/spreading of cells or cell groups,
occur in many developmental processes.
These include tubulogenesis and branching in
the mammary gland, or tissue reorganization
during wound healing. Several other normal
processes — such as mesoderm formation
during gastrulation, palate fusion and emigra-
tion of neural-crest cells from the neural tube
— involve EMT, including transcriptional loss

of epithelial markers (E-cadherin) plus induc-
tion of vimentin*’~'* (BOX 1).

Significantly, a similar variety of epithelial-
plasticity changes also occur during patho-
logical processes'™'? (Box 1). Chronic
inflammation involves the loss of epithelial
polarity, altered deposition of ECM proteins,
and migratory processes, and contributes to
diseases such as lung and kidney fibrosis,
chronic obstructive pulmonary disease and
chronic asthma, which perhaps also involve
the dedifferentiation of epithelial cells into
myofibroblasts®.

Progression of carcinoma cells in dediffer-
entiated, metastatic tumours also involves
many epithelial-plasticity changes*'*'® (BOX 1).
Often, processes that resemble chronic
inflammation accompany tumour progres-
sion®. Epithelial cells from benign tumours
(adenomas) show altered epithelial polarity,
whereas progression towards more dediffer-
entiated, malignant, human tumours involves
changes towards migratory, fibroblastoid cell
types, including EMT'*5. The extent to which
this takes place has been hard to determine —
in some tumours, EMT is transient, occurs
only at invasion fronts of metastasizing
primary carcinomas and can be reversed
after the establishment of metastasis*'®.
Furthermore, standard histology of human
tumours fails to detect mesenchymal cells
that are formed during EMT, as they are
indistinguishable from fibroblastoid,
tumour stroma cells. However, by co-stain-
ing for basal cytokeratins (which are still pre-
sent in dedifferentiated epithelial cells, but
absent in fibroblastic cells) and EMT mark-
ers such as vimentin, EMT has been shown
to occur frequently'’.

EMT in culture: diverse phenotypes

Signal-transduction pathways that modulate
epithelial plasticity have been analysed in cul-
ture using different epithelial cell lines. In
these studies, the term ‘EMT’ has been used
in a rather loose fashion to encompass a
much more diverse set of epithelial-plasticity
phenotypes — thereby creating confusion in
the field. Many of these experiments have
been carried out in standard, two-dimen-
sional (2D) cultures in plastic dishes (BOX 2a,
left panel). This impairs epithelial polariza-
tion, as nutrients and growth factors cannot
pass through the tight junctions of a fully
polarized monolayer and so fail to reach their
basolaterally-located receptors that face the
plastic surface. This problem has been cir-
cumvented by culturing the cells on porous
supports (BOX 2a, middle panel), which allows
the factors access to the basolateral domain,
or in three-dimensional (3D) collagen-gel
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Box 2 | Epithelial plasticity: cell culture systems, assay methods and cell pairs used

The schematics in (a) illustrate the different cell
culture systems — plastic, porous supports
(filters) and three-dimensional (3D) collagen
gels — that are used to analyse epithelial-
plasticity phenotypes before (top) or after
(bottom) induction by ligands, signal
transducers or oncoproteins. For 3D cultures,
both the culture design and the organotypic
structures obtained are shown. The dotted
nuclei represent normal cells, whereas the full
nuclei are indicative of genetically altered cells.
The images in (b) show the cellular properties
that can be analysed in 3D collagen cultures.
EpRas cells before (top) or after (bottom)

collagen cultures are shown in bright field (far-
left panels) or after in situ immunofluorescence
staining for E-cadherin (green) plus vimentin
(red) and analysis by confocal microscopy
(middle-left panels)'®. Apoptosis-resistant
V12C40Ras cells (hyperactivated
phosphatidylinositol 3-kinase (PI3K) pathway,
top) and apoptosis-sensitive V12S35Ras cells
(hyperactivated extracellular-signal-regulated
kinase (ERK)/mitogen-activated protein kinase
(MAPK) pathway, bottom) are shown as an
example to measure apoptosis by TUNEL (TdT-
mediated dUTP nick-end labelling) staining
(middle-right, green). Hyperproliferation of
EpRas cells (far-right panel, bottom) compared
with control cells (EpH4, far-right panel, top) is
shown both in bright field (far-right panel,
left-hand section) and after bromodeoxyuridine
BrdU-staining (pink; far-right panel, right-hand
section) to show proliferating cells. Part b is
reproduced with permission from REE. 18 ©

Z0-1, zona occludens 1.

cultures, in which fully polarized cells form
organotypic structures (BOX 2a, right panel;
BOX 2b).

In addition, cells have been exposed to fac-
tors or inducible oncogenes using very differ-
ent experimental regimes. Obviously, this
diversity in several parameters could account
for the inconsistent or even conflicting results
that have been obtained. FIGURE 1 summarizes
these findings, and groups experiments
according to the type of epithelial-plasticity
change observed, the cell culture systems used
(BOX 2a), and the signalling pathway or path-
ways involved.

Scattering versus EMT. Most studies have
used cells cultured on plastic and exposed to

epithelial-mesenchymal transition (EMT) in 3D

a Culture systems

Control ‘

Ligands, signal
transducers or
oncoproteins

P o <
Plastic
(2D, partially polarized)

b Assay systems in 3D collagen gel cultures
Bright field
)

EpRas
control

¢ Cell types for analysis of EMT or scattering

1-3: EMT cell pairs @ —

4,5: Scattering cell pairs ﬁl §

Porous support
(2D, polarized)

Immunoﬂuorescence

Collagen gel
(8D, organotypic structures)

Apoptosis Proliferation

V12C40Ras + TGF-B

1. EpS35/EpS35XT
2. EpRas/RasXT
3. FosER —/+ E2

4. EpCA0/EpCAOXT
5. EpH4-Bcl-2 —/+ TGF-B

< Apical markers (DPP-IV, Muc1)
— Mesenchymal markers (vimentin)

< Basolateral markers (E-cadherin, B, integrin, ZO-1)

(2002) The Rockefeller University Press and REE 21 © (2002) Macmillan Magazines Ltd.
The simple cartoons in (c) illustrate the morphology and epithelial/mesenchymal marker redistribution or expression that is typical for EMT and
scattering. The different cell pairs used for cellular and molecular analysis (that is, expression profiling) of EMT and scattering (driven by different
oncogenes and/or growth factors) are also listed. DPP-IV, dipeptidylpeptidase IV; EpS35, V12S35Ras cells; EpC40, V12C40Ras cells; FosER, EpH4 cells
expressing an oestrogen (E2)-activatable oestrogen receptor—c-Fos fusion protein; XT, Ras or Ras mutant cells recultivated from tumours or collagen gels;

growth factors, inhibitors or inducible
oncogenes, for 48 hours or less. Under these
conditions, cells became migratory and
fibroblastoid in shape and lost epithelial polar-
ity, with a concomitant redistribution/reduced
expression of epithelial markers (E-cadherin);
but, they failed to turn on a mesenchymal
gene-expression programme?* . This pheno-
type is induced by SE/HGE, TGE-f, FGFs and
epidermal growth factor (EGF)/transforming
growth factor-o and — dependent on the
cell type — involves the extracellular signal-
regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) and phosphatidyli-
nositol 3-kinase (PI3K) pathways, as well as
the small GTPases Rac and Rho. As this phe-
notype was first observed with scatter factor,

we refer to it as ‘scattering’ (for more informa-
tion and references, see FIG. Ic, REE 18 and
ONLINE TABLE 1).

In contrast to scattering, full EMT is com-
pleted only after >4—6 days of exposure to
several signals, and occurs only in certain cell
types, some of which require 3D culture con-
ditions to rapidly and synchronously undergo
EMT. As some cells that are capable of EMT
undergo scattering after short-term factor
treatment, one crucial parameter for inducing
scattering or EMT might be acute versus
chronic signal exposure (see FIG. 1d, REE 18 and
ONLINE TABLE 1).

Ras in cell plasticity. Expression of oncogenic
Ras in various epithelial cell types and culture
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Plasticity phenotype
a Plastic epithelium

e =

b Loss of polarity

Culture system

€ Scattering

d EMT

Inducing agent Pathway(s) involved

HGF/SF PI3K
Ras ?
Ras ERK/MAPK; Rho

Neuregulin; HER2 ERK/MAPK

HGF/SF [ERK/MAPK

EGF +/- PI3K

FGFs Ras; ERK/MAPK; Src
Ras ERK/MAPK; Rac

ca PIBK %

TGF-B1/3 PI3K; RhoA; PKC-¢

TGF-B1+B4 integrin TGF-BR; dn p38

TGF-p1 + Bal-2 ?
V12C40Ras + TGF-B1| | TGF-BR; PI3K

| Res + TGF-B1 | [ ERKIMAPK; TGF-BR
Ras + TGF-p1 ERK/MAPK; TGF-BR
V12S35Ras + TGF-B1 | ERK/MAPK: TGF-BR
FosER TGF-BR
RafER + TGF-B1 TGF-BR

— Mesenchymal markers (vimentin)

< Apical markers (DPP-IV, Muc1) < Basolateral markers (E-cadherin, B4 integrin, ZO-1)

Figure 1 | Diversity of epithelial phenotypes. This schematic shows the diversity of phenotypes that
were induced by growth factors, signal transducers and oncoproteins. The phenotypes obtained were
grouped: first, according to four different epithelial-plasticity phenotypes induced by respective agents
(indicated by the cell schemes outlined in BOX 1); second, according to the cell-culture system used
(indicated by cartoons for plastic, filters and 3D culture: see BOX 2a); third, according to the inducing
agents that are involved; and fourth, according to the signalling pathways that are involved. For details of
the various cell systems and signal-transduction tools used, and for respective references, see ONLINE
TABLE 1. ca, constitutively active; dn, dominant-negative; DPP-IV, dipeptidylpeptidase IV; EGF, epidermal
growth factor; ER, oestrogen receptor; ERK, extracellular signal-regulated kinase; FGF, fibroblast growth
factor; SF/HGF, scatter factor/hepatocyte growth factor; MAPK, mitogen-activated protein kinase; PKC-T,
protein kinase C ¢; PI3K, phosphatidylinositol 3-kinase; R, receptor; TGF-, transforming growth factor-f;

Z0-1, zona occludens 1.

conditions has also yielded partially conflict-
ing results. In cells cultured on plastic, either
H-Ras or constitutively active ERK/MAPK
was sufficient to cause scattering (FIG. 1c),
whereas similar cells grown on filters lost only
apical, but not basolateral, polarity. Apart
from subline variability, the different culture
conditions might account for various discrep-
ancies. For example, Ras transformation might
destabilize — rather than abolish — tight and
adherens junctions, which could lead to a scat-
tering phenotype on plastic, whereas epithelial

polarity would be partially or fully maintained
on filters or 3D collagen cultures, respectively
(see FIG. la—c and ONLINE TABLE 1).

Plasticity in 3D culture

EpH4 cells — an epithelial cell line sponta-
neously immortalized from mid-pregnant
mouse mammary glands — form organ-
otypic, tubular structures in 3D serum-free
collagen I gels'*? (EIG. 2a). Recently, this 3D
culture system has been adapted to analyse
cell morphology and behaviour; epithelial

and mesenchymal marker gene and protein
expression; apoptosis; and cell prolifera-
tion'®?! (BOX 2b). This has allowed the analysis
of EpH4-cell responses to different onco-
genes and/or various growth/differentiation
factors in a more physiological way than is
possible in conventional 2D cultures (see
REFS 18,20 and references therein). According
to morphology, polar or non-polar marker
localization and epithelial versus mesenchy-
mal marker expression, at least four different
types of epithelial plasticity could be evoked
in EpH4 cells by different signals or signal
combinations.

Plastic epithelium. Both EpH4 cells and
EpRas cells (the counterparts of EpH4 cells
that express oncogenic Ras) form tubular,
branched structures of fully polarized cells,
but EpRas cells grow faster (BOX 2b) and
mainly form alveolar structures with larger
lumina (FIG. 2a). We refer to this EpRas pheno-
type as ‘plastic epithelium)’, to highlight the
increased epithelial plasticity and migratory
capacity of the EpRas cells, which is also
observed in Ras-transformed kidney- and
liver-derived cell systems?***% (FIG. 1a).

Polarity loss. Complete loss of epithelial
polarity in the absence of induced migra-
tion — as indicated by non-invasive struc-
tures with collapsed lumina, redistribution
of apical and basal markers, and partial dis-
ruption of adherens-junction integrity (FIG. 1b)
— can be selectively induced in EpH4 cells
by an inducible fusion protein containing
the Jun transcription factor' (FIG. 2b). This
indicates that loss of epithelial polarity is
not necessarily a consequence of induced
migration or acquisition of a fibroblastoid
phenotype.

Scattering and complete EMT. In EpRas cells,
two more pronounced phenotypic changes
— scattering and EMT — are induced by dif-
ferent signals. Significantly, both phenotypes
similarly show a loss of epithelial polarity, a
fibroblastoid morphology and enhanced
motility, but can be distinguished by marker
gene analysis and reversibility studies (FIG. 1c,d
and 2c,d) .

During scattering, epithelial markers (for
example, E-cadherin and B, integrin) are
redistributed, but not lost, and mesenchymal
markers such as vimentin are not induced
(FIG. 2¢). Scattering is induced by FGF,
SE/HGF or TGF-f alone but is fully
reversible after removal of the inducing fac-
tors (FIG. 1cand 2¢). As TGF-f induces apop-
tosis in EpH4 cells (in contrast to other cell
types used**’), TGF-B-induced scattering
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a Plastic epithelium
H-Ras alone

€ Scattering

EpRas + HGF

Reversible polarity loss + migration/fibroblastoid
behaviour; RTKs

EpRas +/- HGF

b Loss of epithelial d EMT

polarity
c-JunER

Mesenchymal behaviour and gene expression;
Ras/RTKs + TGF-BR

Figure 2 | Multiparameter analysis of epithelial-plasticity phenotypes in 3D collagen gel cultures.
Four different epithelial-plasticity phenotypes (see text) induced by various external signals and/or
oncoproteins in three-dimensional (3D) collagen gels are depicted in bright field and after
immunofluorescence analysis (see BOX 2b). The four phenotypes are marked by cell schemes for: (a)
plastic epithelium (green staining, E-cadherin), (b) loss of polarity (green staining, f-catenin), (c) scattering
(green staining, B, integrin; red staining, vimentin) and (d) epithelial-mesenchymal transition (EMT; green
staining, B, integrin), as distinguished by epithelial and mesenchymal markers. Blue staining, nuclear
marker. Cell types used and treatments applied to show the respective epithelial-plasticity changes are
shown in all panels. In the Jun—oestrogen-receptor fusion (ER) example (c), ultrathin sections of the
respective structures after staining for the basolateral marker f-catenin are shown instead of confocal
micrographs of whole structures. E2, oestradiol; HGF, hepatocyte growth factor; R, receptor; RTKSs,
receptor tyrosine kinases; TGF-f, transforming growth factor-f. Part b is reproduced with permission from
REE 19 © (1996) The Rockefeller University Press. Parts ¢ and d are reproduced with permission from

REF. 18 © (2002) The Rockefeller University Press.

requires protection from apoptosis by potent
survival factors such as Bcl-2 or activation of
the PI3K pathway® (FIG. 1¢).

In contrast to scattering, EMT involves
loss of E-cadherin, 8, integrin and ZO-1, and
de novo expression of mesenchymal markers
such as vimentin®*?. Typically, EMT-induc-
ing signal combinations involve oncogenic
Ras and TGF-f, which must be present for
prolonged time periods (>4—6 days)*?>2%
(FIG. 1d). Furthermore, EMT persists after
withdrawal of these signals, and is stabilized
by autocrine TGF-f secretion, so EMT is
maintained as a metastable phenotype inde-
pendent of exogenous factors'”'*?, EMT can,
however, be reversed by interference with Ras
or TGF-f signalling in vitro'”'®° or in vivo'S.

TGF-$ cooperates with other signals
One central feature of EMT is the coopera-
tion of TGF-f-family members with receptor
tyrosine kinase (RTK)-driven signalling path-
ways. This cooperation overcomes the
tumour-suppressive effects of TGF-B-receptor
signalling (cell-cycle arrest and apoptosis
induction), so that TGF-f can influence
epithelial plasticity and migration/motility,
which are crucial for tumour progression and
metastasis®*’!. How does this cooperation
function at the molecular level?

Diverse mechanisms contribute to signal
cooperation. Cooperation between TGF-f
receptors and RTKs or other receptors
involves many mechanisms (see REFS 30-32
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and references therein), which can be (arbi-
trarily) divided into four groups (BOX 3).
First (group a), TGF-f receptor and RTK
signalling converge at the level of transcrip-
tional regulation. This might occur through
separate activation of different transcrip-
tion factors that have similar or opposing
actions, or through cooperative mecha-
nisms — for example, complexes of Smads
(transcription factors that respond to TGF-f3)
and other transcription factors. Either
mechanism can lead to synergistic or
antagonistic target-gene regulation that is
dependent on the cellular context. Second
(group b), Smad-independent TGE-f-
receptor signalling pathways are being dis-
covered that activate or inhibit many signal
transducers that are also co-regulated by
RTK signalling. Third (group c), several
RTKs and other receptors negatively regu-
late Smad signalling by transcriptional
upregulation of inhibitory Smads
(Smadé6/7). Finally (group d), RTK sig-
nalling might induce autocrine production
of both TGF-f and other RTK ligands*>***.
TGF-f autoinduces itself* and might also
contribute to autocrine secretion of
platelet-derived growth factor (PDGF)
(M. J. et al., unpublished observations).
Significantly, this integration between
receptor and RTK signalling occurs at many
levels, which either enhances the activity of
both pathways or leads to intermediate
responses owing to the integration of
opposing signals (see legend to BOX 3).

Signal cooperation in vivo. Interestingly,
cooperation of TGF-f or related factors,
such as bone morphogenetic proteins
(BMPs), with RTK ligands occurs in most,
if not all, normal and pathological situa-
tions that involve EMT. Mesoderm forma-
tion during gastrulation involves FGFs and
BMPs, as well as proteins that positively or
negatively regulate the processing, secretion
or activity of both factor types®?**. TGF-f-
family members and many RTK ligands
have been reported to regulate trophoblast
differentiation”’, neural-crest-cell develop-
ment'® and palate development?®.
Significantly, TGF-f and EGF or PDGF
also cooperate in matrix accumulation and
myofibroblast generation in chronic lung
and kidney diseases, and this is aided by
inflammatory cytokines such as tumour
necrosis factor-oo (TNF-a) and various
interleukins'"'?. Finally, tumour progres-
sion and metastasis clearly require the
cooperation of TGF-f with RTK ligands or
downstream oncoproteins in vitro'®**?? and
in vivo®3%,
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Box 3 | Cooperation of TGF-3 receptors with RTKs: diverse mechanisms

Schemes a—d depict regulatory effects of a Transcriptional modulation

receptor tyrosine kinases (RTKs) and

¢ TGF-fR signal inhibition (I-Smads)

. TGF-BR RTK -
transforming growth factor-f§ (TGF-f) receptors P 1GT6BR21 Lgfcoé
that are selected for their importance in Tgro—yagoptotic proteins pathway
crosstalk of signals from these two receptor TNet1/RhoA/PIZK
Sienals fi RTKSs (d d /i 1Cdc25, c-Myc IFNy
types. Signals from s (dotted arrows/lines) Jaki/Stat1
and TGF-f receptors (solid arrows/lines) might RTKs PDGFR
either enhance or (more importantly) attenuate TRas/ERK/MAPK/AP-1
. . R TPI3K/anti-apoptotic protein ?/Stat1
each other in a cell-type-specific and signal-
specific fashion. Signal integration (mixed Stress signals SG:R
solid/dotted arrows/lines) between several of TJINK/c-Jun; p38/ATF2 nrnown
these pathways could provide the molecular TGF-BR + RTKs
basis for the several epithelial-plasticity TE-cad-repression (Snail/AEF1)
phenotypes described. At least four groups of TEMT genes
mechanisms can be distinguished: Wnt/E-cadherin signalling
Cooperation through transcriptional Iggggeﬁé% LEF/TCE
regulation (group a)
Smad-dependent transcriptional regulation of b Smad-independent signalling d Autocrine loop induction
_3- i TGF-BR RTK
TGEF- .tar.get genes is modulatec? at.the TGF-BR RTK e e el el p
transcriptional and post-transcriptional level by TGEPp ¢ L4 RTKs/Ras
R . PP2A-Bo/PP2Acat/ signalling
RTK signalling — for example, by p70 SBK-inhibition g h TGF-B
hosphorylation of Smads, transcription factors d :
prosprory . b . 2; RoA/ROCK/PIBK y  EGFR lgands
or co-regulators — which can also alter the ' +  EGFR/PIBK
composition/activity of such transcriptional Ny . XIAP/TAB1/TAK1/ g
0.; INK/p38 i TGF-BR
complexes. b p +  signalling
Smad-independent signalling (group b) ?DAF)i% /?j’J\‘l:l<K/p38 : ;%g,?a/
An increasing number of signalling pathways that - /> PDGFR/
do not directly involve Smads might mediate ?, PI3K (p85) EEE /2

crosstalk to signal transducers that are also

regulated by RTKs; for example, extracellular

signal-regulated kinase (ERK)/mitogen-activated

protein kinase (MAPK), phosphatidylinositol 3-

kinase (PI3K), p38 MAPK, ribosomal S6 protein kinase (p70 S6K). In a few cases, new effectors that directly complex to TGF-f receptors (PP2A-Bai, XIAP,
DAxx) have been identified, although most of these effectors are still unknown (question marks).

TGEF-f receptor signal inhibition by induction of inhibitory (I-) Smads (group c)
A surprisingly large number of signalling pathways cause the upregulation of I-Smads (Smad6/7), through mechanisms that are only partially known.

Autocrine loop induction (group d)
RTKs and TGF-f} receptors might also cooperate through auto- and/or trans-induction of autocrine loops, involving both RTK ligands and TGF-f} family
members, which then activate other signal-transduction pathways. Sometimes, these autocrine loops might even operate in cascades (not shown).

Blue circle and red pentagon in part b represent signal transduction intermediates. AP-1, activator protein 1; ATF2, activating transcription factor 2;
Co, co-repressor or co-activator; Co-act, co-activator; Co-rep, co-repressor; DAxx, Fas-death-domain-associated protein; EGFR, epidermal growth-factor
receptor; EMT, epithelial-mesenchymal transition; IFN-y, interferon-y; JAK, Janus kinase; JNK, c-Jun amino-terminal kinase; LEF1, lymphoid-enhancer-
binding-factor-1; PDGE, platelet-derived growth factor; PP2A, protein phosphatase 2A; PP2A-Ba, the Bo: regulatory subunit of PP2A; PP2Acat, catalytic
subunit of PP2A; R, receptor; ROCK, Rho kinase; STAT, signal transducer and activator of transcription; NF-kB, nuclear factor kB; TAB1, TAK1-binding

inhibitor of apoptosis.

Ras signals in EMT and scattering

Ras functions through numerous effectors,
such as Rafl kinase and PI3K. Rafl signals
through MAPK and ERK kinase (MEK) to
ERK/MAPK; and PI3K functions through
the Akt/protein kinase B (PKB) pathway*
(FIG. 3a). The impact of these signalling path-
ways on epithelial plasticity was analysed in
the EpH4 model, using Ras mutants that
specifically activate only the Rafl-MEK-
ERK/MAPK pathway (V12S35Ras) or the
PI3K-Akt/PKB pathway (V12C40Ras).

Furthermore, specific inhibitors that block
Ras, MEK1 or PI3K (FIG. 3a) were used to
interfere with EMT induction or mainte-
nance in EpRas cells. Both approaches
showed that EMT requires a hyperactive
ERK/MAPK pathway in combination with
TGF-f signalling. EpH4 cells transformed
with V12S35Ras underwent EMT and
expressed vimentin in collagen gels after
TGEF-f treatment, whereas Ras or MEK1
inhibitors prevented or reverted EMT!®%!
(FIG. 1d). By contrast, protection of EpH4

protein; TAK1, TGF-f3-activated kinase; TCF, T-cell factor; TF, transcription factor; TNF-o, tumour necrosis factor-a; XIAP, X-chromosome-linked

cells from TGF-B-induced apoptosis by
either V12C40Ras-induced PI3K signalling,
or Bcl-2 overexpression enabled TGF-f} to
cause reversible scattering'® (FIG. 1cand 2¢).
Significantly, a hyperactive ERK/MAPK
pathway (together with basal PI3K sig-
nalling) was crucial for EMT, as moderately
elevated ERK/MAPK-pathway activity
induced few or no effects'®*".

Are the same pathways also required to
induce EMT in other systems? Ras-trans-
formed hepatocytes, Madin—Darby canine
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kidney (MDCK) cells that express an oestro-
gen-inducible Rafl fusion protein (RafER),
and EpH4 cells expressing a similarly
inducible c-Fos protein (FosER) all depend
on autocrine TGF-f} secretion to maintain
EMT?»?**, Whereas RafER clearly acted
through hyperactive ERK/MAPK signalling,
Ras hepatocytes seemed to use the PI3K path-
way during EMT induction, but acquired a
hyperactive ERK/MAPK pathway during
subsequent formation of liver tumours*
(W. Mikulits, unpublished observations). By
contrast, the signalling pathways used by FosER
to induce EMT remain to be investigated.

Many other signalling pathways might
contribute to the regulation of EMT. For
example, [3-catenin-lymphoid-enhancer-bind-
ing-factor-1 (Lefl) signalling**? cooperates
with Smads in transcriptional complexes®’.
EMT might also require the activity of both
N-cadherin and o, integrin (D. von Bredow
et al., unpublished observations). It is not
surprising that the regulation of EMT is so
complex, as EMT occurs only under rare cir-
cumstances in vivo®** and has to be strictly
controlled to prevent abnormal development
and tumour progression'®"’.

Expression profiling

Significant insights into the genes and path-
ways that are important for the epithelial-
plasticity phenotypes described above have
been obtained by profiling the expression
patterns of polysome-bound messenger
RNA*. Two groups of EpH4-based cell pairs
were analysed: one cell line from each pair
was induced to undergo EMT (in the case of
three cell pairs) or scattering (in the case
of two cell pairs) using various different
oncogenes/factors. Expression profiles of the
induced and non-induced cell lines from
each pair were compared to identify either
EMT- or scattering-specific genes™ (BOX 2c).
Two cell pairs analysed before or after trans-
formation with Ras or Bcl2 served as con-
trols. The expression profiles obtained for the
three EMT cell pairs were similar, but strik-
ingly different to those obtained by the two
scattering cell pairs. Ninety-two genes were
specifically upregulated in EMT, whereas
more than 300 upregulated genes were spe-
cific for scattering, as well as being upregu-
lated in plastic epithelium. Interestingly,
many genes that were strongly associated
with EMT are known to promote tumorige-
nesis, including both key regulators and
components of entire signalling pathways
that are important for cell proliferation,
epithelial polarity and motility/invasiveness.
For instance, six genes involved in PDGE-
receptor signalling were upregulated during

a \al 2535Ras
PD98059 (
Oncogemc
H-ras
LY739749

Akt/
PKB

LY294002 t
V12C40Ras
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V12535Ras

V12C40Ras

Ex-Tu, filters

(AN TS

Figure 3 | Different Ras downstream signalling pathways contribute to distinct tumour
phenotypes in vivo. a | Schematic drawing of the Ras downstream signalling pathways that cause either
scattering/fast tumour growth (phosphatidylinositol 3-kinase (PI3K) pathway, blue) or
epithelial-mesenchymal transition (EMT)/metastasis (extracellular signal-regulated kinase (ERK)/mitogen-
activated protein kinase (MAPK) pathway, red), in cooperation with transforming growth factor-3. Inhibition
of all pathways (by LY739749) or selective inhibition of Ras-downstream pathways (by PD98059 or
LY294002 for ERK/MAPK and PI3K, respectively) by appropriate low-molecular-weight inhibitors, as well
as selective activation of these pathways by effector-specific Ras mutants (V12S35 and V12C40 for
ERK/MAPK and PI3K, respectively) is also depicted. b | ERK/MAPK is required for EMT in vivo and
metastasis. V12S35Ras cells (right panel) but not V12C40Ras cells (left panel) induce lung metastasis
after injection into the tail vein of nude mice. Both cell types form tumours in mice (not shown), but cells
recultivated on filters from the primary tumours undergo EMT (using the expression of vimentin (red), and
the loss of expression of E-cadherin (green) as markers) only in the V12S35 cells and not in the V12C40
cells (see insets). Blue staining, nuclear marker. PKB, protein kinase B; Ex-Tu, ex-tumour; MEK, MAPK
and ERK kinase. Part b is reproduced with permission from REE. 18 © (2002) The Rockefeller

University Press.

EMT. Functional analysis confirmed that
TGF-f induces an autocrine PDGF loop
during EMT. This autocrine PDGF sig-
nalling is essential for EMT: it functions
through PDGF-receptor-mediated hyperac-
tivation of the PI3K pathway beyond the
level that is induced by oncogenic Ras, a
process that is required for complete protec-
tion of EpRas cells from TGF-f-induced
apoptosis®. This established that scattering
and EMT are separate, molecularly distinct
processes in epithelial plasticity. It remains to
be established whether any of these EMT
genes’ also discriminate between benign and
metastatic human tumours.

Epithelial plasticity: in vivo relevance?

Is EMT anin vitro correlate of metastasis?
To address the relevance of epithelial plas-
ticity for metastatic potential, EpH4 cells
expressing wild-type or Ras-effector mutant
proteins (V12S35Ras and V12C40Ras) were
injected into mice. All tumorigenic cell
types that could undergo EMT (EpRas,
V12S35Ras and Ras hepatocytes) showed
metastatic ability'®*. By contrast, the
tumours induced by V12C40Ras cells failed
to metastasize, in line with their inability to
undergo TGF-p-induced EMT in vitro'®*
(FIG. 3b). Therefore, EMT represents a faith-
ful in vitro correlate of metastasis, consistent

with its role in development during which
cells digest and traverse through basement
membranes and migrate to distant sites in
the embryo®. It is unclear, however, whether
or not human tumour cells that only
undergo scattering, or show unrelated
epithelial-plasticity phenotypes®, can
metastasize without (at least transiently)
undergoing EMT.

EMT and tumour growth rate: independent
regulation? Activation/overexpression of
ErbB2 (also known as HER2/neu)***® or Ras
signalling through polyoma middle T (REE 47)
cause mammary-gland hyperplasias or
tumours, indicating that these signals cause
tumour-cell hyperproliferation. This in vivo
effect was recently reproduced in culture
using 3D collagen gels. In this system, Ras or
ErbB2-transformed EpH4 cells proliferated
much faster than EpH4 control cells*. Both
hyperproliferation in 3D cultures and rapid
tumour growth were dependent on
enhanced PI3K signalling, as shown using
EpH4 cells that expressed V12C40Ras. By
contrast, tumours that arose from moderate
activation of the ERK/MAPK pathway in
V12S35Ras-EpH4 cells showed delayed
onset and/or reduced growth rate, but still
underwent EMT in vivo. Consequently,
EMT and tumour-cell hyperproliferation
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Figure 4 | Signalling networks regulating
carcinoma progression. This highly simplified
schematic depicts how distinct signalling
pathways downstream of receptor tyrosine
kinases, receptor serine/threonine kinases and
adhesion molecules might regulate tumour-cell
proliferation, apoptosis protection and
epithelial-mesenchymal (EMT)/metastasis through
multiple positive and negative interactions
between receptors, signal transducers and/or
transcriptional regulators. Furthermore, important
feedback regulation is provided by several
autocrine loops that involve both tyrosine and
serine/threonine kinase ligands/receptors.
Components of and input by the different
signalling pathways are marked by distinct
colours, as shown at the bottom of the figure. The
orange colour represents phenotypical changes
that result from the various signal interplays. EGF,
epidermal growth factor; ERK, extracellular signal-
regulated kinase; GSK-3, glycogen synthase
kinase 3; PDGF, platelet-derived growth factor;
MAPK, mitogen-activated protein kinase; PI3K,
phosphatidylinositol 3-kinase; TCF, T-cell factor;
TGF-p, transforming growth factor-g.

might represent independent processes that
are regulated by different signal-transduction
pathways downstream of Ras?'.

ERK/MAPK plus TGF-f3: relevance for metas-
tasis in vivo? Several in vivo animal models
confirm that metastasis requires a hyperactive
ERK/MAPK pathway as well as TGF-f-recep-
tor signalling. Transgenic TGF-3 expression
attenuated the formation of Ras-induced,
benign skin tumours (papillomas) in mice,
but strongly stimulated their progression to
spindle-cell carcinomas®, which metastasize
in a TGF-f-dependent manner*. A similar
cooperation of TGF-3 with ErbB2 (REE.38) to
enhance in vivo EMT and metastasis was
recently observed in a transgenic mammary-
carcinoma mouse model (S. G., unpublished
observations). Furthermore, overexpression
of dominant-active Smad2 caused cell lines
derived from Ras-transformed squamous
carcinomas to undergo EMT and form
metastatic tumours®’. Nevertheless, probably
owing to the aforementioned difficulties in

clearly detecting EMT, explicit evidence for
the requirement of Ras plus TGF-f-induced
EMT in primary human tumours is still
missing.

TGF-f: tumour suppression or promotion?
Several findings in mice and humans clearly
show that TGF-f signalling is required dur-
ing late tumour progression/metastasis,
despite its tumour-suppressive role in early
tumorigenesis. For example, certain rare
familial colon tumours often lose TGF-3
receptor II, but have a much better prognosis
than sporadic colon tumours that retain TGF-
[ signalling®. Furthermore, mice that lack the
adenomatosis polyposis coli (Apc) protein
develop highly metastatic colon tumours, but
this metastatic potential is lost in Apc~~ mice
that also lack Smad4 (ReE 51). Furthermore,
cell-autonomous metastatic potential of the
murine colon carcinoma cell line CT26 was
completely suppressed by a dominant-nega-
tive TGF-f receptor II (REE. 17), and similar
findings were obtained with metastatic breast
tumour cells®®. Finally, inhibition of TGF-
signalling by a soluble TGF-f3-receptor-ITI-Fc
fusion protein reduced lung metastasis in
mouse mammary tumour virus (MMTV)-
ErbB2 mice injected with metastatic cell
lines*.

Implications and future directions
EMT and metastasis are complex develop-
mental processes that involve significant
reprogramming of gene expression. This is
regulated by many external signals that
eventually — through a complex signalling
network — cause cell-fate changes and key
alterations in cell behaviour. Many sig-
nalling pathways — ERK/MAPK, PI3K,
Smads, $-catenin, and at least two autocrine
growth-factor loops (TGF-f3, PDGF) — con-
tribute to this network (FIG. 4).

Perturbing the regulation of this complex
signalling network during tumour progres-
sion probably requires selection of tumour
cells for multiple, sequential alterations. In
one possible scenario, epithelial cells could
gain partial resistance to TGF-f-mediated
cell-cycle arrest and apoptosis by hyperacti-
vation of PI3K signalling through chronically
activated EGF receptor 1 or 2. In the surviv-
ing cells, loss of the cell-cycle-dependent
kinase (CDK) inhibitor INK4b (also known
as p15) might abolish the TGF-f-induced
cell-cycle arrest. Additionally, mutation or
amplification of ErbB1, ErbB2 or Ras will
stabilize and further increase TGF-f} resis-
tance, whereas the hyperactive ERK/MAPK
signalling that is induced by these mutations,
together with TGF-f — which is initially

produced by the tumour stroma® or other
sources — will induce EMT. EMT will lead to
autocrine secretion of both TGF-f and
PDGE, probably owing to activation of the
mesenchymal gene-expression programme.
Whereas TGF-f3 stabilizes EMT, PDGF might
increase TGF-f3 resistance to apoptosis to a
level that is not possible through Ras alone.
Finally, autocrine signalling through EGF,
TGF- or PDGF could enhance -catenin
signalling, which might contribute to EMT.
This corresponds to the essential function of
[-catenin in mesoderm formation (FIG. 4) (see
above for references).

It is still unclear whether or not scattering
and EMT are distinct, clearly definable cellu-
lar states or just represent more frequently
observed states within a continuum of epithe-
lial plasticity. This question is being addressed
at present by further expression-profiling
studies (J. Gotzmann and W. Mikulits,
unpublished observations; A. Eger, ]. Wolf and
R. Foisner, unpublished observations).
Preliminary results from such screens agree
with the idea that scattering could be an
acute, reversible process that is caused by
short-term signals, whereas long-term action
of the same signals might cause EMT. In
pathological situations, short-term stimula-
tion might occur during wound healing,
whereas long-term stimuli could be involved
in chronic inflammation.

A final, important question that is particu-
larly relevant to therapeutic approaches is
whether TGF-B-induced EMT occurs in most
or even all metastatic carcinomas. Several
genetic mouse tumour models in which TGF-§
signalling is enhanced or interfered with, sup-
port EMT as a general mechanism in metas-
tasis. It remains to be clarified, however,
whether the residual metastases that continue
to arise after TGF-f-receptor signalling has
been inhibited are caused by incomplete inhi-
bition of that pathway, or whether mecha-
nisms that are independent of TGF-f3-receptor
signalling occur.
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