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Epithelial-mesenchymal transition (EMT) is a crucial
event in appropriate embryonic development as well as
in wound healing, tissue repair and cancer progression in
adult tissues. EMT endows cells with migratory and inva-
sive properties, inhibits apoptosis and senescence, contrib-
utes to immunosuppression and induces stress resistance
and stem cell properties. Many secreted polypeptide fac-
tors act in a sequential or cooperative manner to elicit
EMT. Transforming growth factor (TGF)-b can initiate
and maintain EMT by activating intracellular signalling
pathways. Recent studies have provided new insights into
molecular mechanisms by which TGF-bmediates changes
in transcription of EMT regulators and EMT marker
proteins, as well as changes in alternative splicing con-
trolled by epithelial splicing regulatory proteins 1 and 2.
Here, we present some of the emerging molecular mech-
anisms that mediate EMT upon exposure to TGF-b.
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Abbreviations: CBP, cAMP-response element-binding
protein (CREB)-binding protein; dEF1, d-crystallin/
E2-box factor1; EMT, epithelial-mesenchymal
transition; FGF, fibroblast growth factor; HLH,
helix-loop-helix; R-Smad, receptor-regulated Smad;
SIP1, smad interacting protein1; Id, inhibitors of
differentiation or inhibitors of DNA binding; SBD,
Smad-binding domain; aSMA, smooth muscle
a-actin; TGF-b, transforming growth factor-b; TNF,
tumour necrosis factor.

Bidirectional roles of TGF-b in cancer
progression

Transforming growth factor (TGF)-b, the prototypical
member of the TGF-b family, regulates a broad range
of cellular responses, including cell proliferation, dif-
ferentiation, adhesion, migration and apoptosis.
TGF-b exhibits its pleiotropic effects through binding
to transmembrane serine-threonine kinase receptors
type I (TbR-I) and type II (TbR-II). Upon
ligand-induced heteromeric complex formation

between TbR-I and TbR-II, TbR-I is phosphorylated
and activated by TbR-II. Smads are the major trans-
ducers of TGF-b signalling; Smad2 and Smad3 are
phosphorylated by TbR-I, and form complexes with
Smad4. These complexes translocate to and accumu-
late in the nucleus, where they control transcription of
target genes in conjunction with various transcription
factors, co-activators and co-repressors (1, 2). TGF-b
suppresses proliferation of normal epithelial cells but
promotes that of normal fibroblasts. In the early stages
of tumourigenesis, TGF-b inhibits the proliferation of
epithelial cells; insensitivity to this inhibitory effect on
cell proliferation is associated with tumourigenesis.
These aberrations in TGF-b signalling are due to
mutations in signalling components; such mutations
are observed in various types of tumours including
head and neck, breast, gastric, colorectal and pancre-
atic cancers (3). Increases in expression of inhibitory
molecules of TGF-b signalling, e.g. Smad7 and c-Ski,
have also been reported in certain cancers (4, 5).
Ectopic expression of a dominant-negative TbR-II in
epidermis promotes malignant conversion of epithelial
cells and tumour formation (6). Moreover, the ubiqui-
tin ligase Arkadia enhances TGF-b and bone morpho-
genetic protein (BMP) signalling by promoting
degradation of repressors of these pathways (7);
Arkadia� heterozygous mice exhibit increased suscep-
tibility to carcinogen-induced tumour formation (8).
Based on these observations, TGF-b is considered as
a tumour suppressor. In contrast, in the advanced
stages of tumourigenesis, TGF-b is often over-
expressed in tumour tissues, where it induces migration
and invasion of cancer cells. Moreover, TGF-b facili-
tates immunosuppression, lymphangiogenesis and
deposition of extracellular matrix proteins in various
types of cells in the cancer microenvironment (9, 10).
Blockade of TGF-b signalling suppresses cell survival,
intravasation and metastasis of tumour cells (11, 12).
In tumour cells, chronic exposure to TGF-b results in
loss of TGF-b-mediated growth inhibition and
apoptosis and marked changes in cell morphology
(13). One mechanism by which TGF-b promotes
tumour cell motility and invasion involves the epithe-
lial-mesenchymal transition (EMT) (14�16).

Transcriptional regulators of EMT

EMT is a phenotypic conversion that facilitates embry-
onic development and wound healing in physiological
processes, and that is also associated with fibrotic
diseases and cancer progression (17). EMT involves
dramatic cellular changes, including decreased intercel-
lular adhesion and cell polarity as well as an increase in
matrix remodelling and migratory and invasive F
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properties. Recently, it has been proposed that EMT
can be classified into three subtypes based on the
biological and biomarker context (18). Type 1 EMT
involves primitive epithelial cells that differentiate into
motile mesenchymal cells during the process of gastru-
lation, and primitive neuroepithelial cells that generate
migrating neural crest cells. Type 2 EMT involves sec-
ondary epithelial or endothelial cells that differentiate
into resident tissue fibroblasts in association with
wound healing, tissue regeneration or organ fibrosis.
Type 3 EMT occurs in epithelial carcinoma cells in
primary nodules, which differentiate into metastatic
tumour cells. The process of tumour cell invasion,
which is also often associated with EMT, involves the
loss of cell�cell interactions together with acquisition of
migratory properties. Besides acquisition of mesenchy-
mal behaviour, cancer cells undergoing EMT show
more aggressive phenotypes including resistance to
drugs, stresses and anoikis, inhibition of senescence,
immunosuppression and acquisition of stem cell-like
features. Together, these changes promote cancer pro-
gression (Fig. 1) (17, 19). Thus, outcomes produced by
Type 3 EMT are far different from those of the other
types of EMT.

Formation of tight cell�cell adhesions is mainly de-
pendent on the E-cadherin system; loss of E-cadherin-
mediated cell�cell interaction is thus essential for EMT.
EMT is characterized by down-regulation of epithelial
markers, including cytokeratins and tight junction com-
ponents and by up-regulation of mesenchymal markers
such as fibronectin, N-cadherin and vimentin (17).
Recent studies of the molecular mechanism by which
expression of E-cadherin is repressed in epithelial cells
have revealed that several transcription factors are
involved in this process; these include the Snail family
of zinc-finger transcription factors (Snail, Slug and
Smuc), the two-handed zinc-finger factors of dEF1
family proteins [d-crystallin/E2box factor (dEF1)]/
zinc-finger E-box-binding homeobox (ZEB) 1 and

Smad-interacting protein (SIP)1/ZEB2 and the basic
helix-loop-helix (bHLH) factors Twist and E12/E47
(17, 20). The consensus binding site for Snail family
proteins contains a hexamer core (CAGGTG) that is
identical to the E-box sequence, the binding site for
bHLH proteins and dEF1 family proteins. These tran-
scription factors repress expression of E-cadherin by
direct binding to the E-box sites in its promoter, and
thereby elicit EMT when over-expressed in normal
epithelial cells. In addition, if over-expressed in cancer
cells, these factors induce EMT and consequently
promote development of metastatic properties such as
migration and invasion. Consistent with this, the meta-
static phenotypes of aggressive cancer cells are consid-
erably rendered by knockdown of Snail and dEF1;
therefore, these transcriptional factors are now
considered as key regulators of EMT.

Transcriptional regulators in
TGF-b-mediated EMT

So far it has been demonstrated that nearly all cases of
EMT in adult tissues are regulated by extracellular
matrix components and soluble growth factors or cyto-
kines, including Wnt, fibroblast growth factors
(FGFs), hepatocyte growth factor, epidermal growth
factor (EGF) and TGF-bs (17). Among them, TGF-b
was first described as an inducer of EMT during
development (21), and is now thought to promote in-
vasion and metastasis of cancer cells through induction
of EMT. TGF-b up-regulates expression of key regu-
lators of EMT, including Snail and dEF1/SIP1, in
several epithelial and cancer cells. It is currently un-
clear which key regulators play the most critical roles
in the EMT programme; these regulators may inde-
pendently act in a cell context-dependent fashion, or
may act cooperatively and/or hierarchically in the
induction of EMT.

Fig. 1 EMT in cancer cells. Many secreted polypeptide factors derived from cancer or stromal cells act in a sequential or cooperative manner to
elicit EMT. Cancer cells undergoing EMT exhibit stem cell-like features and more aggressive phenotypes including mesenchymal morphology,
resistance to drugs, stress and anoikis, enhanced migration and invasion, inhibition of senescence and immunosuppression.
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By microarray expression profiling, Id (inhibitors of
differentiation or inhibitors of DNA binding) was
identified as a negative regulator of TGF-b-mediated
EMT. The expression of Id proteins is down-regulated
by TGF-b, and ectopic expression of Id2 and Id3
maintains epithelial phenotypes by inhibiting
TGF-b-mediated suppression of E-cadherin (22, 23).
Id proteins have a bHLH domain lacking the basic
DNA-binding region; in humans, the family consists
of four homologues, Id1-4 (24). Id proteins interact
with and inhibit the transcriptional activity of other
bHLH proteins. E47 and E12, two Id target proteins
that are derived from a single gene (E2A) by alternative
splicing, suppress the expression of E-cadherin through
direct binding to its promoter. Repression of Ids by
TGF-b is partially mediated through interaction of
JunB with activating transcription factor 3 (25). This
down-regulation relieves this inhibition by liberating
E2A, and permits conversion of epithelial cells to
cells with mesenchymal phenotypes, leading to EMT.

dEF1 and SIP1 are members of the dEF1 family,
well-characterized factors involved in TGF-b-induced
EMT in mouse mammary epithelial NMuMG cells.
SIP1 was originally identified as a SIP1 and interacts
with Smads through the Smad-binding domain (SBD)
at its N-terminus (26). Compared with SIP1, dEF1
interacts only weakly with Smads, possibly due to the
low degree of sequence similarity in the SBD (our un-
published data). Expression levels of dEF1 and SIP1 are
increased by TGF-b, with profiles of expression recip-
rocal to that of E-cadherin. Both dEF1 and SIP1 redun-
dantly repress the transcription of E-cadherin through
direct binding to two E-box sites in the E-cadherin
promoter, which is essential for TGF-b-induced EMT
in NMuMG cells. A SIP1 deletion mutant lacking the
SBD fails to regulate representative TGF-b target
genes, whereas it is still able to repress the transcription
of E-cadherin (27). Thus, binding to Smads is dispens-
able for E-cadherin repression. Ectopic expression of Id
reduces TGF-b-mediated up-regulation of dEF1/SIP1
and other bHLH transcription factors, Ets proteins,
enhance dEF1/SIP1 induction. Since E2A collaborates
with Ets to regulate gene expression, Id blocks this
cooperation by capturing E2A and reduces dEF1/SIP1
induction by TGF-b. In addition to TGF-b-induced
EMT, dEF1, but not SIP1, positively regulates the tran-
scription of calponin and smooth muscle a-actin
(aSMA), representative markers for myofibroblasts, in
epithelial-myofibroblastic transition and in vascular
smooth muscle cell differentiation (28, 29). Even
though dEF1 and SIP1 possess high sequence similarity
each other, they appear to have distinct functions. A
functional distinction between them has not been well
elucidated (30). Recently, several microRNAs involved
in specifying epithelial phenotypes have been identified.
The microRNAs of the miR-200 family target and
repress dEF1 and SIP1, whereas dEF1 and SIP1 inhibit
the transcription of the two loci (miR-200b/200a/429
and miR-200c/141) that encode the five members of
the miR-200 family, resulting in forming a negative
feedback loop (31). Thus, expression levels of miR-200
and dEF1/SIP1 are independently regulated by EMT

stimuli including TGF-b, and they hierarchically and
cooperatively control EMT in many different cell types.

Snail (Snai1), Slug (Snai2) and Smuc (Snai3) are
members of the Snail family; all three genes function
to repress E-cadherin expression (20). In NMuMG
cells, TGF-b up-regulates Snail mRNA410-fold after
1 h; moderate induction of Snail is observed until 24 h of
exposure. The rapid induction is insensitive to
cycloheximide treatment, suggesting direct target of
TGF-b/Smad pathway (27), whereas the sustained in-
duction appears to be regulated by de novo synthesis of
proteins such as high-mobility group transcription
factor 2 (HMGA2) (32). Slug induction by TGF-b has
been observed in some oesophageal cancer cells (our
unpublished data), whereas the induction of Smuc has
not yet been determined. The Snail family proteins bind
to E-box sites in the E-cadherin promoter, and locally
modify chromatin structure by recruitment of
homologue of yeast suppressor SWI-independent 3A
(SIN3A), histone deacetylases HDAC1 and 2 and
components of the Polycomb 2 complex (33, 34). In
addition, Snail forms a complex with Smad3 and
Smad4, and interacts with the gene promoters of a
tight-junction protein Car and E-cadherin during
TGF-b-mediated EMT (35). Snail undergoes post-
transcriptionalmodifications that control its localization
and degradation. LIV1, a breast cancer-associated zinc
transporter protein, is required for the nuclear localiza-
tion of Snail (36). Phosphorylation of Snail mediated by
p21-activated kinase (PAK1), casein kinase 1 (CK1) and
glycogen synthase kinase 3b (GSK-3b) promotes protea-
somal degradation by b-TrCP-dependent ubiquityla-
tion, whereas dephosphorylation is regulated by the
small C-terminal domain phosphatase (SCP) (37�39).
Snail is stabilized by the inflammatory cytokine TNF-a
through the activation of the NF-kB pathway, which is
required for the induction of the COP9 signalosome 2
(CSN2) and, in turn, blocks the ubiquitylation and
degradation of Snail (40). Lysine oxidation of Snail is
regulated by lysyl oxidase-like 2 (LOXL2), and is essen-
tial for its stability and Snail-dependent EMT (41).
Translation of Snail mRNA is controlled in a
cap-independent manner, and is activated by the tran-
scription/translation regulator Y-box-binding protein-1
(42). p53 suppresses the expression of Snail by inducing
miR-34, and reduces expression of Slug by promoting
Slug degradation by the ubiquitin ligase murine double
minute 2 (MDM2) in a ternary complex of p53, Slug and
MDM2 (43, 44). When p53 is mutated in cancer cells,
Snail and Slug are up-regulated. However, it is still
unknown whether TGF-b regulates post-translational
modifications of Snail family proteins during EMT.

Another regulator of EMT is Twist, a gene in which
mutations can cause Saethre Chotzen Syndrome, an
autosomal dominant human craniosynostosis syn-
drome (45). Six orthologues of Twist have been identi-
fied in mammals: Twist1, Twist2, Hand1, Hand2,
Paraxis and Scleraxis. Twist1 null mice die around
E11.5 with a number of phenotypes including dys-
morphic facial features (45). In addition to its essential
role in development, Twist1 is associated with a number
of aggressive tumours including gastric, liver and breast
cancers. In a mouse mammary tumour model, Twist1
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expression was identified as a predictor of metastatic
behaviour. Most aggressive metastatic cells could be
rendered by Twist1 siRNA, whereas ectopic expression
of Twist1 in epithelial cells drives EMT (46). Twist is
phosphorylated by protein kinase A (PKA), which
modulates its biological activity by altering its inter-
action with other bHLH proteins, E12 and Hand2
(47). It is likely that, in addition to Twist1, other mem-
bers of the Twist family play critical roles in EMT.
Recently, it has been reported that induction of
aSMA by TGF-b is mediated through CBP-dependent
interaction between Smad3 and b-catenin (48).
Transcription factors involved in TGF-b-induced
EMT appear to be highly dependent on types or origins
of epithelial cells. More and more novel players in EMT
may be found from now.

Cooperation between TGF-b and other
growth factors in EMT

Some intracellular signals, including Wnt, EGF and
TNF-a, cooperate with TGF-b signalling, to promote
tumour invasion/metastasis and EMT (49). As described
below, in the case of FGF-2, TGF-b induces isoform
switching of FGF receptors (FGFRs) and sensitizes
cells to FGF-2, resulting in induction of enhanced
EMT with more aggressive characteristics by this co-
operation (28). In addition, the synergism between
TGF-b and Ras signalling has been extensively investi-
gated. When epithelial cells are transformed by

constitutively active mutant Ras, they not only become
resistant to growth inhibition by TGF-b but also
undergo EMT with invasive and metastatic phenotypes
(50). In Madin-Darby canine kidney (MDCK) cells and
human pancreatic cancer Panc-1 cells, induction of Snail
by TGF-b occurs in cooperation with active Ras signal-
ling (51, 52). Constitutively active Ras dramatically
enhances TGF-b-induced expression of Snail, whereas
representative direct targets of TGF-b, including
Smad7 and plasminogen activator inhibitor 1, are
either unaffected or slightly inhibited by Ras signalling.
Consistent with these observations, cancer cells harbour-
ing activated alleles of Ras reveal remarkable induction
of Snail upon exposure to TGF-b alone. This finding is
intriguing, because phosphorylation at the linker regions
of Smad2 and Smad3 by kinases downstream of Ras
prevents nuclear translocation of the R-Smads and
stimulates their degradation (53). Ablation of these pu-
tative phosphorylation sites in R-Smads enhances the
responsiveness of representative TGF-b target genes,
but does not affect the induction of Snail by a combin-
ation of TGF-b with Ras (our unpublished data) (51).
Thus, this synergism between TGF-b and Ras signalling
selectively leads to the induction of Snail, which is
dependent on Smads but independent of phosphoryl-
ation at the linker region of Smads. Although the under-
lying mechanism is not well understood, it may be
associated with the so-called ‘TGF-b switch’ that con-
verts the effects of TGF-b from tumour suppressor to
tumour promoter (Fig. 2) (54).

Fig. 2 TGF-b signalling is transduced through the Smad pathways. Smad pathway (right): TGF-b binds to TbR-II and TbR-I. TbR-I is phos-
phorylated by TbR-II, and activates Smad2 and Smad3. Activated Smad2/3 form a complex with Smad4 and translocate into the nucleus. The
Smad complexes interact with various transcriptional factors and transcriptional co-activators. Phosphorylation at the linker regions of Smads by
specific kinases downstream of Ras prevents nuclear translocation of and stimulates degradation of the R-Smads. Snail induction by the Smad
pathway (left). Smad complexes are activated by unknown mechanisms downstream of Ras and growth factor receptors, and subsequently activate
the transcription of Snail in tumour cells. These discrepancies may be associated with the so-called ‘TGF-b switch’ that has not been identified yet.
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Post-transcriptional regulators in
TGF-b-mediated EMT

Splicing is a post-transcriptional process involved in
maturation of mRNAs and it contributes to proteomic
diversity by increasing the number of distinct mRNAs
generated from a single gene. Recent studies have
shown that 490% of human genes undergo at least
one alternative splicing event that produces distinct
isoforms (55, 56). This process is tightly regulated in
a tissue- and cell type-dependent fashion; alterations in
this process have been linked to various types of
diseases including cancer (57). Aberrations in the spli-
cing machinery can result from mutations in splicing
sites or dysfunction of splicing regulatory factors.

One of the well-known examples regulated by
tissue-specific alternative splicing involves the mutually
exclusive alternative exons IIIb and IIIc of FGFR,
which are expressed in epithelial and mesenchymal tis-
sues, respectively. FGF-2 (also known as basic FGF)
and FGF-4 bind preferentially to the mesenchymal
IIIc isoforms, whereas FGF-7 (also known as KGF,
keratinocyte growth factor) and FGF-10 bind exclu-
sively to the epithelial IIIb isoforms (58). Although
several studies identified many ubiquitously expressed
splicing factors that influence the choice of exon inclu-
sion in the FGFRs, none of these factors explains how
the alternative splicing of FGFRs is tightly regulated
in a tissue-specific manner. ESRP 1 and 2 have been
recently identified as epithelial-specific splicing factors
by Warzecha et al. (59); those authors performed a
high-throughput cDNA expression screen and identi-
fied 18 clones that converted the specificity of exon
inclusion from IIIc to IIIb. Among them, ESRP1
and 2, which were previously known as RNA-
recognition motif-containing proteins Rbm35a and
Rbm35b, were subjected to further analysis. ESRP
mRNA is epithelial-specific in mouse embryo, and is
expressed in skin and gastrointestinal tissue in the

adult mouse. ESRPs bind directly to hexamers con-
taining repeats of UGG or GGU motifs, which are
enriched in alternatively spliced regions. In the case
of the FGFR2 gene, ESRPs are capable of binding to
the UGG-rich motif located in the intron between
exons IIIb and IIIc. When ESRPs bind to the motif,
they direct splicing to exon IIIb, upstream of the motif,
resulting in skipping of exon IIIc downstream of the
motif, thereby generating IIIb isoform of FGFR2
(Fig. 3). The function of similar UGG-rich motifs,
UGGUG, GGUGG and GUGGU, which are present
within ESRP-silenced exons, has not yet been fully
elucidated, but ESRPs may promote exon skipping
by binding to the motif within the exon. Recently, it
was reported that ESRPs regulate hundreds of alter-
native splicing events in transcripts of numerous genes
with function in cell�cell adhesion, cell polarity and
cell migration/invasion (60, 61). Loss of ESRPs
causes a switch from the epithelial splicing programme
to the mesenchymal splicing programme, and induces
changes in cell morphology that are observed during
the EMT. RBFOX2, another splicing factor, is also
involved in EMT-associated alternative splicing (60).
Taken together, these observations demonstrate that
the splicing machinery is required for changes in
cellular morphology during EMT. More recently, it
has been reported that activation of mTOR pathway
by TGF-b is implicated in regulation of the EMT
phenotype including cytoskeletal changes, cell size
control and increased migration/invasion. Therefore,
translational pathway mediated by mTOR may com-
plement the transcription pathway by Smads during
TGF-b-induced EMT (62, 63).

Down-regulation of ESRPs during
EMT by TGF-b

Since the expression of more than 3500 genes is altered
at the exon level in mouse epithelial NMuMG cells

Fig. 3 ESRPs promote the epithelial-specific splicing programme. In epithelial cells, ESRPs bind to hexamer sequences enriched in UGG/GGU
motifs, which are located in the intron between IIIb and IIIc of FGFRs. This binding enhances exon inclusion of the upstream exon, IIIb, while
silencing the downstream exon, IIIc (left in top). Since similar motifs are enriched within ESRPs-silenced exons, ESRPs may promote exon
skipping by binding to the motif within the exon (right in top). In mesenchymal cells, the repression of ESRP proteins promotes an alternative
pattern of splicing that contributes to an EMT (bottom).
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during TGF-b-mediated EMT, TGF-b induces broad
alteration in splicing patterns and generates a number
of splicing variants during EMT (64). TGF-b
down-regulates the expression of ESRPs, and in turn
changes the splicing profiles of FGFRs, CD44, Ste
20-like kinase, CTNND1 (also known as d-catenin or
p120 catenin) and Mena [a member of the Enabled
(Ena)/vasodilator-stimulated phosphoprotein (VASP)
family of proteins] (Fig. 4A). Intriguingly, over-
expression of ESRP inhibits TGF-b-induced appear-
ance of EMT phenotypes (64). Thus, down-regulation
of ESRP appears to be one of the key events during
EMT. In addition, TGF-b increases FGFR1 expres-
sion and decreases FGFR2 expression, and causes
cells to switch from the IIIb isoform to the IIIc isoform
of FGFR1, through alternative splicing as described
above (Fig. 4B). Therefore, TGF-b primes change in
sensitivities of cells to FGF ligands during EMT, re-
sulting in more aggressive phenotypes in cells undergo-
ing EMT (28).

The expression of ESRP was suppressed by TGF-b,
which was highly sensitive to treatment with cyclohex-
imide. In addition, the expression profile of ESRP by
TGF-b was very similar to that of E-cadherin and
reciprocal to that of dEF1/SIP1. Similar to dEF1/
SIP1-repressed E-cadherin, dEF1/SIP1 interact with
the promoter regions of ESRPs and suppress ESRPs.
siRNAs against ESRP cause cells to switch from the
IIIb isoform of FGFR2 to the IIIc isoform, whereas
over-expression of ESRP hampers the effect of TGF-b
on FGFRs (Fig. 4B). Moreover, siRNAs against
dEF1/SIP1 abolish the TGF-b-mediated ESRP

repression and isoform switching of FGFRIIIc
(Fig. 4B). Thus, up-regulation of dEF1/SIP1 sup-
presses ESRPs via binding to its promoter regions
during EMT. Breast cancers are classified into two
subtypes, ‘luminal’ and ‘basal-like’, corresponding to
two distinct types of epithelial cells found in the
normal mammary gland. The ‘basal-like’ subtype is
associated with aggressive behaviour and poor prog-
nosis, and typically does not express oestrogen and
progesterone receptors, and ERBB2 (‘triple-negative’
subtype). In 23 human breast cancer cell lines and
some human clinical samples, the expression of
ESRP was inversely correlated with both expression
of dEF1/SIP1 and progression of breast cancer.
Additionally, most of the cell lines with low ESRP
levels and high dEF1/SIP1 levels were categorized
into the ‘basal-like’ subtype of breast cancer. In con-
trast, most of the cell lines with high ESRPs levels and
low dEF1 and SIP1 were categorized into the ‘luminal’
subtype of breast cancer. Thus, dEF1/SIP1 and ESRPs
are specifically expressed in the ‘basal-like’ and
‘luminal’ subtypes of breast cancer cells, respectively.
Although expression levels of Snail, Slug, and Twist
are not relevant in breast cancer cells, Snail and
Twist repress the expression of ESRPs in other types
of cells undergoing EMT including Panc-1 cells and
HMLE cells, respectively (59, 64). Since each of the
EMT regulators are tightly controlled in a cell
context-dependent manner, ESRPs represent useful
negative markers for detecting cells that have under-
gone EMT, or cancer cells with more aggressive
phenotypes.

Fig. 4 Changes in alternative splicing during TGF-b-induced EMT. (originally published in Oncogene) (64) (A) Changes in alternative splicing of
CD44 and Mena. Specific primers are shown as arrows (top panel). GAPDH was used as an internal control. CD44s, standard form of CD44;
CD44v, splicing variants of CD44. (B) Isoform switching of FGFRs induced by TGF-b. Expression of the alternatively spliced forms of FGFR1
and FGFR2 was examined by RT�PCR. A schematic illustration of the primers is shown at the top. The primers for the IIIb and IIIc isoforms
were the sp1�ap1 pair and sp2�ap1 pair, respectively. When ESRP2 is knocked down in mouse epithelial NMuMG cells (which do not express
ESRP1), conversion from FGFR2IIIb to FGFR2IIIc can be observed. When ESRP2 is over-expressed or dEF1 and SIP are knocked down in
TGF-b-treated NMuMG cells, FGFR1 is expressed as the IIIb rather than the IIIc isoform. Ig, extracellular immunoglobulin-like domain; KD,
kinase domain.
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Conclusion

Understanding the mechanisms of EMT induction is
clinically important with regard to both the diagnosis
and future treatment of cancer. TGF-b, probably in
collaboration with other growth factors or oncogenic
signals, dramatically elicits EMT not only through
transcriptional regulation of key EMT regulators
such as Snail, Twist and dEF1/SIP1, but also through
changes mediated by down-regulation of ESRPs in the
alternative splicing programme of a range of genes
(Fig. 5).
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