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Abstract

Epithelial-mesenchymal transdifferentiation (EMT) is a cri-
tical morphogenic event that occurs during embryonic
development and during the progression of various epithelial
tumors. EMT can be induced by transforming growth factor
(TGF)-p in mouse NMuMG mammary epithelial cells. Here, we
demonstrate a central role of helix-loop-helix factors, E2A
and inhibitor of differentiation (Id) proteins, in TGF--induced
EMT. Epithelial cells ectopically expressing E2A adopt a
fibroblastic phenotype and acquire migratory/invasive prop-
erties, concomitant with the suppression of E-cadherin
expression. Id proteins interacted with E2A proteins and
antagonized E2A-dependent suppression of the E-cadherin
promoter. Levels of Id proteins were dramatically decreased
by TGF-p. Moreover, NMuMG cells overexpressed Id2 showed
partial resistance to TGF-f-induced EMT. Id proteins thus
inhibit the action of E2A proteins on the expression of
E-cadherin, but after TGF-$ stimulation, E2A proteins are
present in molar excess of the Id proteins, thus over-riding
their inhibitory function and leading to EMT.
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Introduction

Transforming growth factor (TGF)-f, a prototypic member of
the TGF-$ superfamily, exhibits a broad range of biological
activities. It has an antiproliferative effect on divergent cell
types, including epithelial cells, endothelial cells and hema-
topoietic cells. Thus, perturbations of TGF-f signaling resultin
the progression of certain tumors. In contrast to its anti-
proliferative effects on most cell types, TGF-f also promotes
growth of mesenchymal cell types, including fibroblasts,
chondrocytes and osteoblasts. Moreover, if cells acquire
resistance to the growth inhibitory effects of TGF-f, TGF-§
contributes to the progression of tumors through the induction
of angiogenesis, extracellular matrix accumulation and
immunosuppression.’™

Members of the TGF-f superfamily, including TGF-pfs,
activins, bone morphogenetic proteins (BMPs) and growth/
differentiation factors, transmit their pleiotropic effects
through transmembrane serine/threonine kinase type | and
type Il receptors.’® Upon ligand-induced heteromeric com-
plex formation between type | and type Il receptors, the type |
receptor becomes phosphorylated and activated by the type Il
receptor kinase, and mediates specific intracellular signals.
Smads are the central signal mediators of the TGF-f
superfamily activated by type | receptor kinases. Smads are
subdivided into three subtypes: receptor-regulated Smads (R-
Smads), common-mediator Smad (Smad4) and inhibitory
Smads (Smad6 and Smad7). R-Smads are further subdivided
into two subtypes: Smad2 and Smad3 for TGF-f and activin
signaling pathways and Smad1, Smad5 and Smad8 for BMP
signaling pathways. Among the three different classes of
Smads, only R-Smads interact directly with activated type |
receptors and become activated through phosphorylation of a
conserved SSXS motif in their C-termini. R-Smads then form
heteromeric complexes with Smad4, followed by nuclear
translocation and regulation of gene transcription in collabora-
tion with other transcription factors and transcriptional
regulators.®

During the processes of embryonic development and
wound healing and reorganization in adult tissues, epithelial
cells may lose their epithelial polarity and acquire mesench-
ymal phenotypes. In addition, the invasion process of tumor
cells involves the loss of cell-cell interaction together with
acquisition of migratory properties, and is often associated
with epithelial-mesenchymal transdifferentiation (EMT) of



cells.®” Formation of tight cell-cell adhesion is mainly
dependent on the E-cadherin system both in embryonic and
adult epithelial cells. Therefore, loss of E-cadherin-mediated
interaction is an essential process for EMT that takes place
during early normal embryonic development as well as during
invasion of tumor cells into adjacent connective tissues. TGF-
S has been identified as an important molecule inducing EMT
both in vivo and in vitro.®2 TGF-f2 is a candidate inducer of
EMT in the atrioventricular tissues of the embryonic heart,®
whereas TGF-f3 is responsible for EMT at palate fusion.'®
The mouse mammary epithelial cell line, NMuMG, has been
shown to undergo EMT following TGF-f treatment. However,
in other epithelial cells, including immortalized hepatocytes
and MDCK cells, a synergistic effect between the H-Ras
signal and the TGF-f signal appears to be required for the
induction of a full EMT that occurs, at least in part, via the
expression of a zinc-finger factor, Snail.’'~'%

The E2A proteins belong to the class | basic helix—loop-
helix (bHLH) family of transcriptional regulatory proteins,
which function as dimers with the class Il bHLH through an
HLH domain. The E2A gene encodes two alternatively spliced
products, E12 and E47, which differ in bHLH domains and
hence their DNA-binding properties.’® E2A proteins have
been shown to be involved in the regulation of the expression
of p21 in HeLa cells and MG63 cells, leading to growth
arrest.’ Recently, it has been shown that E2A proteins
participate in the repression of E-cadherin expression by
direct binding to the E-cadherin promoter region during the
process of EMT in epithelial cells. '® The transcriptional activity
of E2A proteins can be negatively regulated by dimerization
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with another subclass of HLH factors, inhibitor of differentia-
tion (Id) proteins, which contain functional HLH dimerization
motifs but lack the basic DNA-binding region.'®2° More
recently, Id expression has been demonstrated to be
upregulated by BMP and downregulated by TGF-f through
a transcriptional repressor, ATF-3, in various cell types.?

In the present study, we investigated the regulatory
mechanisms by which TGF-$ was able to induce EMT in
NMuMG cells. We show that the E2A gene products associate
constitutively with, and are inactivated by Id proteins in
NMuMG cells, leading to the expression of E-cadherin and
maintenance of the epithelial phenotype. In contrast, down-
regulation of Id expression by TGF-f generates E2A that is
free from Id proteins, thus allowing E2A to become active and
induce EMT through repression of E-cadherin expression.

Results

EMT of NMuMG by TGF-$

TGF- has been reported to induce EMT of NMuMG cells.?? In
untreated NMuMG cells, the characteristic epithelial pheno-
type with a strong cortical and diffuse cytoplasmic actin
staining was observed by staining with tetramethylrhodamine
B isocyanate (TRITC)—phalloidin, as shown previously
(Figure 1a and Piek et al??). Treatment with TGF-g
dramatically induced actin fiber formation typical of transdif-
ferentiation from the epithelial to mesenchymal phenotype,
whereas BMP-4 failed to do so. In addition, staining of
E-cadherin, a representative marker for differentiated epithe-
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Induction of EMT by TGF-f. (a) Organization of the actin cytoskeleton in NMuMG cells. Cells were grown in the absence or presence of 100 pM TGF-f or

1.4nM BMP-4 for 24 h, followed by direct staining of the actin cytoskeleton using TRITC—phalloidin as described in Materials and methods. (b) Migratory behavior of

NMuMG cells in the absence or presence of TGF-/3 and BMP-4. NMuMG cells were stimulated with or without 100 pM TGF- or 1.4 nM BMP-4. The migratory behavior

was analyzed in an in vitro wound model. Cells grown at 80% confluency were scratched by a pipette tip, and photographs were taken immediately after the incision (0)
and after 20 h. (c¢) Immunoblotting of the indicated proteins from cells treated with or without TGF-5 or BMP-4. o-Tubulin was used as a loading control for whole-cell
extracts. (d) Phosphorylation of Smad2 and Smad1/5 by TGF-3 and BMP-4. Cells were stimulated for 1 h with 100 pM TGF-/3 or 1.4 nM BMP-4. Immunoblotting was
performed by anti-phospho-Smad2 antibody and anti-phospho-Smad1/5 antibody as described in Materials and methods
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lial cells, was decreased and diffusely localized in the
cytosolic area after treatment with TGF-f, whereas it was
localized at the plasma membrane in the absence of TGF-f
(data not shown).

We also analyzed the migratory property of NMuMG cells
by a wound culture assay (Figure 1b). Cells were scratched to
produce wounds, and ligands were added to the culture
medium. NMuMG cells treated with TGF-$ showed highly
migratory behavior at 20 h postincision, whereas BMP-4 was
unable to significantly induce cell migration. These findings
suggest that only TGF-f is able to elicit EMT in NMuMG cells.

Various epithelial and mesenchymal markers were quanti-
tatively examined by immunoblotting whole-cell extracts from
NMuMG cells (Figure 1c). Treatment with TGF-f for 48h
resulted in the downregulation of E-cadherin expression with
concomitant upregulation of representative markers for
fibroblastic cells, that is, fibronectin and vimentin. In contrast,
BMP-4 had no effect on the regulation of the expression of
these proteins. We confirmed that in NMuMG cells, TGF-f
induced phosphorylation of Smad2 and Smad1/5, whereas
BMP-4 induced that of Smad1/5 (Figure 1d). These results
suggest that TGF-f induces EMT of NMuMG cells possibly
through the Smad?2/3 pathway.

Regulation of expression of Id proteins by TGF-f

Since TGF-§ is a potent cytokine that induces phenotypic
transformation of epithelial cells, we investigated TGF-f-
regulated genes in HaCaT human keratinocyte cells by DNA
microarray analysis (Akiyoshi et al.?® and data not shown).
Several representative genes were induced or suppressed by
TGF-p in HaCaT cells; among those, we found that Id genes
were slightly downregulated at 4 h after stimulation with TGF-
B, but were dramatically upregulated by BMP-4. In contrast,
our microarray data from MG63 human osteosarcoma cells®*
revealed that both TGF-$ and BMP induced expression of Id
genes at the same time point (our unpublished observations),
suggesting the possibility that the difference in the expression
of Id genes might influence differences in responses to TGF-f,
for example, in phenotypic morphology, between epithelial
cells and mesenchymal cells.

To examine whether the expression of Id proteins is
regulated by treatment with TGF-$, we performed immuno-
blotting and reverse transcription-polymerase chain reaction
(RT-PCR) analyses of NMuMG cells incubated with or without
TGF-f or BMP-4. Interestingly, Id1 expression was increased
at early time points (1 and 4 h in the protein and 1h in the
mRNA) of TGF-§ stimulation, and decreased thereafter,
whereas the levels of 1d2 protein and mRNA were repressed
at 4h and subsequently repressed more strongly (Figure 2a
and b). Basal levels of the 1d3 protein seem also to be
downregulated by TGF-p, particularly after 24 h, and suppres-
sion of its MRNA was observed more clearly (Figure 2a and b).
In contrast, BMP-4 treatment showed upregulation of Id1, 1d2
and 1d3 until 4h of BMP stimulation, and declined at 24 h,
indicating that BMPs have effects distinct from TGF-f on Id1,
Id2 and 1d3 expression. In addition, we examined the
expression profile of E2A protein in NMuMG cells, because
E2A proteins were isolated as a transcriptional repressor
interacting with the E-cadherin promoter by the yeast one-
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Figure 2 Expression profiles of Id and E2A proteins upon TGF-$ or BMP
treatments. (a) Expression profiles of Id1-3 and E2A proteins. Extracts from
NMuMG cells treated with 100 pM TGF-f3 or 1.4 nM BMP-4 for the indicated time
periods were prepared and then subjected to immunoblotting for E2A, Id1, Id2,
and 1d3. (b) Expression profiles of Id1-3 mRNA. RNA samples from NMuMG cells
treated with TGF-f were analyzed by RT-PCR for expression of 1d1-3 and
housekeeping gene GAPDH. (c) Interaction of endogenous E2A with
endogenous Id1. NMuMG cells were seeded at a density of 5x 10° in a
10 cm dish, and cultured overnight before stimulation with 100 pM TGF-f. After
24 h, cell extracts were prepared and processed to immunoprecipitation or were
directly separated by SDS-PAGE. Endogenous E2A was immunoprecipitated
with anti-E2A antibody pretreated with or without the E2A-blocking peptide,
followed by immunoblotting with the same antibody (top panel). Endogenous Id1
co-immunoprecipitated with E2A was immunoblotted with the same anti-ld1
antibody (middle panel). Id1 from whole-cell lysates was also detected by
immunoblotting with anti-ld1 antibody (bottom panel)

hybrid system,'® and are inactivated by interaction with Id
proteins. The expression level of E2A proteins was deter-
mined by reimmunoblotting using the same membrane that
had been used for the detection of Id proteins, but it was not
significantly affected by TGF-f or BMP-4 in NMuMG cells
(Figure 2a).

We further examined the possibility that, after 24 h of TGF-
stimulation, Id proteins complexed with E2A proteins would be
decreased compared with those of TGF-f-untreated cells. To
address this, endogenous E2A proteins were immunopreci-
pitated with anti-E2A antibody and co-immunoprecipitated Id
proteins were evaluated by immunoblotting. Despite no clear
difference in the levels of immunoprecipitated E2A protein
(Figure 2c, top), a great reduction in the association of Id1 with
E2A was observed in NMuMG cells treated with TGF-§ for
24 h, consistent with the repressed expression of Id1 as



determined by immunoblotting using whole-cell lysates
(Figure 2c, bottom). Taken together, these findings demon-
strate that prolonged TGF-f treatment results in the down-
regulation of Id proteins and that E2A proteins are dissociated
from Id proteins by TGF-f treatment in NMuMG cells.

Repression of E-cadherin promoter activity by
TGF-p

To determine whether TGF-f regulates the promoter activity
of E-cadherin, NMuMG cells were transfected with an E-
cadherin promoter fused to a luciferase reporter gene, and
luciferase activities were determined after 36 h stimulation of
TGF-p. Similar to the data obtained from immunoblotting
(Figure 1c), the E-cadherin promoter was suppressed by
TGF-f, but not by BMP-4 (Figure 3a and data not shown).
When constitutively active TGF-p type | receptor (TSR-I) was
transfected, a reduction of E-cadherin promoter activity was
also observed, although it was slightly less potent than the
TGF-p ligand (data not shown). These findings indicate that
TGF-j represses E-cadherin promoter activity in NMuMG
cells.

Effects of E2A proteins on E-cadherin promoter
activities

Next, we focused on the molecular function of E2A proteins in
suppressing E-cadherin promoter activity. Transient transfec-
tion of E12 or E47 expression vectors into NMuMG cells
showed that both E12 and E47 repressed E-cadherin
promoter activity (Figure 3b). Since both of these proteins
interact with Id1, 1d2 and Id3 (data not shown), we next
cotransfected E2A constructs together with Id expression
vectors to determine whether Id proteins can inactivate E2A
function. As shown in Figure 3b, the reduction in luciferase
activity induced by E12 or E47 was restored by Id1 or Id2. The
expression levels of transfected |d1 and 1d2 proteins were
almost the same as the levels determined by immunoblotting
(data not shown). Similar studies in MDCK cells showed that
Id3 is able to fully overcome the E47-induced repression of E-
cadherin promoter (Figure 3c). These results indicate
antagonistic effects of Id proteins on E2A-regulated transcrip-
tional activities.

Effect of stable expression of Id2 on EMT in
NMuMG cells

To further investigate the roles of 1d2 in the regulation of EMT,
we established NMuMG cells retrovirally infected with pBabe
vector (NMuMG-TRE cells) and pBabe-Flag-1d2 (NMuMG-Id2
cells), in which the expression of 1d2 is under the control of a
Tet-repressible promoter. Among the three Id proteins, 1d2
was used in the following experiments, because 1d2 was
significantly repressed by TGF-f (Figure 2a and b), and
abolished the transcriptional repression induced by E2A
(Figure 3b). After complete removal of Tet from the culture
medium, expression of Id2 was induced and could be
detected by immunoblotting (Figure 4a). No leaky expression
was seen in the presence of 1ug/ml Tet. 1d2 was seen
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Figure 3 Effects of TGF-/3 and E2A on E-cadherin promoter activity. (a) Effect
of TGF-f on E-cadherin promoter activity. NMuMG cells transfected with E-
cadherin-luciferase construct were stimulated or not with 100 pM TGF-3 for 24 h,
and then assayed for luciferase activities. (b and ¢) Inhibition of E12- and E47-
dependent suppression of E-cadherin promoter activity by Id proteins. NMuMG
(b) and MDCK (c) cells were cotransfected with 0.3 ug of E-cadherin-luc in
combination with pcDNA3-E12, pcDNA3-E47, pcDNA3-Id1, pcDNA3-Id2 and
pcDNA3-1d3, as indicated. The cells were harvested 36 h (b) and 24 h (c) after
transfection and then assayed for reporter gene expression. Empty vector was
included to adjust the amounts of DNA used

dominantly in the nuclei, detected by immunostaining with
anti-Flag antibody (data not shown). TGF-f still repressed
endogenous Id1 and Id2 expression and maintained a steady
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Figure 4 Effects of 1d2 on EMT. (a) NMuMG cells preinfected with pBabe-tTA were reinfected with empty retrovirus (NMuMG-TRE cells) or with retrovirus encoding
Flag-ld2 (NMuMG-1d2 cells) under the control of Tet. After 24 h of culture with or without 1 «g/ml Tet, cell extracts were prepared and analyzed by immunoblotting using
anti-Flag antibody. (b) Immunoblotting of the indicated proteins from NMuMG-1d2 cells treated with or without TGF-3. Cells cultured in the absence or presence of 1 ug/
ml Tet for 6 h were stimulated or not with TGF-f3 for 24 h, and extracted for immunoblotting using the antibodies indicated. «-Tubulin was used as a loading control for
whole-cell extracts. (c) Effect of stably expressed 1d2 on EMT. Cells cultured overnight with or without 1 ug/ml Tet were stimulated with 100 pM TGF-$ for 24 h, and
TRITC-phalloidin staining was carried out as shown in Figure 1a. (d) The migratory behavior of NMuMG-TRE cells and NMuMG:-Id2 cells. Cells cultured for 12 h without
1 ug/ml Tet were scratched and simultaneously stimulated with 100 pM TGF-f. Photographs were taken immediately after the incision (0) and after 24 h (top). The
migration of wound edges was measured at three random points on the photograph and shown in the bottom. Each experiment was performed in triplicate. (e) NMuMG
cells precultured for 12 h with or without 1 1g/ml of Tet were treated with or without 40 pM TGF-f. After 6 h, cells were seeded into the chamber and cultured for 12 h in
the presence or absence of TGF-f. The cells that had invaded to the lower surface of the filter were stained with Giemsa (shown in the top), photographed and
quantitated by visual counting (bottom)

or very slightly higher state of E2A expression under these
conditions (Figure 4b).

Figure 4c shows the representative morphology of the
NMuMG cells ectopically expressing 1d2 with or without TGF-
p treatment. Upon TGF-$ stimulation, typical mesenchymal
phenotype was observed in the morphology of the NMuMG-
TRE cells and NMuMG-Id2 cells not expressing 1d2 (Tet ( +)),
whereas a moderate suppression of TGF-p-induced actin
fiber formation was detected by phalloidin staining in NMuMG-
1d2 cells expressing 1d2 (Tet (—)). Moreover, repression of E-

Cell Death and Differentiation

cadherin induced by TGF-f was suppressed in the Id2-
expressing cells (Figure 4b), suggesting that ectopic expres-
sion of 1d2 inhibits EMT induced by TGF-f.

We have also examined the migratory and invasive
properties of control and |d2-expressing cells upon TGF-f
stimulation. At 12 h after withdrawal of Tet, NMuMG-Id2 and
NMuMG-TRE cells were scratched to produce wounds, and
TGF-p was added to the culture media. After 24 h, NMuMG-
Id2 cells expressing Id2 showed a low migratory behavior
compared with NMuMG-Id2 cells cultured in the presence of



Tet and NMuMG-TRE cells (Figure 4d and data not shown).
Similar to the migratory behavior, TGF-g-induced invasive
properties, detected in control cells and NMuMG-Id2 cells in
the presence of Tet, were clearly suppressed by ectopic
expression of 1d2 (Figure 4e). Total cell numbers of NMuMG-
Id2 cells treated with TGF- in the absence of Tet were almost
the same as that in the presence of Tet (data not shown),
meaning that low migratory and invasive properties in
NMuMG-Id2 (without Tet) are not due to higher sensitivity to
growth inhibition of the 1d2-expressing cells induced by TGF-
B. Therefore, these findings suggest that 1d2 could block TGF-
p-induced migration and invasion of NMuMG cells.

Overexpression of E12 facilitates EMT in NMuMG
cells

To further examine the role of Id proteins, the function of the Id
proteins was suppressed by overexpression of E12 in
NMuMG cells. After infection with pBabe vector or pBabe-
Flag-E12, cell extracts were prepared and expression of Flag-
E12 was analyzed by immunoblotting. As shown in Figure 5a,
NMuMG cells expressing E12 maintained low levels of E-
cadherin expression in the presence and absence of TGF-p.
Moreover, a high migratory behavior was observed in the E12-
expressing cells compared to the pBabe vector-infected cells

a pBABE cells E12 cells
TGF-ii - + - +
Flag-E12
— 4—E-cadherin
b
pBabe cells E12 cells

0 18 h 0 18 h

TGF-4 (-)

TGF- (+)

L]

p=]

distance migrated (mm)

il

PBABE cells

flo m & o o

-

E12 cells

Figure 5 Effect of E12 overexpression on EMT. (a) Repression of E-cadherin
expression in E12-infected cells. NMuMG cells were infected with pBabe vector
(pBabe cells) or pBabe-Flag E12 (E12 cells). Expression of Flag-E12 and the
endogenous E-cadherin levels were analyzed by immunoblotting. (b) The
migratory behavior of pBabe cells and E12 cells, in the absence and presence of
TGF-f3, were analyzed by a wound assay (top) and quantitated (bottom) as
described in Figure 4d
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(Figure 5b). These results support the role of Id proteins as
targets of TGF-f and as negative regulators of TGF-f-induced
EMT in NMuMG cells.

SB431542, a TfR-l inhibitor, blocked
TGF-p-induced EMT and restored the expression
of E-cadherin and Id2 proteins

Finally, we examined the effect of SB431542, a specific
inhibitor of TSR-I, on TGF-f-induced EMT and expression of
E-cadherin and Id proteins. As shown in Figure 6a and b,
SB431542 almost completely blocked EMT induction and
migration, and restored E-cadherin and 1d2 expression
regulated by TGF-S. These results suggest that TGF-f
inhibitors might be used for the treatment of certain cancers
through regulating EMT and cell migration.

Discussion

In the present study, we investigated the role of HLH
transcriptional factors, Id and E2A, in the regulation of TGF-
p-induced EMT in NMuMG cells. We found that down-
regulation of Id proteins is, at least in part, required for TGF-
p-induced EMT.

Among the Id protein family, TGF-p differentially regulates
their expression, although their responses to BMP-4 are
almost the same (Figure 2a). TGF-f downregulated only the
Id2 protein after 4 h of treatment; thereafter, it downregulated
Id1 and Id2. In addition, the basal level of Id3 in NMuMG cells
was only weakly detected by immunoblotting when compared
with the other Id proteins, and TGF-f treatment was able to
repress 1d3 basal levels (Figure 2a). These findings suggest

a
wound assay
0 20h phalloidin staining
b - TGF-p
SB431542 - - +

M <«—E-cadherin
h i <—1d2

Figure 6 Effect of SB431542 on EMT. (a) Migratory behavior and organization
of the actin cytoskeleton of NMuMG ceIIs NMuMG cells were stimulated with or
without 100 pM TGF-f in the presence or absence of 1 uM of SB4331542 as
described in Materials and methods. Cells were photographed immediately after
the incision (left) and after 20h (center), and stained with TRITC—phalloidin
(right). (b) Immunoblotting of the indicated proteins from cells treated with or
without TGF-f and SB431542
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that TGF-p regulates the expression of Id genes by different
mechanisms. It should be noted, however, that TGF-f repress
the expression of all three Id proteins at later periods (after
24h) in NMuMG cells. Recently, Kang et al.?! reported that
expression of Id1 by TGF-f is regulated by a transcriptional
factor ATF-3 in epithelial cells. In contrast, 1d2 is upregulated
by c-myc oncoprotein in cancer cells and in cells treated with
serum.?52® More recently, it has been shown that 1d2
expression is dependent on myc—max transcriptional com-
plexes in HaCaT and NMuMG cells.?” In contrast to Id1 and
Id2, the molecular mechanism by which TGF-f regulates the
expression of 1d3 is still unclear. In B-lymphocyte cells,
stimulation by TGF-$ for 1 h increased the expression of 1d3
mRNA, and 1d2 was also upregulated by TGF-$.2® Taken
together, the mechanisms by which TGF-$ regulates the
expression of Id proteins may be different between each Id
protein, and may be dependent on cell type.

The E2A proteins strongly repressed the promoter activity
of the E-cadherin gene and its protein level in NMuMG cells
(Figures 3b and 5a), as well as in MDCK cells (Figure 3c, see
also Perez-Moreno et al.'®). Overexpression of either Id1 or
Id2 in NMuMG cells partially restored the expression of E-
cadherin, while 1d3 overexpression fully derepress E-cadherin
promoter activity in MDCK cells. These findings suggest that
Id proteins suppress the activity of E12/E47 proteins to inhibit
E-cadherin promoter activity, and that molecules other than Id
proteins may be required for this effect in a cell type-specific
context. One of the candidate molecules may be Twist.?°
Twist was identified as an inhibitory molecule for E2A, and
was shown to bind directly to E12 to inhibit the expression of
the muscle creatine kinase gene.®® Previous studies showed
that Twist may be involved in the inhibition of differentiation of
multiple cell lineages, especially mesenchymal cells, includ-
ing muscle, cartilage and bone cells.2® It would be interesting
to examine whether Twist acts as a modulator of E2A action in
NMuMG cells.

For repression of E-cadherin in the process of EMT, the
zinc-finger factors, Snail'*®' and Slug,**~3* and the Smad-
interacting protein 1 (SIP1)® have been characterized
previously. All of these proteins have been shown to bind
directly to the promoter of the E-cadherin gene through
specific E-boxes and to suppress its expression in various cell
types. In fact, overexpression of these factors in NMuMG cells
reduced E-cadherin promoter activity to levels similar to those
induced by E2A proteins (data not shown). However,
upregulation of these factors by TGF-f was not detected by
RT-PCR (data not shown), and functional collaboration of
these factors with Id proteins was not observed in NMuMG
cells by monitoring for luciferase activity. Interestingly, we
found that SIP1, but not Slug or Snalil, interacted weakly with
E2A in transfected COS-7 cells. Thus, an intriguing possibility
is that E2A may cooperate with SIP1 in the regulation of
E-cadherin expression, at least in cell-specific contexts.

Involvement of Smad pathways in the regulation of EMT is
still controversial. RhoA has been shown to be a key player in
exhibiting EMT by TGF-$3, and its activity is independent of the
inhibitory effect of Smad7.3¢ However, we have observed that
TGF-p-induced EMT in NMuMG cells was completely blocked
by infection with Smad7 or Ski adenoviruses (data not shown)
in agreement with other reports.22*” In addition, downregula-
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tion of Id proteins by TGF-f was completely inhibited by these
treatments. Taken together, these results support that TGF-f-
induced EMT in NMuMG cells is highly dependent on the
Smad pathways.

EMT is thought to be a phenomenon that is important for
development in early embryonic stages and for the invasion
and metastasis of cancer cells. Our results using a TGF-§
receptor kinase inhibitor indicate that inhibition of TGF-f
signaling may block the EMT and migration/invasion induced
by TGF-p, suggesting that these inhibitors may be used for the
treatment of certain cancers. In conclusion, we propose that
E2A proteins regulate the steady-state level of E-cadherin in
NMuMG cells through binding to Id proteins, thus maintaining
the original epithelial cell morphology. After downregulation of
Id proteins induced by TGF-f or after constitutive expression
of E2A, the E2A proteins would be in molar excess of the
inhibitory Id proteins, leading to transdifferentiation from
epithelial to mesenchymal phenotypes in NMuMG cells.

Materials and Methods

Reagents, constructs and antibodies

TGF-3 and BMP-4 were purchased from R&D Systems (Minneapolis,
MN, USA). The E-cadherin promoter (pGL2-pEDwt) containing the mouse
promoter from —178 to -+ 92 bp was fused to a luciferase reporter gene.*
The cDNA constructs encoding E12 and E47 were from Dr. C Murre
(University of California, CA, USA). The Id1 gene was obtained from Dr. H
Weintraub (Fred Hutchinson Cancer Research Center, WA, USA), and the
Id2 gene was as described previously.®® Anti-phospho-Smad?2 antibody
and anti-phospho-Smad1/5 antibody were purchased from Cell-Signaling
(Beverly, MA, USA). Anti-Id1, -1d2, -Id3 and -E2A antibodies and the
blocking peptide against E2A were from Santa Cruz (Santa Cruz, CA,
USA). Anti-E-cadherin antibody and anti-fibronectin antibody were
purchased from BD Pharmingen (Transduction Laboratories, Lexington,
KY, USA) and Calbiochem (San Diego, CA, USA), respectively. Anti-
vimentin antibody was from Dako (Kyoto, Japan) and anti-o-tubulin from
Sigma-Aldrich (St. Louis, MO, USA). SB-431542 was synthesized as
described® and stored as a solution in DMSO. This solution was used
after diluting with the medium for each assay.

Cell culture

Mouse NMuMG mammary epithelial cells (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 4.5 g/l. glucose, 10% fetal bovine serum (FBS), 10 g/
ml insulin, 100 U/ml penicillin and 100 mg/ml streptomycin. MDCK cells
were grown in DMEM in the presence of 10% FBS, 10 mM glutamine and
antibiotics. Cells were grown in a 5% CO, atmosphere at 37°C.

RT-PCR analysis

Total RNA was isolated from NMuMG cells with Isogen (Nippon Gene,
Tokyo, Japan) and first-strand cDNA was synthesized using the
Superscript First-strand synthesis System (Invitrogen, Carlsbad, CA,
USA) with random hexamer primers as described by the manufacturer's
instructions. The expression of Id1, 1d2, 1d3 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was compared by semiquantitative
RT-PCR analysis. A mouse GAPDH was used to normalize the amount of
total cDNA in each sample. PCR conditions were 95°C (1 min), 25 cycles



0f 95°C (15s), 60°C (30s), 72°C (1 min) for GAPDH, Id1 and ld2, and 30
cycles for 1d3, followed by 10 min at 72°C. PCR primers used in this
experiment were: f-ld1, 5-AGGTGAACGTCCTGCTCTACGA-3'; r-ld1, 5'-
CAGGATCTCCACCTTBCTCACT-3'; f-Id2, 5’-CCGGATTCAGCATGAA-
AGCCTTCAGTCCG-3'; r-Id2, 5'-CCTTCGAATTAGCCACAGAGTACT-
TT-3'; -1d3, 5’-CCTCTTGGACGACATGAACCA-3; r-Id3, 5'-TTCAGGC-
CACCCAAGTTCAGT-3’; f-mGAPDH, 5-TGCAGTGGCAAAGTGGAG-
ATT-3’; and r-mGAPDH, 5-TTGAAGTCGCAGGAGACAACCT-3'. PCR
products were separated by electrophoresis in agarose gel (2%) and
visualized with ethidium bromide.

Transfection, immunoprecipitation and
immunoblotting

NMuMG cells and MDCK cells were transiently transfected using Fugene
6 (Roche Molecular Biochemicals) and Lipofectamine Plus (Gibco BRL),
respectively. Immunoprecipitation and immunoblotting were performed
using anti-Flag M2 antibody (Sigma-Aldrich) or other antibodies as
described previously.* NMuMG cells or retrovirus-infected cells were
grown to 90% confluency. After stimulation with 1.4 nM (50 ng/ml) BMP-4
or 100 pM TGF-p, cells were put on ice, rinsed with PBS (—) and lysed in
RIPA buffer (20mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
sodiumdeoxycholate and 0.1% SDS) for immunoblotting or in lysis buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1.5%
aprotinin and 1 mM phenylmethylsulfonylfluoride) for immunoprecipitation.
Cell lysates were quantitated by Bradford analysis for protein content and
extracts containing equal amounts of total proteins were processed to
SDS gel electrophoresis, followed by semidry transfer of the proteins to
Pall Fluorotrans-W membrane (Pall corp.). Nonspecific binding of proteins
to the membrane was blocked by incubation in TBS-T buffer (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl and 0.1% Tween-20) containing 5% skim milk
or 5% polyvinylpyrrolidone (Calbiochem).*' The detection of immuno-
blotted proteins was performed by enhanced chemiluminescence.

Luciferase assay

NMuMG and MDCK cells were transiently transfected with appropriate
combinations of reporter constructs (pGL2-pEDwt), expression plasmids
and pcDNA3.0. The total amount of transfected DNAs was the same in
each experiment. Luciferase activities were assayed by the luciferase
assay system (Promega) and normalized to sea-pansy luciferase activity
under the control of the thymidine kinase promoter.

Retrovirus vectors and generation of stable cell
lines

pBabe-TRE was constructed by inserting a hygromycin resistance gene,
followed by TRE and the minimal CMV promoter from pTRE (Clontech),
between the modified gag gene and 3'-UTR of pBabe-puro. pBabe-tTA
was constructed by inserting a puromycin resistance gene, followed by the
CMV promoter and the tTA gene from pTET-OFF (Clontech), between the
modified gag gene and 3'-UTR of pBabe-puro.*? The cDNAs encoding
Flag-tagged 1d2 and E12 were subcloned into pBabe-TRE. To obtain
stable cell lines, 293T cells were first cotransfected with pBabe-tTA and
ecotropic-helper plasmids by Fugene 6 to produce culture supernatants
containing virus. NMuMG cells were then infected with retrovirus by
culturing for 2 days in the conditioned media with 8 ug/ml of polybrene
before selection with 3 ug/ml of puromycin. Several puromycin-resistant
clones were established and analyzed for inducible efficiencies after
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infection with pBabe-TRE-EGFP. The clones most efficiently expressing
tTA, clones 9 and 15, were further infected with retrovirus in the
conditioned media derived from 293T cells cotransfected with pBabe-TRE,
pBabe-Flag-1d2 or pBabe-Flag-E12 and ecotropic-helper plasmids. After
reselection with 1 mg/ml of hygromycin, the double resistant clones were
maintained in DMEM supplemented with 4.5 g/l glucose, 10% FBS, 1 ug/
ml tetracycline (Tet), 1 mg/ml hygromycin and 3 ug/ml puromycin, before
use in further experiments.

Transdifferentiation of NMuMG cells and analysis
by fluorescence microscopy

NMuMG cells were seeded at a density of 0.75 x 10° cells/well on glass
coverslips in six-well plates. Approximately 6h later, the medium was
changed and cells were further cultured for 18h. Cells were then
stimulated with BMP-4 or TGF-$ in the normal culture medium containing
10% FBS. The hygromycin and puromycin double resistant clones of
NMuMG cells infected with pBabe-tTA and either pBabe-TRE or pBabe-
Flag-ld2 were maintained in DMEM supplemented with 4.5 g/l glucose,
10% FBS, 10 pg/ml insulin and antibiotics (1 mg/ml hygromycin and 3 ug/
ml puromycin) in the presence of 1 ug/ml Tet. Similar to normal NMuMG
cells, the infected NMuMG cells were stimulated with TGF-£ after they had
been seeded in the presence or absence of Tet. After 24-36h of
stimulation, cells were treated to allow direct fluorescence of the actin
cytoskeleton with 0.25 mM TRITC-conjugated phalloidin (Sigma-Aldrich,
St. Louis, MO, USA) as described previously.?? All specimens were
mounted onto glass slides and observed by confocal laser scanning
microscopy.

Migration assay

NMuMG cells and NMuMG cells infected with pBabe-TRE, pBabe-Flag-
Id2 or pBabe-Flag-E12 were seeded at 1.5 x 10° cells/well in six-well
tissue culture plates. After cells reached 80% confluency, a wound was
incised with a pipette tip in the central area of culture and 100 pM TGF-f3 or
1.4 nM BMP-4 was added. Photographs were taken under phase-contrast
microscopy immediately after the incision, and after 18-24h of ligand
stimulation. When a wound was incised, an edge of the wound was
marked with a thin line on the bottom of each well. After 18-24 h, the
migration of wound edges (healing the wound area) from the line was
measured at three random points.*3

Invasion assays

Cellinvasion assays were performed using a Cell Culture Insert (8 um pore
size; FALCON). Type IV collagen (BD Biosciences) was added to the Cell
Culture Insert (5 nug/well) and dried. Cells pretreated with or without 40 pM
TGF-f were split and reseeded in each well at a concentration of 4 x 10*
cells/well in the presence or absence of TGF-f. After 12h, the cells that
had not invaded were removed from the upper face of the filters using
cotton swabs, and the cells that had invaded to lower surface of the filter
were fixed in methanol and stained with Giemsa. Invasion was quantitated
by visual counting after photographed. The mean of three random fields
was obtained for each well. Each experiment was performed in triplicate.**

Acknowledgements

We thank Dr. N Funato for valuable discussions, and Drs. C Murre, B and
H Weintraub for providing crucial reagents. We also thank T Imamura, M

1099

Cell Death and Differentiation



Id defines TGF-g-induced EMT
M Kondo et a/

1100

Kato, A Hanyu and all the members of the Molecular Pathology Laboratory
for critical comments. This work was supported by Grants-in-Aid for
Scientific Research from the Ministry of Education, Science, Sports and
Culture of Japan. KM is also supported by a VRIA grant from Boehringer
Ingelheim. EC is supported by a fellowship from the Carlos Il Institute.

References

1.

2.

20.

Shi Y and Massague J (2003) Mechanisms of TGF-f signaling from cell
membrane to the nucleus. Cell 113: 685-700

Miyazono K, Suzuki H and Imamura T (2003) Regulation of TGF-$ signaling
and its roles in progression of tumors. Cancer Sci. 94: 230-234

. Derynck R, Akhurst RJ and Balmain A (2001) TGF-f signaling in tumor

suppression and cancer progression. Nat. Genet. 29: 117-129

. Wakefield LM and Roberts AB (2002) TGF-f signaling: positive and negative

effects on tumorigenesis. Curr. Opin. Genet. Dev. 12: 22-29

. Miyazawa K, Shinozaki M, Hara T, Furuya T and Miyazono K (2002) Two

major Smad pathways in TGF-f superfamily signalling. Genes Cells 7:
1191-1204

. Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression.

Nat. Rev. Cancer 2: 442-454

. Savagner P (2001) Leaving the neighborhood: molecular mechanisms involved

during epithelial-mesenchymal transition. BioEssays 23: 912-923

. Bottinger EP and Bitzer M (2002) TGF- 3 signaling in renal disease. J. Am. Soc.

Nephrol. 13: 2600-2610

. Camenisch TD, Molin DG, Person A, Runyan RB, Gittenberger-de Groot AC,

McDonald JA and Klewer SE (2002) Temporal and distinct TGFf ligand
requirements during mouse and avian endocardial cushion morphogenesis.
Dev. Biol. 248: 170-181

. Kaartinen V, Cui XM, Heisterkamp N, Groffen J and Shuler CF (1997)

Transforming growth factor-$3 regulates transdifferentiation of medial edge
epithelium during palatal fusion and associated degradation of the basement
membrane. Dev. Dyn. 209: 255-260

. Lehmann K, Janda E, Pierreux CE, Rytomaa M, Schulze A, McMahon M, Hill

CS, Beug H and Downward J (2000) Raf induces TGFf production
while blocking its apoptotic but not invasive responses: a mechanism
leading to increased malignancy in epithelial cells. Genes Dev. 14:
2610-2622

. Janda E, Lehmann K, Killisch |, Jechlinger M, Herzig M, Downward J, Beug H

and Grunert S (2002) Ras and TGFj cooperatively regulate epithelial cell
plasticity and metastasis: dissection of Ras signaling pathways. J. Cell Biol.
156: 299-313

. Gotzmann J, Huber H, Thallinger C, Wolschek M, Jansen B, Schulte-Hermann

R, Beug H and Mikulits W (2002) Hepatocytes convert to a fibroblastoid
phenotype through the cooperation of TGF-$1 and Ha-Ras: steps towards
invasiveness. J. Cell Sci. 115: 1189-1202

. Cano A, Perez-Moreno MA, Rodrigo |, Locascio A, Blanco MJ, del Barrio MG,

Portillo F and Nieto MA (2000) The transcription factor snail controls epithelial-
mesenchymal transitions by repressing E-cadherin expression. Nat. Cell Biol.
2:76-83

. Peinado H, Quintanilla M and Cano A (2003) Transforming growth factor

p-1 induces snail transcription factor in epithelial cell lines: mechanisms for
epithelia-mesenchymal transitions. J. Biol. Chem. 278: 21113-21123

. Kee BL, Quong MW and Murre C (2000) E2A proteins: essential regulators at

multiple stages of B-cell development. Immunol. Rev. 175: 138-149

. Funato N, Ohtani K, Ohyama K, Kuroda T and Nakamura M (2001) Common

regulation of growth arrest and differentiation of osteoblasts by helix-loop—helix
factors. Mol. Cell. Biol. 21: 7416-7428

. Perez-Moreno MA, Locascio A, Rodrigo I, Dhondt G, Portillo F, Nieto MA and

Cano A (2001) A new role for E12/E47 in the repression of E-cadherin
expression and epithelia-mesenchymal transitions. J. Biol. Chem. 276:
27424-27431

. Norton JD (2000) ID helix-loop-helix proteins in cell growth, differentiation and

tumorigenesis. J. Cell Sci. 113 (Part 22): 3897-3905
Miyazono K and Miyazawa K (2002) Id: a target of BMP signaling. Sci. STKE,
PE40

Cell Death and Differentiation

22.

23.

24.

25.

26.

271.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

. Kang Y, Chen CR and Massague J (2003) A self-enabling TGFf3 response

coupled to stress signaling: Smad engages stress response factor ATF3 for Id1
repression in epithelial cells. Mol. Cell 11: 915-926

Piek E, Moustakas A, Kurisaki A, Heldin CH and ten Dijke P (1999) TGF-f type
| receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal
transdifferentiation in NMuMG breast epithelial cells. J. Cell Sci. 112 (Part 24):
4557-4568

Akiyoshi S, Ishii M, Nemoto N, Kawabata M, Aburatani H and Miyazono K
(2001) Targets of transcriptional regulation by transforming growth factor-f:
expression profile analysis using oligonucleotide arrays. Jpn. J. Cancer Res.
92: 257-268

Matsuyama S, lwadate M, Kondo M, Saitoh M, Hanyu A, Shimizu K, Aburatani
H, Mishima HK, Imamura T, Miyazono K and Miyazawa K (2003) SB-431542
and Gleevec inhibit transforming growth factor-p-induced proliferation of
human osteosarcoma cells. Cancer Res. 63: 7791-7798

Lasorella A, Noseda M, Beyna M, Yokota Y and lavarone A (2000) Id2 is a
retinoblastoma protein target and mediates signalling by Myc oncoproteins.
Nature 407: 592-598

Lasorella A, Boldrini R, Dominici C, Donfrancesco A, Yokota Y, Inserra A
and lavarone A (2002) 1d2 is critical for cellular proliferation and is the
oncogenic effector of N-myc in human neuroblastoma. Cancer Res. 62:
301-306

Siegel PM, Shu W and Massague J (2003) Mad upregulation and 1d2
repression accompany TGF-j mediated epithelial cell growth suppression. J.
Biol. Chem. 278: 35444-35450

Kee BL, Rivera RR and Murre C (2001) Id3 inhibits B lymphocyte
progenitor growth and survival in response to TGF-S. Nat. Immunol. 2:
242-247

Lee MS, Lowe GN, Strong DD, Wergedal JE and Glackin CA (1999) TWIST, a
basic helix-loop-helix transcription factor, can regulate the human osteogenic
lineage. J. Cell. Biochem. 75: 566-577

Hebrok M, Fuchtbauer A and Fuchtbauer EM (1997) Repression of muscle-
specific gene activation by the murine Twist protein. Exp. Cell Res. 232:
295-303

Batlle E, Sancho E, Franci C, Dominguez D, Monfar M, Baulida J and Garcia
De Herreros A (2000) The transcription factor snail is a repressor of E-cadherin
gene expression in epithelial tumour cells. Nat. Cell Biol. 2: 84-89

Bolos V, Peinado H, Perez-Moreno MA, Fraga MF, Esteller M and Cano A
(2003) The transcription factor Slug represses E-cadherin expression and
induces epithelial to mesenchymal transitions: a comparison with Snail and E47
repressors. J. Cell Sci. 116: 499-511

Savagner P, Yamada KM and Thiery JP (1997) The zinc-finger protein slug
causes desmosome dissociation, an initial and necessary step for growth
factor-induced epithelial-mesenchymal transition. J. Cell Biol. 137: 1403-1419
Hajra KM, Chen DY and Fearon ER (2002) The SLUG zinc-finger protein
represses E-cadherin in breast cancer. Cancer Res. 62: 1613-1618

Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L, Bruyneel E,
Mareel M, Huylebroeck D and van Roy F (2001) The two-handed E box binding
zinc finger protein SIP1 downregulates E-cadherin and induces invasion. Mol.
Cell 7: 1267-1278

Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist CA, Engel ME, Arteaga
CL and Moses HL (2001) Transforming growth factor-31 mediates epithelial to
mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol.
Cell. Biol. 12: 27-36

. Kurisaki K, Kurisaki A, Valcourt U, Terentiev AA, Pardali K, Ten Dijke P, Heldin

CH, Ericsson J and Moustakas A (2003) Nuclear factor YY1 inhibits
transforming growth factor 8- and bone morphogenetic protein-induced cell
differentiation. Mol. Cell. Biol. 23: 4494-4510

Yokota Y, Mori S, Narumi O and Kitajima K (2001) In vivo function of a
differentiation inhibitor, Id2. IUBMB Life 51: 207-214

Callahan JF, Burgess JL, Fornwald JA, Gaster LM, Harling JD, Harrington FP,
Heer J, Kwon C, Lehr R, Mathur A, Olson BA, Weinstock J and
Laping NJ (2002) lIdentification of novel inhibitors of the transforming
growth factor 1 (TGF-betal) type 1 receptor (ALK5). J. Med. Chem. 45:
999-1001

Mizuide M, Hara T, Furuya T, Takeda M, Kusanagi K, Inada Y, Mori M,
Imamura T, Miyazawa K and Miyazono K (2003) Two short segments of Smad3
are important for specific interaction of Smad3 with ¢-Ski and SnoN. J. Biol.
Chem. 278: 531-536



Id defines TGF-g-induced EMT @
M Kondo et a/

1101

41. Faure S, Lee MA, Keller T, ten Dijke P and Whitman M (2000) Endogenous 43. Debruyne PR, Vermeulen SJ, Berx G, Pocard M, Correia da Rocha AS, Li X,

patterns of TGFf superfamily signaling during early Xenopus development. Cimes L, Poupon MF, van Roy FM and Mareel MM (2003) Functional and

Development 127: 2917-2931 molecular characterization of the epithelioid to round transition in human
42. Morgenstern JP and Land H (1990) Advanced mammalian gene transfer: high colorectal cancer LoVo cells. Oncogene 22: 7199-7208

titre retroviral vectors with multiple drug selection markers and a 44. Shaw LM, Rabinovitz I, Wang HH, Toker A and Mercurio AM (1997) Activation

complementary helper-free packaging cell line. Nucleic Acids Res. 18: of phosphoinositide 3-OH kinase by the «6/34 integrin promotes carcinoma

3587-3596 invasion. Cell 91: 949-960

Cell Death and Differentiation



