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Abstract
Epithelial-mesenchymal transitions (EMT) are essential for organogenesis and triggered in
carcinoma progression into an invasive state1. Transforming growth factor-β (TGF-β) cooperates
with signalling pathways, such as Ras and Wnt, to induce EMT2-5, but the molecular mechanisms
are not clear. Here, we report that SMAD3 and SMAD4 interact and form a complex with
SNAIL1, a transcriptional repressor and promoter of EMT6, 7. The SNAIL1-SMAD3/4 complex
was targeted to the gene promoters of CAR, a tight junction protein, and E-cadherin during TGF-
β-driven EMT in breast epithelial cells. SNAIL1 and SMAD3/4 acted as co-repressors of CAR,
occludin, claudin-3 and E-cadherin promoters in transfected cells. Conversely, co-silencing of
SNAIL1 and SMAD4 by siRNA inhibited the repression of CAR and occludin during EMT.
Moreover, loss of CAR and E-cadherin correlated with nuclear co-expression of SNAIL1 and
SMAD3/4 in a mouse model of breast carcinoma and at the invasive fronts of human breast
cancer. We propose that activation of a SNAIL1-SMAD3/4 transcriptional complex represents a
novel mechanism of gene repression during EMT.

TGF-β plays dual roles in cancer by acting as a tumour suppressor in early tumour
development, and paradoxically, by promoting tumour cell invasion in later stages4.
Cooperation of TGF-β and other signalling pathways, such as Ras, is required for complete
EMT2, 4, 5. TGF-β binding to its receptors leads to phosphorylation of SMAD2/3, which
partner with SMAD4 and translocate to the nucleus where SMAD transcriptional complexes
control the expression of target genes8. SMADs have low affinity for DNA and interact with

13Correspondence should be addressed to Jonas Fuxe (JF), Department of Biochemistry and Biophysics, Matrix Division, Karolinska
Institute, 17177 Stockholm, Sweden. jonas.fuxe@ki.se.

NIH Public Access
Author Manuscript
Nat Cell Biol. Author manuscript; available in PMC 2013 September 11.

Published in final edited form as:
Nat Cell Biol. 2009 August ; 11(8): 943–950. doi:10.1038/ncb1905.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DNA-binding cofactors to achieve high affinity and selectivity for specific target genes.
Therefore, cells read TGF-β signals differently and the outcome of the response depends on
the array of SMAD cofactors active at the time of exposure8. SMAD signalling is essential
for TGF-β-induced EMT5 and SMAD4 promotes tumour cell invasion in advanced
pancreatic tumours9.

The transcription factor SNAIL1 plays a key role in EMT both during development and in
tumour progression10 by repressing junction components like E-cadherin11, 12, claudins,
occludin13 and desmoplakin12. SNAIL1 is activated by multiple pathways6, 7 and negatively
regulated by GSK-3β14, 15. SNAIL1 is specifically activated at the tumour-stroma
interface16.

The documented involvement of SMADs and SNAIL1 in EMT prompted us to investigate
whether these transcription factors could cooperate to regulate gene expression in TGF-β-
induced EMT. In particular, we studied the regulation of the coxsackie- and adenovirus
receptor (CAR), a tight junction-associated cell adhesion molecule, which is down-regulated
in human cancer and in TGF-β-induced EMT17-19, and E-cadherin, an established marker of
EMT. CAR is predominantly expressed in epithelial cells where it contributes to tight
junction formation and barrier function17, 20. A role for CAR as a tumour suppressor has
been suggested based on studies showing that loss of CAR is associated with aggressive
bladder cancer21 and over-expression of CAR reduces the metastatic potential of tumour
cells22. CAR is regulated by the Raf-MEK-ERK pathway during carcinoma progression23

but the transcriptional mechanisms have not been determined. Here, we used two established
in vitro models of TGF-β-induced EMT to investigate the involvement of SNAIL1 and
SMADs in the regulation of CAR and E-cadherin.

EpH4-EpRas-EpXT is a model of stable EMT in mouse breast epithelial cells induced by the
cooperative actions of TGF-β and Ras24. EpXT cells had EMT characteristics with
repression of E-cadherin, upregulation of vimentin (Fig. 1a, e) and N-cadherin (Fig. S1a)
and a mesenchymal morphology compared to EpH4 cells (Fig. 1e). The expression of CAR,
occludin and claudin-3 was also reduced in EpXT versus EpH4 cells, both at protein and
mRNA levels (Fig. 1a, b and Fig. S1a), indicating that transcriptional repression was
involved. The remaining CAR protein was discontinuously distributed along cell-cell
contacts in EpXT cells (Fig.1e), suggesting that tight junctions were disorganized during
EMT, as indicated by others13. Consistent with decreased CAR levels, EpXT cells were less
sensitive to adenovirus infection compared to EpH4 cells (Fig. S1a).

NMuMG cells are frequently used as a model of inducible and transient TGF-β mediated
EMT25. TGF-β treatment of NMuMG cells resulted in EMT with down-regulation of CAR,
E-cadherin and occludin, increased expression of vimentin and cell elongation (Fig. 1c, d, f),
as previously shown18. Similar to EpXT cells, CAR distribution shifted from a continuous to
a discontinuous pattern at cell-cell contacts after TGF-β-treatment (Fig. 1f).

To determine the involvement of SNAIL1 and SMAD3/4 in the repression of CAR and
other junction proteins in TGF-β-mediated EMT, we analyzed the expression and
intracellular localization of these transcription factors. The expression of SNAIL1, SMAD3
and SMAD4 was increased in EpXT compared to EpH4 cells, at protein (Fig. 1a) and
mRNA levels (Fig. S1b). TGF-β treatment of NMuMG cells resulted in increased expression
of SNAIL1 but did not significantly alter the expression of SMAD3 and SMAD4 (Fig. 1c
and S1c).

SNAIL1 and SMAD3/4 were diffusely localized in the cytosol and nucleus in EpH4 and
untreated NMuMG cells but concentrated in the nuclei of EpXT and TGF-β-treated
NMuMG cells (Fig. 1g, h). Nuclear translocation of SNAIL1 and SMAD3/4 occurred
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rapidly after TGF-β exposure and followed similar kinetics (data not shown). Computer-
based sequence analysis showed that the mouse CAR promoter contained putative SNAIL1
sites (E-boxes) and SMAD binding elements (SBEs) (Fig. 2a). To test whether SNAIL1
and /or SMAD3/4 could interact with the CAR promoter we performed chromatin
immunoprecipitation (ChIP) analysis using primers for five different regions of the CAR
promoter (Fig. 2a, regions I-V). In EpXT cells, SNAIL1 and SMAD4 specifically interacted
with regions I and IV (Fig. 2b). The E-box in region I (CACCTG) conforms to the
consensus SNAIL1 binding site (CANNTG) while the E-box in region IV (CAGGTT,
reverse strand) differed slightly from the consensus sequence. However, CAGGTT
sequences have previously been reported to confer binding sites for SNAIL126. The E-boxes
and SBEs in regions I and IV were located in close proximity to each other (16-18 base pairs
apart), suggesting that SNAIL1 and SMAD3/4 could bind DNA in a cooperative fashion.

Subsequently, we compared the interaction of SNAIL1 and SMAD3/4 with the CAR
promoter under EMT versus non-EMT conditions. SNAIL1 and SMAD3/4 interacted with
regions I and IV in EpXT and TGF-β-treated NMuMG cells but were less detectable in
EpH4 and untreated NMuMG cells (Fig. 2c, d). SMAD3 interacted with region I of the CAR
promoter in its phosphorylated form (Fig. 2c).

Putative SBEs were found adjacent to E-boxes also in E-cadherin, occludin and claudin-3
promoters (Fig. S2f), suggesting that cooperative binding of SNAIL1 and SMADs could be
a general mechanism of action of these transcription factors. Additionally, a SMAD4-
specific binding site was recently mapped to a location close to E-boxes in the E-cadherin
promoter27. ChIP analysis showed that SNAIL1 and SMAD4, and to a lesser extent
SMAD3, interacted with this particular region of the E-cadherin promoter in EpXT, but not
in EpH4 cells (Fig. 2c). Thus, during TGF-β-induced EMT, SNAIL1 and SMAD3/4 were
translocated to the nucleus and targeted to regions within CAR and E-cadherin promoters
containing adjacent E-boxes and SBEs, suggesting that they may interact and cooperatively
regulate gene expression.

To study whether SNAIL1 interacted with SMAD3/4, we performed co-
immunoprecipitation (Co-IP) studies. In whole cell extracts from EpXT cells, we found
SNAIL1 in complex with SMAD3 and SMAD4 (Fig. 2e), and in nuclear extracts, SMAD4
in complex with SNAIL1 (Fig. S1d). The interaction between SNAIL1 and SMAD3/4 was
not restricted to EpXT cells but also found in NMuMG (Fig. 2f) and EpH4 cells (data not
shown). This suggested that while the nuclear accumulation and recruitment of SNAIL1 and
SMAD3/4 to CAR and E-cadherin promoters was specific to EMT, the interaction was not.

The capacity of SNAIL1 and SMAD3/4, separately or in combinations, to regulate the
activity of CAR, E-cadherin, occludin and claudin-3 promoters was analyzed by reporter
assays in EpH4 cells. SNAIL1 repressed CAR, E-cadherin and occludin promoter activities
by 40-60% (Fig. 3a-c) while SMAD3 or SMAD4 alone did not cause significant repression
(Fig. S2a-c). However, in combination, SMAD3 and SMAD4 caused, similar to SNAIL1,
50% repression of all three promoters (Fig. 3a-c). The claudin-3 promoter was repressed by
SNAIL1 (20%) (Fig. 3d) but activated by SMAD3 and SMAD4 (50-100%), both in
combination (Fig. 2d), and separately (Fig. S2d).

The combination of SNAIL1 and SMAD3/4 repressed CAR, E-cadherin and occludin
promoters by 70-80%, which was significantly more efficient than SNAIL1 or SMAD3/4
separately (Fig. 3a-c). The claudin-3 promoter was also significantly repressed (50%) by the
combination of SNAIL1 and SMAD3/4 (Fig. 3d), indicating that SNAIL1 converted
SMAD3/4 from transcriptional activators to repressors. Similar results were obtained for the
human E-cadherin promoter (Fig. S2e) and for the mouse CAR promoter in NMuMG and
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293 cells (data not shown), showing that the co-repressor effect of SNAIL1 and SMAD3/4
was not cell-type specific.

To study the importance of specific SNAIL1 and SMAD binding sites for the cooperative
repression of SNAIL1 and SMAD3/4 we generated wild-type (WT) and mutant (single or
double mutants) reporter constructs of region I of the CAR promoter (Fig. 3e). The WT and
mutant promoters had comparable activities when transfected into EpH4 cells (Fig. 3f). The
WT and single mutant promoters were similarly repressed by SNAIL1 and SMAD3/4.
However, the double mutant promoter was significantly less repressed compared to the WT
promoter, indicating the importance of the adjacent Ebox and SBE sites for the cooperative
effects of SNAIL1 and SMAD3/4 (Fig. 3f).

The stability and nuclear activity of SNAIL1 is negatively regulated by phosphorylation via
GSK-3β14, 15, which is inhibited by multiple pathways including Ras/PI3K and Wnt
signalling. We hypothesized that stabilization of SNAIL1 via inhibition of GSK-3β would
result in more potent repression of junction proteins during TGF-β-induced EMT. To test
this, we treated NMuMG cells with TGF-β in the presence or absence of a GSK-3β inhibitor.
The GSK-3β inhibitor alone repressed CAR and E-cadherin mRNA levels by 20-30% (Fig.
3g) but did not affect the expression or localization of CAR, E-cadherin, SNAIL1 or
SMAD3/4 proteins (Fig. 3g, h and Fig. S3a, b). However, the combination of TGF-β and the
GSK-3β inhibitor resulted in more potent repression of CAR and E-cadherin (Fig. 3g, h) and
increased expression of SNAIL1 and SMAD3/4 protein (Fig. 3h). RNA levels were less
affected (Fig. S3a), indicating that the increases in SNAIL1 and SMAD3/4 were due to
enhanced protein stability and that an increased pool of SNAIL1 and SMAD3/4
transcription factors available to form a complex results in more efficient repression of
junction proteins during EMT.

To further determine the involvement of SNAIL1 and SMAD3/4 in the repression of CAR
and other junction proteins during TGF-β-induced EMT, we used RNA interference to
silence these transcription factors in NMuMG cells. Using SNAIL1 and SMAD4 siRNAs,
SNAIL1 was repressed by 50% and SMAD4 by 70%, respectively, both under baseline
conditions and after TGF-β (Fig. 4a, b). Silencing of SNAIL1 significantly rescued the
repression of CAR and occludin (Fig. 4c, d) after TGF-β. E-cadherin was marginally rescued
by SNAIL1 siRNA (Fig. 4e), suggesting the repression of CAR and occludin was more
dependent on SNAIL1. SMAD4 silencing resulted in significant rescue of CAR, occludin
and E-cadherin (Fig. 4c, d, e) repression after TGF-β. Since our previous results showed that
SNAIL1 and SMAD3/4 functioned as co-repressors, we studied if the combination of
SNAIL1 and SMAD4 siRNAs was more potent in rescuing TGF-β-induced repression.
Indeed, co-silencing of SNAIL1 and SMAD4 resulted in complete rescue of the repression
of CAR and occludin after TGF-β (Fig. 4c, d). For E-cadherin, no additive rescue effect of
using both SNAIL1 and SMAD4 siRNAs was observed (Fig. 4e). The involvement of
SMAD3 was determined by using a specific inhibitor of SMAD3 (SIS3), which caused
significant rescue of both CAR and E-cadherin repression after TGF-β (Fig. 4f).

Together, these results demonstrate that SNAIL1 is a cofactor for SMAD3/4 and that
SNAIL1-SMAD3/4 complexes during TGF-β-induced EMT are recruited to CAR, occludin
and E-cadherin promoters, where Eboxes and SBEs are located in close proximity to each
other (Fig. 4g). As a result, the transcription of these genes is repressed. The repression of E-
cadherin in NMuMG cells was less dependent on SNAIL1 compared to CAR and occludin,
which is in agreement with published data indicating that other transcriptional repressors,
such as SIP1 and δEF1, repress E-cadherin in NMuMG cells during TGF-β-induced EMT28.
However, since SNAIL1 was incompletely blocked, one cannot exclude the possibility that
SNAIL1 contributes to the repression of E-cadherin in NMuMG cells.
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The importance of the SNAIL1-SMAD3/4 complex for EMT in cultured breast epithelial
cells encouraged us to identify in vivo evidence of cooperation of SNAIL1 and SMAD3/4 in
invasive breast cancer. First, we used a mouse model of subcutaneously grown D2F2 breast
carcinoma cells overexpressing human HER-2 (D2F2/E2), which results in the
establishment of tumours with invasive properties and capacity to metastasize to the lungs29.
Established tumours were composed of morphologically distinct compartments containing
cells with either an epithelial or mesenchymal morphology (Fig. 5a). Cells within both
compartments were positive for HER-2, indicating that the mesenchymal-like cells had
originated from the initial pool of injected tumour cells that had undergone EMT-like
changes during tumour formation in vivo. In agreement with this, mesenchymal cells were
positive for vimentin while the epithelial cells expressed CAR and E-cadherin (Fig. 5a).
SNAIL1 and SMAD4 were not detected in cells within the epithelial compartment but were
co-expressed in the nuclei of cells within the mesenchymal compartment (Fig. 5b). This
supported a role for the SNAIL1-SMAD3/4 complex in the induction of EMT in this
subcutaneous mouse model of breast carcinoma.

Second, we analyzed a series of 25 human infiltrating ductal breast carcinomas for co-
expression of SNAIL1 and SMAD3/4 and loss of CAR or E-cadherin expression. Significant
expression of SNAIL1 was found in 8 cases where it was confined to the nuclei of tumour
cells at the invasive front. The expression of SMAD3 and SMAD4 was more ubiquitous
(Fig. 5c, d). CAR and E-cadherin were detected at junctions between tumour cells except in
areas of invasion, where the expression was reduced or lost. Loss of CAR and E-cadherin
correlated with nuclear co-expression of SNAIL1 and SMAD3/4 (Fig. 5c, d and Fig. S4a-c).
SMAD3/4 expressing tumour cells positive for SNAIL1 expressed significantly less CAR
and E-cadherin compared to cells negative for SNAIL1 (Fig. 5e). These results supported
cooperative roles of SNAIL1-SMAD3/4 in the induction of EMT during tumour cell
invasion.

In summary, we found that SNAIL1 is a cofactor for SMAD3/4 and that these transcription
factors form a transcriptional repressor complex, which, during TGF-β-induced EMT,
represses CAR, occludin and E-cadherin transcription. Thus, cooperation of SNAIL1 and
SMAD3/4 transcription factors affects the outcome of the TGF-β response in cells. A strong
correlation was found between loss of CAR and E-cadherin and nuclear co-expression of
SNAIL1 and SMAD3/4 at the invasive front of breast carcinomas in support of a role for
SNAIL1-SMAD3/4 complexes in human cancer.

Methods
Cells, antibodies, plasmids, primers and reagents. See supplementary Information,
Methods.

Protein analysis including immunofluorescence microscopy, immunoprecipitation and
Western blotting. See supplementary Information, Methods.

Semi-quantitative real-time PCR, luciferase reporter and chromatin immunoprecipitation
(ChIP) assays. See supplementary Information, Methods.

RNA Interference
Short interfering RNAs (siRNAs) were transfected into NMuMG cells grown in 12-well
plates according to the protocol recommended for Dharmafect I (Dharmacon/Thermo
Scientific/Nordic Biolabs, Taby, Sweden). Final concentrations of each siRNA were 200
nM. At 20 h after transfection, cells were split and after an additional 6 h, 5 ng/ml TGF-β
was added to the media. Cells were harvested and analyzed at 12h after the administration of

Vincent et al. Page 5

Nat Cell Biol. Author manuscript; available in PMC 2013 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TGF-β. The following siRNA sequences were used: mouse SNAIL1
(GGUACAACAGACUAUGCAA){Shirakihara, 2007 #47}, mouse SMAD4 (ON-TARGET
plus SMARTpool; UCAGGUGGCUGGUCGGAAA, GAGUGCAGUUGGAAUGUAA,
GCAAUUGAGAGUUUGGUAA, UCAGUAUGCGUUUGACUUA) and control
(ONTARGETplus Non-Targeting Pool).

Subcutaneous mouse breast carcinoma model
Syngeneic breast carcinomas were established by injection of 2×106 D2F2 cells stably
transfected with HER-230 subcutaneously into the flank of 10 week old female Balb/c mice.
Upon reaching a volume of 500 mm3, tumours were excised and frozen in OCT following
perfusion through the heart with 10 ml PBS and 10 ml 2% paraformaldehyde. Frozen
sections were air dried and fixed in ice-cold acetone for 10 minutes. Following stabilization
in PBS for 2 × 5 min, sections were blocked using 0.5% blocking reagent in PBS (NEN Life
Science Products) or using mouse-on-mouse blocking reagent (Vector Laboratories) for 1-2
hours at room temperature. After aspiration, antibodies diluted in PBS with 1% BSA
(washing solution) were applied and incubated at 4°C overnight. Antibodies and dilutions
used were: HER-2 (1:40; CB11-L-CE, Novocastra), vimentin (1:1; 3B4, DAKO), SMAD4
(rabbit, polyclonal Santa Cruz, 1:100), SNAIL1 (monoclonal, 1:100). Slides were washed 3
× 10 min in washing solution and subsequently incubated 2 h at room temperature with
appropriate conjugated secondary antibodies (fluorescently labeled, 1:1000, Invitrogen).
Following 3 × 10 min wash in washing solution, sections were mounted for microscopic
evaluation in medium containing DAPI (Vectashield, Vector Laboratories).

Immunofluorescence staining of human breast carcinomas
Immunofluorescence analysis of SNAIL1, SMAD3, SMAD4, CAR and E-cadherin was
performed on two sequential formalin-fixed paraffin-embedded 3μm tissue sections from 25
human breast carcinoma specimens placed on positively-charged glass slides (2 per
specimen). A pathologist (FR) diagnosed all cases as infiltrating ductal carcinomas. After
deparaffinization, antigen retrieval was performed by incubation in Tris-EDTA buffer, pH
9.0 (Dako, Carpinteria, CA), in a heated (97°C) water bath for 40 minutes. The tumour
sections were immersed in TBS/5% BSA for 10 minutes to block non-specific binding. The
first set of sections from each tumour was incubated with the following antibodies: rabbit
polyclonal anti-SMAD3 (Abcam, Cambridge, UK, diluted 1:100), mouse monoclonal anti-
SNAIL1 (diluted 1:5) and mouse monoclonal anti-E-cadherin (Dako, diluted 1:50) or rabbit
polyclonal anti-CAR antibodies (Atlas Antibodies, Stockholm, Sweden, diluted 1:50). The
second set of sections was incubated with rabbit polyclonal anti-SMAD4 (SantaCruz
Biotech, Santa Cruz, CA, diluted 1:125) and the combination of SNAIL1 and E-cadherin/
CAR antibodies, as described. SNAIL, CAR and E-cadherin were detected using Alexa
Fluor 655 conjugated goat anti-mouse or Alexa Fluor 568 mouse anti-rabbit IgG (Molecular
Probes, Eugene, OR) secondary antibodies (diluted 1:700) and SMAD3/4 by using an Alexa
Fluor 488 mouse anti-rabbit IgG secondary antibody. 8 out of 25 cases were clearly positive
for SNAIL1. Sections were counterstained with 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI, Vysis, Downers Grove, IL) to visualize cell nuclei. All incubations
were performed at room temperature. Fluorescence assays were performed using a Dako
Autostainer. Staining was evaluated by a pathologist (FR) using a Leica fluorescence
DM2000 microscope. Pictures were obtained by Leica Application Suite v2.8.1 and color
deconvolution and image composition was performed using ImageJ software (http://
rsb.info.nih.gov/ij). Further details of the procedure used for immunofluorescence staining
are available upon request. Fluorescence in tumour cells was scored as percentage of the
expression of SMAD3, SMAD4, SNAIL, CAR and E-cadherin.
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Statistical analysis
Values are presented as means +/− SEM with 3-6 samples (n) per group. The significance
between means was assessed by analysis of variance (ANOVA), followed by the Fisher's
test or the Wilcoxon Signed Ranks test (for the tumour samples) for multiple comparisons. P
< 0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of junction proteins is associated with nuclear accumulation of SNAIL1 and
SMAD3/4 during EMT in breast epithelial cells
Analysis of the expression of CAR, occludin, claudin-3, E-cadherin, vimentin, SNAIL1 and
SMAD3/4 during EMT in EpH4/EpXT (a, b, e, g) and NMuMG (c, d, f, h) cells. (a, c)
Immunoblot analysis of protein expression during EMT. A time course experiment showing
differences in expression in NMuMG cells treated with TGF-β (10 ng/ml) (c). Calnexin was
used as a loading control. Full scans are shown in Supplementary Information, Fig. S5. (b,
d) Semi-quantitative analysis of mRNA levels during EMT. A time course experiment
showing differences in NMuMG cells treated with TGF-β. Data in b and d represent mean ±
SEM of three independent experiments. (e, f) Immunofluorescence analysis of the
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expression and localization of junction proteins (green) during EMT. Nuclei were visualized
with DAPI staining (blue). Morphological evidence of EMT is shown in bright-field images.
Bars indicate 40 μm. (g, h) Immunofluorescence analysis of SNAIL1 and SMAD3/4 during
EMT. NMuMG cells were treated with TGF-β for 12 hours. Bars indicate 40 μm.
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Figure 2. SNAIL1 and SMAD3/4 interact and are recruited to CAR and E-cadherin promoters
during EMT
(a) Diagram indicating putative SNAIL1 sites (E-box) and SMAD-binding elements (SBE)
in different regions (I-V) of the 1000 bp genomic DNA sequence upstream of the ATG in
the CAR gene (upper panel). Sequences of E-box and SBE sites in regions I, II and IV are
shown. (b) Chromatin immunoprecipitation (ChIP) analysis of regions I-V was performed
with antibodies against SNAIL1 and SMAD4. (c) ChIP analysis of the interaction of
SNAIL1 and SMAD3/4 with the CAR (regions I and IV) and E-cadherin promoters in EpH4
versus EpXT cells. The interaction of phosporylated SMAD3 (p-SMAD3) with region I of
the CAR promoter was analyzed. (d) Interaction of SNAIL1, SMAD3/4 with the CAR
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promoter (regions I and IV) in untreated or TGF-β treated NMuMG cells (12 h). (e, f) Co-
immunoprecipitation (Co-IP) analysis of the interaction of SNAIL1 with SMAD4 and
SMAD3 in EpXT cells (e) and in untreated or TGF-β treated NMuMG cells (12 h) (f). Full
scans are shown in Supplementary Information, Fig. S5.
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Figure 3. SNAIL1 and SMAD3/4 act as transcriptional co-repressors
(a-d) Reporter assays showing SNAIL1 and SMAD3/4 repression of CAR, E-cadherin,
occludin and claudin-3 promoters. Data represent mean ± SEM of four independent
experiments. *, P < 0.05, different from negative control. §, P < 0.05, different from
SNAIL1. (e, f) Mutational analysis of Ebox and SBE sites in region I of the CAR promoter.
Reporter constructs containing wild-type CAR (CAR WT), E-box (CAR ΔEbox) or SBE
(CAR ΔSBE) mutations, or double mutations (CAR ΔΔ) were generated and used to analyze
the importance of these sites in mediating repression by SNAIL1 and SMAD3/4. Data
indicate mean ± SEM and are representative of three independent experiments. *, P < 0.05,
different from control. §, P < 0.05, different from WT. (g, h) Effect of GSK-3β inhibition on
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the repression of CAR and E-cadherin mRNA (g) and protein (h) during TGF-β induced
EMT (24 h) in NMuMG cells. SNAIL1 and SMAD3/4 proteins were also analyzed (h). Data
represent mean ± SEM of four independent experiments. *, P < 0.05, different from
untreated cells. §, P < 0.05, different from TGF-β alone. Full scans are shown in
Supplementary Information, Fig. S5.
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Figure 4. SNAIL1 and SMAD3/4 play essential and cooperative roles as transcriptional
repressors of junction components during EMT
(a, b) RNA analysis of the effect of siRNA mediated silencing of SNAIL1 and SMAD4 in
NMuMG cells in untreated and TGF-β treated NMuMG cells (24 h). (c-e) Effect of SNAIL1
and SMAD4 siRNAs on CAR, occludin and E-cadherin mRNA levels during TGF-β
induced EMT. Data indicate mean ± SEM and are representative of three independent
experiments. *, P < 0.05, different from untreated cells. §, P < 0.05, different from TGF-β +
control siRNA. †, P < 0.05, different from TGF-β + SNAIL1 siRNA. (f) Effect of SMAD3
inhibition on CAR and E-cadherin mRNA levels during TGF-β induced EMT. *, P < 0.05,
different from untreated cells. §, P < 0.05, different from TGF-β treatment. Data represent
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mean ± SEM of three independent experiments. (g) Cooperation of SNAIL1 and SMAD3/4
transcription factors during TGF-β-induced EMT. SNAIL1 and SMAD3/4 interact and form
a transcriptional repressor complex, which is targeted to adjacent Eboxes (E) and SBE sites
in genes encoding junction proteins like CAR, occludin and E-cadherin. As a result, these
genes are repressed.
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Figure 5. Loss of junction proteins correlates with nuclear co-expression of SNAIL1 and
SMAD3/4 in mouse breast carcinomas and at the invasive front in human breast cancer
(a, b). Immunofluorescence analysis of the expression of HER-2, vimentin, CAR, E-
cadherin, SNAIL1 and SMAD4 in subcutaneously grown mouse D2F2/E2 breast
carcinomas. Tumour compartments with epithelial (E) or mesenchymal (M) morphology
(separated by dashed lines) were identified by hematoxylin and eosin (H&E) staining. Boxes
in b indicate areas magnified in lower panels. Arrows indicate nuclear co-expression of
SNAIL1 and SMAD4. Scale bars = 50 μm or 20 μm (b, lower panels). (c, d)
Immunofluorescence analysis of the expression of SNAIL1, SMAD3/4, CAR and E-
cadherin in sections of invasive human ductal breast carcinomas. (c) Representative images
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showing correlation of nuclear co-expression of SNAIL1 and SMAD3 (upper panels) or
SMAD4 (lower panels) with loss of CAR expression (outlined regions). Scale bars = 30 μm.
(d) Representative images showing correlation between nuclear co-expression of SNAIL1
and SMAD3 and loss of E-cadherin expression (outlined regions). Scale bars = 30 μm. (e)
Quantification of the percentage of SMAD3+ cases and SMAD4+ cases of tumour cells
expressing CAR, E-cadherin and SNAIL1. *, P = 0.026 (CAR), P = 0.012 (E-cadherin),
different from SNAIL1 negative cells in each graph. 100 cells per field in 10 different fields
of each tumour (n=8) were quantified.
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