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The transcription factor Snail downregulates the tight
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Summary

Snail, a transcriptional repressor of E-cadherin expression, of p120. The levels of MRNA encoding the epithelial variant
is involved in epithelial-mesenchymal transitions during decreased, while the fibroblastic mMRNA form increased.
development. We demonstrate that Snail activity is not Although ectopic E-cadherin expression resulted in a
restricted to E-cadherin downregulation. Expression of downregulation of Snail-induced fibronectin expression,
tight junction proteins, including claudin-1, occludin and  fibroblastic morphology was affected only minimally; the

Z0-1, was downregulated in MDCK cells exogenously expression of tight junctional proteins remained at low

expressing Snail protein. Although occludin mRNA levels levels. These results indicate that Snail is involved in both
were downregulated by Snail expression, the transcription the direct transcriptional repression of genes, such as E-
of claudin-1 and ZO-1 were unaffected. Reporter assays cadherin and occludin, and post-transcriptional events,
using the claudin-1 promoter region revealed that including downregulation of claudin-1. These data support
promoter activity was not affected by Snail overexpression. the idea that Snail is a transcription factor possessing
Decreased synthesis of claudin-1 protein was observed, pleiotropic activities.

however, suggesting that Snail may act in translation

initiation. Snail expression also altered the splicing pattern  Key words: Snail, Cadherin, Adherens junction, Tight junction

Introduction homotypically to cadherins neighboring cells (Nose et al.,
Epithelial cells form cell-cell junctional complexes through1988). The conserved cytoplasmic domain then interacts with
tight junctions, adherens junctions and desmosomes. Thetite cytoskeleton to enhance cell-cell adhesion (Ozawa et al.,
junctions maintain epithelium structural integrity, creating al989; Ozawa et al., 1990; Reynolds et al., 1994).
critical assembly for the physiological function of epithelial The coordinated assembly of junctional complexes is
tissues. These junctional structures share a commdiependent on E-cadherin (Gumbiner et al., 1988; Pasder and
organization, containing transmembrane adhesive componen¥glson, 1988a). E-cadherin appears to reside at the top of the
bound to cytosolic adapter proteins providing a link toepithelial junctional complex assembly hierarchy. Incubation
the cytoskeleton. In adherens junctions, catenins linlef epithelial cells in either low calcium concentrations or
transmembrane E-cadherin to the actin cytoskeleton (Jou Btcadherin-blocking antibodies prevents proper assembly
al., 1995; Ozawa et al., 1990; Rimm et al., 1995). The@f adherens junctions, tight junctions and desmosomes
transmembrane protein occludin in tight junctions is linked tdGumbiner et al., 1988; Pasder and Nelson, 1988a; Pasdar and
the actin cytoskeleton by binding to ZO-1, which in turn binds\elson, 1988b; Siliciano et al., 1988). Furthermore, cells
to actin and ZO-2 (Furuse et al., 1994; Gumbiner et al., 199&teficient ina-catenin also lack E-cadherin function, leading to
Ito et al., 1997; Stevenson et al., 1986). Desmosomal cadherirgigfects in junctional complex assembly (Watabe et al., 1994).
distantly related to E-cadherin, are linked to intermediatéutant cadherins possessing truncated extracellular domains
filaments through cytosolic desmosomal plaque proteins, sugterturb cadherin-based adhesion and the formation of both
as desmoplakin and plakoglobin (Buxton and Magee, 199&dherens junctions and desmosomes (Amagai et al., 1995;
Green and Jones, 1996). Troxell et al., 1999; Troxell et al., 2000; Zhu and Watt, 1996).
During junctional complex assembly, cadherin-cateninThus, proper functioning of classical cadherins is necessary for
complexes initially formed at sites of cell-cell contact (Adamsdesmosome assembly under these experimental conditions.
et al., 1996; Angres et al., 1996) develop into mature adherensSnail is a zinc finger-containing transcription factor required
junctions. The cadherin superfamily of adhesion moleculefor proper development of vertebrate and invertebrate embryos
possesses the common structural features of an extracellu{@ray et al., 1994; Manzanares et al., 2001). This molecule
domain with calcium-binding motifs, a single transmembrandriggers epithelial to mesenchymal transitions allowing
domain and a C-terminal cytoplasmic domain. Classica¢pithelial cells to emigrate from their place of origin and form
cadherins, including E-, P- and N-cadherin, bindtissues such as the mesoderm and neural crest (Hay, 1995;
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Duband et al., 1995). Snail also functions in epithelial tovectors (10ug) by calcium phosphate methodology (Ozawa et al.,
mesenchymal transitions responsible for the acquisition d¥989). G418-resistant clones (MDCK-Sna cells) were isolated as
invasiveness during tumor progression (Cano et al., 200@ingle colonies and examined for HA-tagged Snail expression by
Batlle et al., 2000; Blanco et al., 2002). This tumorigenidmmunoblot and |mm_unofluorescence anaIy_S|s. MDCK-Sna cells
activity is associated with the ability of Snail to repress EWere co-transfected with the mouse E-cadherin construgiglland

; ot . MIKHygB (1 pg) using LipofectAmine Plus (GibcoBRL,
cadherin transcription (Cano et al., 2000; Batlle et al., 20001 o ;
Transfection of Snail cDNA into MDCK cells induced aithersburg, USA). Hygromycin B-resistant clones were isolated as

- ; . single colonies and examined for myc-tagged E-cadherin expression
epithelial to mesenchymal transitions; transfected cellgy immunoblot and immunofluorescence analysis.

acquired motile and invasive properties concurrent with

transcriptional downregulation of E-cadherin. While the

morphological changes induced by Snail expression suggestédgtibodies

that adherens junctions, tight junctions and desmosomes are ldlbuse mAbs against E-cadherircatenin,3-catenin, p120 (pp120)
disrupted by Snail expression, the mechanisms Comroning—r;j?(.fibronectin were purchased from Transduction Laboratories
these changes have not been addressed comprehensively(4gxington, KY). A mouse mAb against vinculin was purchased from
this study, we demonstrate that ectopic Snail expressi gma (St Louis, USA). Antibodies against claudin-1, claudin-3,

. . claudin-4, claudin-7, occludin and Z0-1 were obtained from ZYMED
downregulates the expression of E-cadherin and the expressi uth San Francisco, USA). A mouse mAb  recognizing

of the t'ght. Junction comppnents, occludin, claudin-1 a.nd.ZO esmoplakins 1 and 2 was purchased from Progen Biotechnik GmbH
1. Occludin downregulation occurred at the transcriptionafjejgelberg, Germany). A rat mAb against HA was purchased form
level in a manner similar to that of E-cadherin. TheRroche Diagnostics GmbH (Mannheim, Germany). A mAb specific for
downregulation of claudin-1 and ZO-1, however, is notmyc was obtained from Santa Cruz Biotechnology (CA, USA).
regulated at the transcriptional level. Introduction of an E-

cadherin expression vector, which is not subject to Snail- ) _ N

mediated suppression, restored E-cadherin expression at tHgnunoblotting and immunoprecipitation _ _

cell surface. Re-expression of E-cadherin, however, is ndtor immunoblot analys!s, cells were poﬂed for 5 minutes in SDS gel
sufficient to re-establish tight junction protein expression and@mPple buffer (Laemmili, 1970). Proteins were separated by either 7%

: : : . . or 11% polyacrylamide gel electrophoresis, then transferred to
assembly. This result is consistent with the 0bservatl.O?riitrocellulose membranes. Membranes were blocked with 5% nonfat

that  Snail _does not act indirectly through _E'Cadhe”_nmilkin PBS, then incubated with specific primary antibodies followed
downregulation. We also demonstrate that Snail expressiqq), treatment with peroxidase-conjugated secondary antibodies
altered the p120 splicing variant expression pattern from th@ackson ImmunoResearch Laboratories, West Grove, PA). After
dominant epithelial form to the dominant fibroblastic form inwashing with PBS containing 0.1% Tween-20, protein bands were
MDCK cells. visualized by enhanced chemiluminescence (ECL) (Amersham
International, Little Chalfont, UK). Immunoprecipitation was
performed as described previously (Ozawa et al., 1989) with the
Materials and Methods following modifications. After washing in PBS, cells were lysed in 10
cDNA construction mM Tris-HCI buffer, pH 7.4, containing 0.5% NP-40, 150 mM NacCl,

The cDNA encoding human Snail was isolated from a human heerxf‘th EDTA, Odl ";'g' so;iiulm orthoygnada_tri, 1 mM PMSE’%BNE
cDNA library by polymerase chain reaction using the combinatio cupeptin  an Hg/mi- aprotinin. e myc-tagge -

of specific sense (EZGGGATCCACTATGCCGCGCTCTTT) and cadherin—catenin complex was collected using mouse anti-myc
antisense (SATCGCGGGGACATCCTGAGCA) primers antibodies, preabsorbed to protein A-Sepharose CL4B (Amersham
Polymerase chain reaction was performed usPgo DNA " Pharmacia Biotech, NJ). Immunocomplexes were then washed in lysis

polymerase (Roche Diagnostics GmbH, Mannheim, Germany). Thlauffer three times and boiled for 5 minutes in SDS-PAGE sample
PCR product was assembled into the pBluescript I KS (+) vectOPUﬁer'

with the addition of a sequence encoding the nine amino acid

hemagglutinin (HA) epitope. After confirming the sequence of the Cyr- :

terminally HA-tagged human Snail cDNA, this fragment was clone T-PCR Southern blot analysis
into the mammalian expression vector, pPCAGGSneo.

The sequence encoding the HA tag within the HA-tagged mous
E-cadherin cDNA (Ozawa, 2002) was replaced by a sequen
encoding a myc tag, to yield a myc-tagged E-cadherin construct. T
cDNA was then cloned into the mammalian expression vector
pCAGGSneo and pCAGGSpuro. The latter vector was constructed
replacing the neo gene with a puro gene, which encsiegtomyces
alboniger puromycinN-acetyltransferase gene conferring resistanc
to puromycin.

oly (A)*-RNA was extracted from cells using an mRNA Purification
Iéit (Amersham Pharmacia Biotech). RNA was reverse transcribed
ing M-MLV reverse transcriptase (GibcoBRL, Gaithersburg, USA).
e resulting products were employed as templates for specific
CR reactions using®wo DNA polymerase (Roche Diagnostics,
Vlannheim, Germany). The conditions for PCR were optimized for
ach primer pair. The following primer combinations were used: for
eE-cadherin, sense (GACACCCGATTCAAAGTGGG), antisense
(GTCTCTCTTCTGTCTTCTGAG); for p120, sense (GCTGGATTT-
GTCTTTCTCAGC), antisense (CCATCATCTGAGGTCTCCAC);
) for claudin-1, sense (CCAACGCGGGGCTGCAGCT), antisense (GG
Cells and transfection TTGTTTTTCGGGGACAGGA); for occludin, sense (GATGACTT-
MDCK cells (kindly provided by Y. Daikuhara, Kagoshima CAGGCAGCCTCG), anti- sense (CTATGTTTTCTGTCTATCA-
University Dental School) were grown in DME supplemented withTAGTC); for ZO-1, sense (ATGAAGACACAGATACAGAAGG),
10% FCS. MDCK T23 cells, which express the tetracycline-antisense (GGTGACCAACAGCTGGCTG); for GAPDH, sense
repressible transactivator (Barth et al., 1997), and the pHMR27QACCACAGTCCATGCCATCAC), antisense (TCCACCACCCTG-
plasmid, which carries the hygromycin resistance gene (Gossen am@GCTGTA). PCR products were then subjected to electrophoresis
Bujard, 1992), were kindly provided by Dr W. J. Nelson (Stanfordon 1.5% agarose gels. The DNA fragments were then capillary
University). MDCK cells (%10°) were transfected with expression transferred to nylon membranes, followed by UV cross-linkage. All
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of the probes used in Southern hybridization were labeled using tt > " >
Gene Image random prime labeling module (Amersham Pharmac & = <
Biotech). Probes were hybridized to the membranes during a 60° O(}' Cl" Q@k’ & &
overnight incubation. After hybridization, blots were first washed in B ‘\.@ D <F é@o
1xSSC, 0.1% SDS at 60°C for 15 minutes, then washed again
0.1xSSC, 0.1% SDS under the same conditions. HA | o

TrypS|.n treatment and biotinylation of (?ell surface proteins _ E-cad P p—
Trypsin treatment of cell surface proteins was performed as describ — —
(Ozawa and Kemler, 1990). To biotinylate cell surface proteins
4.,5x10° cells were seeded on Odm polycarbonate membranes myc rg—
(Nunc, Roskilde, Denmark) and cultured overnight. Following
washing at 4°C in PBS (+), cells were soaked in 0.5 mg/ml Sulfo
NHS-Biotin (Pierce, Rockford, 1S). Cells were then washed thre B -catenin | S—-————_—
times in PBS (+) and lysed in the immunoprecipitation buffer definec
above. Immunoprecipitation of biotinylated proteins was performec [
as above using SoftLinkAvidin Resin (Promega, Madison, WI). The P120¢n - -
remaining proteins were precipitated from the post-nuclea
supernatants by ethanol precipitation. Isolated proteins and tt
ethanol-precipitated proteins were boiled for 5 minutes in SDS ge vinculin “--
sample buffer and subjected to 7% SDS-PAGE. Samples were th
transferred to nitrocellulose membranes and immunoblotted using ¢

anti-E-cadherin antibodly. fibronectin .
Reporter assay claudin-1 | «—_— ——
The promoters of human E-cadherin (-178 to +66), occludin (—190 t

+341) and claudin-1 (—82 to +236) were isolated by PCR from th occludin ﬁ*ﬁ . .--

genomic DNA of A431 cells using following combinations of specific
primers for E-cadherin (FACTCCAGGCTAGAGGGTCA and 5 .
TGGAGCGGGCTGGAGTCT), occludin (58TGGAGCTCTAGA- 7Z0-1
TGCCTTTTTCCAGCAA and 5GCGCTCTGGACCTGGCTC) and
claudin-1 (5GGGCGCTCCCCGGCTG and'-BAAGATCTGA-
CTCGCTCGGGCGCCC). After confirming the sequences, thes€&ig. 1.Immunoblot analysis of the changes in cell junction protein
fragments were cloned into pGL3-Basic vector (Promega)02  expression. MDCK cell lines expressing control neo gene (MDCK-
A431 cells were seeded in 24-well plates 24 hours prior taeo), Snail (MDCK-Sna), E-cadherin (MDCK-Ecad), or Snail and E-
transfection. Ongug of reporter vector, fijg of pPCAGGS-Snail and cadherin together (MDCK-Sna-Ecad) were lysed in SDS sample
20 ng of pRL were transfected per well using LipofectAmine Plusbuffer and subjected to immunoblot analysis. HA-tagged Snail
After 48 hours, both firefly and Renilla luciferase activity wasprotein and ectopically expressed myc-tagged mouse E-cadherin
measured using the Dual Luciferase Reporter Assay Kit (Promega)rotein were detected with the indicated antibodies. Myc-tagged E-
Firefly luciferase activities were normalized to the Renilla luciferasecadherin migrates more slowly than the endogenous canine E-
activities. cadherin. Vinculin serves as an internal control for protein loading.

Pulse-chase analysis _ mechanisms underlying cellular morphological changes are
7x10° MDCK-neo and MDCK-Sna cells were plated on 6-well dishes.poorly understood. To examine the effects of Snail expression
Afte;_an_ove_rmght ﬁl}ltt{rey Ce"zI were I_abe]lced ngm of [fSS] @n the levels of adherens junction and tight junction

methionine in methionine- and cysteine-free | supplemente@omnonents, we introduced a hemagglutinin (HA) epitope-
with 10% dialyzed FCS for 16 hours. When specified, cells wer aggZd humén Snail cDNA into the M[ggK epithsalial)ceﬁlin%

labeled for 1, 3 or 6 hours. After culture in chase media for th . . . .
indicated periods, cells were washed with ice cold PBS and lysed wi obtain Snail-expressing stable cell lines (MDCK-Sna cells)

RIPA buffer (1% TritonX-100, 0.5% sodium deoxycholate, 0.296(Figs 1 and 2, HA). As reported previously (Cano et al., 2000;
SDS, 150 mM NaCl, 2 mM EDTA, 10 mM HEPES (pH 7.4), 1 mm Batlle et al., 2000), MDCK-Sna cells exhibited epithelial-
PMSF, 5pg/ml leupeptin and 2fig/ml aprotinin). Claudin-1 was mesenchymal transitions, while control neomycin resistance
collected with protein A-Sepharose beads conjugated to anti-claudicells (MDCK-neo) did not exhibit any morphological changes
1 antibodies, separated by gel electrophoresis and subjected (f®ig. 2, Phase). Immunofluorescence staining and immunoblot
autoradiography. analysis with anti-E-cadherin antibodies revealed the loss of E-
cadherin from cell-cell contact sites (Fig. 2, E-cad) and the
overall downregulation of E-cadherin protein levels (Fig. 1, E-

Results N . cad), respectively. RT-PCR/Southern blot analysis revealed
Expression of Snail in MDCK cells results in only low levels of E-cadherin mRNA present in MDCK-Sna
downregulation of tight junction components cells (Fig. 3). Despite the E-cadherin downregulation,

Although the ability of Snail to induce epithelial to approximately 50% of th@-catenin protein of MDCK-neo
mesenchymal transitions and downregulate E-cadhericells was detectable in MDCK-Sna cells (Fig.Bicatenin).
transcription has been well established, the moleculdrow levels of3-catenin were still detectable at cell-cell contact
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Fig. 2.Immunolocalization of cell junctional
proteins. Proteins were detected with the
indicated antibodies. Endogenous and
ectopically expressed E-cadherin was
detected using an anti-E-cadherin antibody.
Only ectopically expressed E-cadherin was
detected with an anti-myc antibody. Whereas
no cell contact staining pattern of tight
junctional proteins could be observed in
MDCK-Sna cells, the additional ectopic
expression of E-cadherin restored a minimal
cell contact staining pattern.

sites (data not shown). Increased
expression of additional cadherins
recognizable by  anti-pancadherin
antibodies (data not shown) explains this
observation.

The morphological changes and cell
scattering induced by ectopic Snail
expression in MDCK cells suggested the
possible disruption of tight junction and
desmosome complexes. To examine this
hypothesis, cells were stained with
antibodies specific for components of
these junctional complexes. Staining
specific for occludin, claudin-1, ZO-1 or
desmoplakin could not be detected at the
surface of MDCK-Sna cells (Fig. 2).
Immunoblot analysis revealed that
negative staining of cells for claudin-1
and occludin is due to their absence (Fig.
3B). A decreased amount of ZO-1 was
detected in MDCK-Sna cells; this
protein migrated faster than ZO-1 from
MDCK-neo cells on SDS-PAGE (Fig.
3B). To determine the level at which
Snail exerts an effect, we performed RT-
PCR/Southern blot analyses. Consistent
with previous reports (Cano et al., 2000;
Batlle et al., 2000), the levels of mMRNA
encoding E-cadherin decreased
significantly following ectopic Snail
expression, whereas  those for
glyceralde-3-phosphate dehydrogenase
were unaltered (Fig. 3). Occludin mRNA
levels also decreased in MDCK-Sna
cells, consistent with a recent report
(Ikenouchi et al., 2003). In contrast,
mMRNAs encoding claudin-1 and ZO-1
were detectable in MDCK-Sna cells at
levels similar to those seen in control
MDCK-neo cells (Fig. 3). Thus, while
ectopic Snail expression downregulates
the transcription of E-cadherin and
occludin, transcription of additional tight
junction proteins was not significantly
altered. Therefore, the major mechanism
downregulating the expression of these
proteins must be post-transcriptional.
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reporter constructs containing these promoters (Fig. 4B) into
A431 cells and analyzed for promoter activity. Consistent with
the RT-PCR analysis, the promoter activity of occludin was
repressed by Snail expression in a manner similar to that of E-

E-cad cadherin, whereas that of claudin-1 was not (Fig. 4C).
claudin-1 To determine the post-transcriptional events responsible
for claudin-1 downregulation, we performed pulse-chase
occludin experiments. Cells were labeled wil3§] methionine for 16
hours and then cultured in normal chase medium. Claudin-1
was immunoprecipitated with specific antibodies, run on gels
701 and subjected to autoradiography. The amount of labeled
claudin-1 obtained from MDCK-neo cells was much larger
than that of claudin-1 from MDCK-Sna cells (Fig. 5). Labeling
GAPDH of cells for shorter periods (1, 3 and 6 hours) gave similar

' results (not shown). Thus, the synthesis of claudin-1 was
Fig. 3. Whereas the tight junctional protein occludin was decreased in MDCK-Sna cells in comparison with MDCK-neo
transcriptionally downregulated following Snail expression, claudin- cells.

1 and ZO-1 were not. The mMRNA expression levels of junctional

proteins were detected by RT-PCR/Southern blot analysis using the

indicated probes. While the expression ofdite) ZO-1 isoform was  Expression of Snail in MDCK cells results in changes in

not changed in each cell, tb¢-) isoform expression levels were alternative splicing of p120 and ZO-1

elevated in two Snail-expressing cells. Immunoblot analysis with anti-p120 antibodies revealed that
MDCK-Sna cells express a species of p120 with an altered

mobility from that in MDCK-neo cells (Fig. 1) or parental

We carried out reporter assays to determine whether tHdDCK cells (not shown). MDCK-neo cells express proteins
downregulation of tight junction proteins occurs at theof 118 kDa and 100 kDa, with the latter appearing more
transcriptional level. As no sequence data is available fggrominently. In MDCK-Sna cells, the 120-kDa species was
canine E-cadherin, occludin and claudin-1, we isolated thmore prominent than the minor 100 kDa band. Following
promoters for human occludin, claudin-1 and E-cadherin fronisolation by immunoprecipitation, phosphatase treatment of
the genomic DNA of A431 cells. Stable expression of Snail ip120 protein increased their electrophoretic mobility slightly,
A431 cells also results in the downregulation of E-cadherinas previously described (Ohkubo and Ozawa, 1999), but did
occludin, claudin-1 and ZO-1 (Fig. 4A). We transfectednot change the ratio of the intensities of the two forms. Thus,
differential phosphorylation of p120 is not responsible

for the altered electrophoretic mobility of p120

A) o &> B in MDCK-Sna cells. We observed the same
,,3\"‘ o electrophoretic mobility changes after ectopic Snalil
¥ o expression in A431 cells (data not shown), suggesting
claudin-1 | G E-cadherin this is not a cell-type specific phenomenon. RT-
-178 D D +1 D +66  PCR/Southern blot analysis revealed the presence of at
) least two p120 mRNA species produced by alternative
occludin - acolndlin splicing (Fig. 6). Direct sequencing of the PCR

products identified an alternatively spliced sequence of

e -190 +1 (+1°) +341 ! . \
Z0-1 -1 e —:_ 407 bp, corresponding to a published alternatively

spliced nucleotide sequence. p120 mRNA isolated

claudin-1

E-cad : -82 1 236 - _— . -
“ +—:H:_+ Fig. 4. Snail-induced downregulation of occludin

expression, but not claudin-1 expression, is ascribed to

suppression of promoter activity. (A) Downregulation by

Snail of junction protein expression in A431 cells. (B) The
E-cadherin occludin claudin-1 promoter region of human E-cadherin, occludin and claudin-
1. E-boxes are indicated by open boxes. The putative
transcription start point is denoted by +1. For occludin, two
putative transcription start points are proposed (Mankertz et
al., 2000). (C) Repression of the promoter activities of
human E-cadherin and occludin, but not that of claudin-1,
by Snail in A431 cells. Reporter constructs carrying the
human E-cadherin, occludin or claudin-1 promoters were
co-transfected with a pCAGGS-Snail vector or an empty
PCAGGS vector. Whereas the promoter activities of E-
cadherin and occludin were repressed by Snail, that of

- - claudin-1 was not repressed. The results represent the

Snail -+ - + o + meanzs.d. of two independent experiments.

9

=
1

Relative activity
"ql.
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MDCK-neo MDCK-Sna including adherens junctions, tight junctions and desmosomes
chase (Gumbiner et al., 1988; Pasder and Nelson, 1988a; Pasdar and

_ 3 6 0 3 6 Nelson, 1988b; Siliciano et al., 1988). The expression of Snail
in MDCK cells results in the transcriptional downregulation of
E-cadherin and occludin, followed by the downregulation
of the tight junction component claudin-1 at the post-
transcriptional level. The expression of catenins is regulated at
IP: claudin-1 the post-transcriptional level (Papkoff, 1997); the stability of

Fig. 5. Pulse-chase analysis of claudin-1 in MDCK cells. Cells were patenlns increases significantly following cadherin expression

metabolically labeled with®pS] methionine for 16 hours and chased In a variety of_cells. Therefore_, we Were_lnterested in which of
for the indicated periods. Claudin-1 was collected by anti-claudin-1 the changes induced by Snail expression can be reversed by
immunoprecipitation; collected proteins were subjected to gel exogenous expression of E-cadherin. We introduced a mouse
electrophoresis and autoradiography. E-cadherin cDNA construct, tagged with a myc epitope, under
the control of3-actin promoter and cytomegalovirus enhancer
into MDCK-Sna cells to establish several stable cell lines
from MDCK-Sna cells contained the sequence absent fromxpressing a myc-tagged E-cadherin (MDCK-Sna-Ecad cells)
MDCK-neo cells (Fig. 6). Therefore, the p120 proteins(Figs 1 and 2). As a control, MDCK cells transfected with
detected by immunoblot analysis are the protein products dfie E-cadherin construct alone were also isolated (MDCK-
the alternatively spliced mRNA isoform. Ecad cells). MDCK-Sna-Ecad cells retained fibroblastic
RT-PCR/Southern blot analysis revealed the presence aiorphology, despite exogenous expression of E-cadherin (Fig.
at least three isoforms of ZO-1 in MDCK cells (Fig. 3).2). While the levels of E-cadherin protein expressed on
Sequencing (data not shown) revealed that the intermedia®DCK-Sna-Ecad cells are similar to those of MDCK-Ecad
band represented a ZOed+) isoform (Willott et al., 1992), cells and MDCK-neo cells (Fig. 1A), none of the MDCK-Sna-
the conventional epithelial ZO-1 isoform (Sheth et al., 1997)Ecad clones exhibited epithelial morphology.
The higher mobility band encoded the Z@%) isoform. The In MDCK-Ecad cells, the majority of E-cadherin was
Z0-1 a(-) isoform influences the plasticity of tight junctions observed at cell junctions by immunofluorescence staining,
(Balda and Anderson, 1993) and affects the early stages mfdicating that the expressed construct is successfully
membrane assembly (Sheth et al., 1997). Expression of thisansported to the cell surface (Fig. 2). In MDCK-Sna-Ecad
isoform increased in MDCK-Sna cells in comparison withcells, however, E-cadherin was found intracellularly,
MDCK-neo cells (Fig. 4). The identity of the larger band is azoncentrated in the perinuclear region, in addition to residing
yet unknown. at cell-cell contact sites (Fig. 2). To confirm the intracellular
staining pattern of ectopically expressed E-cadherin molecules
resulting from Snail activity, we transfected MDCK cells

Ectopic expression of E-cadherin in Snail-expressing established for ectopic E-cadherin expression (MDCK-Ecad
mesenchymal cells did not induce epithelial cells) with the Snail construct. The isolated stable transfectants
morphological changes also showed intracellular staining of E-cadherin (data not

E-cadherin is essential for maintaining epithelial morphologyshown). Thus, transport of E-cadherin to the cell surface is
and for the proper formation of epithelial cell junctions,partially inhibited by Snail expression.

A) B)
ATG | 2 3 4
_’
i e [ c
| Arm repeats | |— RT-PCR
[ ] isoform 1
—/ | ] isoform 3
> <+ Southern 1
5°prim 3*prim (probe 1)
Probe 1
I Probe 2
Southern 2
(probe 2)

Fig. 6. RT-PCR/southern bolt analysis revealed changes in the relative p120 isoform levels in Snail-induced epithelial to mesenchymal
transitions. (A) Schematic representation of four possible start sites, resulting from N-terminal splicing variationgnatieedjtepliced 407

bp sequence is deleted from the N-terminus in isoform 3 cDNA. The primer positions for RT-PCR and the regions used ® syuthesiz
blot probes (probe 1, 2) are also depicted. (B) Using probe 1, N-terminally spliced shorter fragments were detected in MeSKwiglz
longer fragments derived from the fibroblastic isoform cDNA (isoform 1) were detected in MDCK-Sna and MDCK-Sna-Ecad cells by RT-
PCR/Southern blot analysis. Only the longer fragments were detected using a splice region-specific probe (probe 2).
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A) Fig. 7. Ectopic E-cadherin cell surface expression and
MDCK MDCK-Sna MDCK association with catenins. The amount of surface E-cadherin

-neo -Ecad -Ecad was analyzed biochemically. (A) E-cadherin was detected by
s immunoblot analysis after trypsin/€gTC) or
trypsin/EGTA (TE) treatment. E-cadherin expressed on the
cell surface was resistant to TC treatment, but sensitive to TE
i treatment. Only intracellular E-cadherin was detected
following TE treatment. (B) E-cadherin was detected by
TC TE TC TE TC TE immunoblot analysis after cell surface proteins were
biotinylated and collected using avidin beads. After surface
B biotinylation, cells were lysed. After collection of
) biotinylated proteins (collected 1), the remaining lysate was
MDCK-Ecad - re-collected (collected 2). The E-cadherin protein contained
in either the collected (1) or remainder (2) portions were
subjected to immunoblot analysis using an anti-E-cadherin
antibody. To facilitate estimation, dilutions of the materials
in each fraction were applied to the gels. (C) Formation of E-

N N L0 > N -: a cadherin and catenin complexes in MDCK-Sna-Ecad cells.
& D& ,er_&b & F L ‘Q@t}. > ‘&b Cells were lysed and subjected to immunoprecipitation with
A .\@E}' \é‘} (Q{& &r& éb? h \@C}’ \\z}'-* {\‘@ & é:? an anti-myc antibody to precipitate ectopically expressed E-
cf} c.‘c‘a\ & b‘@ <‘..°\ ® & .@'& L cadherin. Immunoprecipitates were subjected to immunoblot
\\"f N \\"v \\b‘ analysis using the indicated antibodies.
© IP: myc Total (surface proteins). Non-biotinylated protein remained

Blot in the supernatant (intracellular pool). Both pools were
e examined by immunoblot analysis using anti-E-
cadherin antibodies. Whereas almost all of E-cadherin
o -catenin | . T in control MDCK-Ecad cells was biotinylated, only 40-
. 50% of the E-cadherin in MDCK-Sna-Ecad cells was
biotinylated (Fig. 7B). While these cell surface
biotinylation studies detected a lower degree of E-
cadherin on the cell surface, the discrepancy between
these methods may be explained by incomplete
biotinylation of surface proteins. The reason for an
increased relative ratio of E-cadherin retaining the
precursor segment in the intracellular pool relative to
the total E-cadherin in the biotinylation experiments is
unknown. We concluded that, in contrast to control
cells, approximately 50% of the total E-cadherin was
expressed on the cell surface of MDCK-Sna-Ecad,
As a portion of the ectopically expressed E-cadherirwhile the remainder remained localized intracellularly.
remained in cytoplasm, we quantitated the amount of ectopic Ectopic expression of E-cadherin increased the levels of
E-cadherin at the cell surface in MDCK-Sna-Ecad cellsatenins, as measured by immunoblot analysis (Fig. 1). The
biochemically. Cell surface E-cadherins become resistant @mounts of catenins in MDCK-Sna-Ecad cells increased to the
trypsin digestion in the presence of2Gzut can be degraded reach levels similar to those seen in epithelial MDCK-neo cells
in the absence of €a Thus, the pool of E-cadherin remaining or MDCK-Ecad cells, suggesting that the ectopically expressed
undigested by trypsin in the presence of EGTA (TE treatmengi-cadherin can associate with catenins. The shift in the
represents the intracellular population; that remaining afteexpression pattern of pl120 induced by Snail expression,
trypsinization in the presence of €a(TC treatment) characterized by the presence of the larger isoform, was not
represents total cadherin. Immunoblot analysis of cells aftaltered by ectopic E-cadherin expression (Figs 1 and 6).
TC and TE treatment using anti-E-cadherin antibodies revealdchmunoblot analysis of the ectopically expressed E-cadherin
that all of the E-cadherin on control MDCK-neo cells andimmunoprecipitates with anti-catenin antibodies revealed the
MDCK-Ecad cells was digested following TE treatment.association of ectopically expressed E-cadherin with catenins
Around 30-40% of the E-cadherin on MDCK-Sna-Ecad cells(Fig. 7C). a-Catenin and3-catenin co-precipitated with the
however, remained undigested after TE treatment, indicatingctopic E-cadherin to the same extent as seen in control
that these molecules reside intracellularly (Fig. 7A). Thus, onlWMIDCK-Ecad cells. The larger isoform of p120 also co-
60-70% of the total E-cadherin was expressed on the cairecipitated with ectopic E-cadherin in MDCK-Sna-Ecad cells.
surface. Minimal staining of tight junctional components was
The cell surface levels of ectopically expressed E-cadheriobserved in MDCK-Sna cells (Fig. 2). Ectopic expression of
are also supported by surface biotinylation studies. Cell surfade-cadherin did not induce significant changes in the staining
proteins were biotinylated using sulfo-NHS-biotin; thepattern or intensities of these components (Fig. 2). Faint
biotinylated E-cadherin pool was collected using avidin beadginctional staining was occasionally observed in MDCK-Sna-

myc @
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A) Fig. 8.Cessation of Snail expression reversed
the mesenchymal phenotype into an epithelial
phenotype. (A) MDCK cells expressing low
levels of Snail (MDCK-Sna-L) and revertant cell
lines lacking Snail expression were
immunostained with the indicated antibodies.
(B) Snail and E-cadherin expression were
examined by immunoblotting. Owing to low
expression levels, HA-tagged Snail proteins
were collected with an anti-HA antibody and
then subjected to immunoblot analysis. (C) The
Snail-HA gene and the positions of the primers
used to detect the transgene. The following
specific primers were used. Sndipsimer,
ACTATGCCGCGCTCTTTCCTC and HA'3
primer, GTCGTAGGGGTA GCCGATATC.

(D) Detection of the transgene. PCR was
performed on genomic DNA isolated from the
three A431 cell lines indicated. The transgene
could not be detected in A431-Sna-L revertant

5’prim 3’prim cells.
[ snail [HA ]

MDCK
-Sna-L

-Sna-L
-revertant

MDCK

B) C)

significant differences in Snail protein
; = expression levels. A clone expressing
£ e - relatively low amounts of Snail (MDCK-
HA ” Bl A D) o o Sna-L) was subcloned twice by limiting
T N = ’\‘m{\\ dilution to eliminate possible contamination
i " C*’ CE' CP of Snail-negative cells with epithelial
@ @ @ @ morphology. After several weeks in G418-
free medium, epithelial cell islands
_ appeared amongst the fibroblastic cells.
These epithelial cells were re-established as
cell lines and tested for Snail expression.
The expression of Snail had been
completely lost in these cell lines, as
Ecad cells. Regions staining faintly for occludin, claudin-1 andaevealed by both immunofluorescence staining (Fig. 8A) and
Z0O-1 coincided with regions staining intensely for E-cadherinimmunoblotting (Fig. 8B). To determine whether the cessation
The expression levels of these tight junctional proteinsof Snail expression is due to the disappearance of the integrated
however, were not altered by exogenous E-cadherin expressisnail-HA transgene from the genomic DNA of the revertant
(Fig. 3B). Thus, the presence of E-cadherin is not sufficientells, we examined the isolated cells for the presence of the
for either the formation of tight junctions or the post-transgene. Genomic DNA was isolated from the cells and
transcriptional regulation of these proteins. In addition, ectopisubjected to PCR analysis using primers specific for the
expression of occludin in MDCK-Sna cells did not induce anytransgene (Fig. 8C). The snail-HA transgene was detected in
changes in the expression of tight junction proteins (data ndiDCK-Sna-L cells, but not in MDCK-Sna-L revertant cells
shown). (Fig. 8D). The complete junctional staining pattern of E-
Despite the lack of an apparent effect of exogenous Ecadherin, ZO-1 (Fig. 8A), claudin-1 and occludin (not shown)
cadherin expression on cell shape and tight junction, theas re-established in the revertant cell lines; levels of E-
presence of exogenous E-cadherin protein suppressed ttedherin protein expression were also elevated (Fig. 8B). The
Snail-induced expression of fibronectin (Fig. 1), supportingeappearance of complete epithelial-like revertants from Snail-
previous evidence demonstrating the downregulation ofxpressing mesenchymal cells indicated that ectopic Snail
fibronectin expression by exogenous cadherin expressiaxpression did not induce the differentiation of MDCK cells
(Finnemann et al., 1995). into mesenchymal cells, but instead induced morphological
changes in the cells of our system.

Q{

Cessation of Snail expression reversed the epithelial-

mesenchymal transition in MDCK-Sna cells Discussion

Attempts to express Snail protein in MDCK cells under theEpithelial to mesenchymal transitions are essential
control of the tetracycline-repressible transactivator were nahorphological conversions occurring during embryonic
successful for unknown reasons. Therefore, we attempted tievelopment, which also occur during metastatic cancer
isolate revertant cell lines. We had obtained several MDCKprogression. During this mesenchymal transition, epithelial
Sna cell clones, all of which demonstrated mesenchymalells dissociate from each other, accompanied by the disruption
morphology and downregulated E-cadherin expression, despitd epithelial junctional complexes. As E-cadherin is a major
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constituent of adherens junctions that probably plays a(Miettinen et al., 1994). Interestingly, the levels of mMRNA
essential role in the assembly of junctional complexes anehcoding an alternative splice variant of ZO-1, thg)
the maintenance of epithelial cell morphology, functionalisoform, were increased following Snail expression. These
downregulation of E-cadherin correlates well with epitheliallevels could not be altered by ectopic E-cadherin expression.
to mesenchymal transitions. The epithelial to mesenchymadlhis isoform may influence the plasticity of tight junctions
transition of mouse mammary epithelial cells requires E{Balda and Anderson, 1993) or may function in the early stages
cadherin downregulation and the upregulationfefatenin  of membrane assembly (Sheth et al., 1997).
transcriptional activity (Stockinger et al., 2001). The Analysis of the multiple alternatively spliced isoforms of
transformation of mammary epithelial cells into mesenchymagb120 present in a variety of murine cell lines indicates that
cells following the overexpression of integrin-linked kinasemotile cells, such as fibroblasts and macrophages,
also involves the downregulation of E-cadherin at both thereferentially express isoform 1, while epithelial cells
protein and mRNA levels. (Somasiri et al., 2001). preferentially express isoform 3 (Mo and Reynolds 1996;
The transcriptional repressor, Snail, is expressed in regioi&irsebilck et al., 1998). Isoform 1 expression is dramatically
undergoing epithelial to mesenchymal transitions duringipregulated in a Src-transformed MDCK cell line, indicating
development, such as the early mesoderm and neural créisat the pattern of isoform expression can be altered following
(Nieto, 2002). This molecule effectively downregulates E-cellular transformation. Isoform switching did not strictly
cadherin transcription (Cano et al., 2000; Batlle et al., 2000korrelate with transformation, however, as not all Src-
In addition, several malignant tumors demonstrate an inverseansformed cell lines exhibited this effect (Mo and Reynolds,
correlation between Snail and E-cadherin expression (Carik®96). Contrary to this observation, all MDCK-Sna and
et al., 2000; Batlle et al., 2000; Blanco et al., 2002). SnaiMDCK-Sna-Ecad clones demonstrated isoform switching.
expression induces drastic morphological changes in MDCRhis is the first report that Snail expression alters the splicing
cells, causing these cells to lose the integrity of their cell-ceppattern of p120.
contacts. These results suggest that Snail disrupts the functionWe also observed an unexpected retardation of E-cadherin
of adherens junctions as well as other cell-cell junctionsransport to the plasma membrane in cells overexpressing
including tight junctions. Our results confirm this hypothesisSnail. Ectopically expressed E-cadherin remained primarily
demonstrating that disorganization of tight junction resultsvithin the Golgi apparatus (T.O., unpublished observation).
from a lack of junctional components. As occludin mRNAOnNe possible explanation for this localization is that junctional
decreased significantly, occludin downregulation occurs at theomplex maturation at cell contact sites was disturbed by Snail
transcription level, consistent with recently published studiesxpression, either directly or indirectly. This disturbance may
(Ikenouchi et al., 2003). The downregulation of claudin-1signal to the trans-Golgi network to halt the supply of
however, appears to be post-transcriptional; we could deteatlditional E-cadherin molecules to sites of cell contacts. The
claudin-1 mRNA in Snail-expressing MDCK cells. A lack of possibility remains, however, that Snail expression may also
repression in reporter assays by Snail of human claudin+egulate the trans-Golgi network system directly, possibly
promoter activity, which is also downregulated by Snailthrough interactions with a rab GTPase-dependent vesicle
expression in A431 cells, supports this conclusion. Pulse-chasansport system. Further studies will be necessary to resolve
analysis observed the decreased synthesis of claudin-1 in Snalilis question.
expressing cells in comparison with control neo-MDCK cells. Overexpression of integrin-linked kinases in mammary
Further studies will be necessary to determine the mechanisepithelial cells, which may stimulate Snail expression,
by which Snail, a transcriptional repressor, reduces translatidransforms these cells into mesenchymal cells (Somasiri et al.,
of claudin-1. Snail blocks E-cadherin transcription by binding2001; Tan et al., 2001). While the type of transition induced
to specific DNA sequences (CANNTG, where N is anyby integrin-linked kinase overexpression can be reversed by
nucleotide), called E-boxes, within the promoters of targetorced expression of E-cadherin (Somasiri et al., 2001), Snail-
genes (Cano et al., 2000; Batlle et al., 2000). The humanduced epithelial to mesenchymal transitions could not be
occludin promoter contains one E-box (Mankertz et al., 2000)eversed by such ectopic expression. Detailed analysis revealed
while the mouse and human claudin-1 promoters each have twltat while E-cadherin  expression could reverse the
E-boxes (Kramer et al., 2000). Thus, the presence of the E-baypregulation of fibronectin expression, it could not reverse the
DNA sequences within the promoter is not sufficient to bedownregulation of tight junction components. Although a
suppressed by Snail. Recently, Snail was shown to suppressrtion of ectopically expressed E-cadherin was retained
the promoter activity of claudin-3, claudin-4 and claudin-7internally, biochemical data demonstrated that approximately
(Ikenouchi et al., 2003). Consistent with this, we observe&0% of the total E-cadherin was expressed at the cell surface.
downregulation of these claudins in Snail-expressing MDCKRecent analysis of MDCK cells expressing a mutant E-
cells (Ohkubo, T., unpublished observation). While we do notadherin indicated that substantial desmosome and tight
know the reason for the differential suppression of claudifjunction assembly occurred in cells overexpressing mutant E-
promoter activities by Snail, we hypothesize that there must beadherins, despite downregulation of endogenous E-cadherin
functional differences between these claudins allowing thesend possible inhibition of the remaining E-cadherin by
differences. dominant-negative and/or competitive effects (Troxell et al.,
Downregulation of ZO-1 is unexpected, as ZO-1 is1999; Troxell et al., 2000). Thus, low levels of cadherin
expressed ubiquitously in a variety of cell types, includingunction appear to be sufficient for cell-cell junctional
fibroblasts (Itoh et al., 1993). The decreased expression of Z@emplexes to assemble and remain stable. In that sense, our
1 upon TGFB-induced transdifferentiation of mammary findings seem to be an apparent contradiction to previous
epithelial cells to mesenchymal cells has been reportestudies. The action of Snail is thus not restricted to E-cadherin
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downregulation, but is rather pleiotropic, additionally inducing Palacios, J. and Nieto, M. A(2002). Correlation of Snail expression with
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