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ABSTRACT
Epithelial Cadherin (E-cadherin) is involved in calcium-dependent cell-cell adhesion and signal
transduction. The E-cadherin decrease/loss is a hallmark of Epithelial to Mesenchymal Transition
(EMT), a key event in tumor progression. The underlying molecular mechanisms that trigger Ecadherin loss and consequent EMT have not been completely elucidated. This study reports the
identification of a novel human E-cadherin variant mRNA produced by alternative splicing. A
bioinformatics evaluation of the novel mRNA sequence and biochemical verifications suggest its
regulation by Nonsense-Mediated mRNA Decay (NMD). The novel E-cadherin variant was detected in
29/42 (69%) of human tumor cell lines, expressed at variable levels (E-cadherin variant expression
relative to the wild type mRNA = 0.05%-11.6%). Stable transfection of the novel E-cadherin variant in
MCF-7 cells (MCF7Ecadvar) resulted in downregulation of wild type E-cadherin expression
(transcript/protein) and EMT-related changes, among them cell acquisition of fibroblastic-like
phenotype, increased expression of Twist, Snail, Zeb1 and Slug transcriptional repressors and
decreased expression of ESRP1 and ESRP2 RNA binding proteins. Moreover, loss of cytokeratins and
gain of vimentin, N-cadherin and Dysadherin/FXYD5 proteins was observed. Dramatic changes in cell
behavior were found in MCF7Ecadvar, as judged by the decreased cell-cell adhesion (Hanging-drop
assay), increased cell motility (Wound Healing) and increased cell migration (Transwell) and invasion
(Transwell w/Matrigel). Some changes were found in MCF-7 cells incubated with culture medium
supplemented with conditioned medium from HEK-293 cells transfected with the E-cadherin variant
mRNA. Further characterization of the novel E-cadherin variant will help understanding molecular
basis of tumor progression and improve cancer diagnosis. This article is protected by copyright. All
rights reserved
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Introduction
Epithelial Cadherin (CDH1, E-cadherin) is the founder member of the cadherin superfamily, a
large group of cell surface molecules involved in calcium (Ca2+) dependent adhesion events (Takeichi,
1995; Gumbiner, 1996; van Roy and Berx, 2008). E-cadherin is encoded by the CDH1 gene located on
chromosome 16q22.1, and encompasses 16 exons which span a region of around 100 kb (Berx et al.,
1995). The CDH1 gene is transcribed to a unique functional mRNA that encodes a protein precursor,
which is processed to a 120 KDa mature glycoprotein. E-cadherin is organized in an ectodomain
composed of five extracellular (EC) domains of around 110 amino acids each, a single passtransmembrane domain and a highly conserved carboxy-terminal cytoplasmic domain (Angst et al.,
2001). The EC domains mediate homophilic and heterophilic interactions between adjacent cells (Nose
et al., 1990; Ozawa and Kemler, 1998). On the other hand, the cytoplasmic domain binds to -catenin,
linking the adhesion protein to a network of actin filaments that strengthen cell-cell adhesion
(Nagafuchi et al., 1993), and is involved in cell signaling (Yap et al, 2003). Under physiological
conditions, localization of E-cadherin is mainly restricted to cell-cell contact sites (Bryant and Stow,
2004; Ivanov and Naydenov, 2013).
Disruption of cell-cell adhesion is a key event during tumor progression and metastasis. Cancer
cells gradually lose their epithelial characteristics and gain a mesenchymal-like phenotype, in a
complex process called Epithelial-to-Mesenchymal Transition (EMT) (Thiery, 2002; Savagner, 2015;
Serrano-Gomez et al., 2016). The decrease or loss of E-cadherin expression is a hallmark of the EMT
and several events have been associated to alterations in the adhesion protein. Among them, the
expression of transcription factors that negatively modulate E-cadherin is observed. Moreover, catenin is lost from the cell membrane and filamentous actin (F-actin) belts are replaced by a network
of stress fibers. Another important event of the EMT is the increased expression of other classical
cadherins, in particular neural cadherin (N-cadherin) and, in some cases, placental cadherin (PThis article is protected by copyright. All rights reserved
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cadherin). The reduction or absence of E-cadherin expression sometimes is accompanied by a
reciprocally increased expression of Dysadherin/FXDY5, a glycoprotein detected in many tumors and
associated to metastasis (Ino et al., 2002; Lubarski Gotlib, 2016).
Despite its relevance, the precise underlying molecular mechanisms that trigger E-cadherin loss
and the consequent EMT process have not been completely elucidated. E-cadherin can be functionally
inactivated or silenced by different mechanisms, among them downregulation of gene expression
through promoter hypermethylation, histone deacetylation and transcriptional repression, as well as
post-translational modifications, i.e. protein degradation. In this regard, classical E-cadherin proteolytic
processing mediated by matrix metalloproteinases involves cleavage of the adhesion protein near the
plasma membrane, with the release of an 86 KDa E-cadherin soluble ectodomain, and the generation of
a 38 KDa fragment (CTF1) (van Roy and Berx, 2008).
For other members of the cadherin superfamily, the Alternative Splicing (AS) mechanism has
been reported as a regulator of gene expression and function(s). Examples are the pituitary gland and
brain cadherin (PB-cadherin) (Sugimoto et al., 1996), cadherin-7 (Kawano et al., 2002), cadherin-11 or
OB‐Cadherin (Feltes et al., 2002), cadherin 24 (Katafiasz et al., 2003) and LI-Cadherin (Wang et al.,
2005). In 2009, a variant form of E-cadherin, lacking exon 11 as a result of an AS event, was reported
and was associated to the decrease of the wild type form (Sharma et al., 2009). This E-cadherin variant
was detected in chronic lymphocyte leukemia (Jordaan et al., 2013) and in solid tumors (Sharma et al.,
2011; Liao et al., 2013). The proposed role of some of these AS-isoforms is to interfere with the
homotypic cadherin-cadherin coupling, reducing the adhesiveness of the cells involved. For cadherin-7,
the variant protein would interact with the wild type form and inhibit it function in cellular adhesion
(Kawano et al., 2002). Moreover, co-expression of wild type and variant cadherin-11 produces a seven
times increases in cells invasive properties, compared with cells expressing only the wild type
transcript (Feltes et al., 2002).
This article is protected by copyright. All rights reserved
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The present study reports the identification of a novel E-cadherin variant mRNA lacking a 34
nucleotide-segment in Exon 14, which would be generated by AS. The investigations included 1) A
bioinformatics evaluation of the novel mRNA nucleotide sequence and a set of studies to assess its
regulation by Nonsense-Mediated mRNA Decay (NMD), 2) The evaluation of the novel E-cadherin
mRNA expression levels in a panel of 42 established tumor cell lines, 3) The implementation of
transient and stable transfection models that express the novel E-cadherin transcript in mammalian cell
lines, and 4) The assessment of cell morphology, expression of EMT markers and a set of functional
assays in cells transfected with the novel variant. As result of these evaluations, the novel E-cadherin
variant was detected in 69% of tumor cell lines analyzed. Evaluation of the nucleotide sequence led us
to propose its generation by AS. Moreover, amino acidic sequence assessment of the novel variant and
transient transfection studies revealed its secretory nature. Its expression in MCF-7 cells (and
supplementation of cell cultures with conditioned medium (CM) from HEK-293 cells transfected with
the variant mRNA) resulted in the downregulation of E-cadherin expression (transcript and protein)
and triggered molecular and functional changes characteristic of the EMT. A schematic representation
of the E-cadherin novel variant synthesis and its potential role in tumor progression has been elaborated
and is shown in the last figure of this report.

Materials and Methods
All procedures reported in this study were done following protocols that complied with biosafety and
ethical guidelines accepted worldwide.

Chemicals
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Unless specified, chemicals were of analytical grade and purchased from Sigma Chemical Co. (St.
Louis, MO). Electrophoresis reagents were products of BioRad (Richmond, CA), or specifically
indicated throughout the article. Molecular biology reagents were of highest quality and purchased
from Qiagen (Hilden, Germany) and Invitrogen (Carlsbad, CA), unless specified.

Antibodies
The following antibodies towards human E-cadherin (anti E-cadherin) were used throughout the study:
a) polyclonal antibody H-108 (amino acids 600-707; cadherin 5 or membrane proximal extracellular
domain; Santa Cruz Biotech., Santa Cruz, CA, USA), and monoclonal antibodies b) monoclonal
antibody HECD-1 (amino acids 333-379; cadherin 2 domain; Zymed-Invitrogen Life Technologies;
Carlsbad, CA, USA) and c) monoclonal antibody 610181 (amino acids 773-791; cytoplasmic domain;
BD Biosciences, San Diego, CA, USA). In addition, antibodies towards -catenin (610153; BD
Biosciences), pan-cytokeratin (clone AE1/AE3, Dako; Carpinteria, CA, USA), N-cadherin (H-163,
Sta. Cruz; clone 3-B9, Zymed-Invitrogen Life Technologies), P-cadherin (H-105, Sta. Cruz),
Dysadherin/FDXY5 (NCC-M53) (Shimamura et al., 2003), vimentin (clone V9, Dako), actin (A2668
(Sigma) and Clone ACTN05 (Neomarkers, Basel, Switzerland)) and tubulin (clone D66; Sigma) were
used in the study. For immunocytochemistry protocols, Cy3-labelled anti-mouse or anti-rabbit (Sigma)
IgGs were used as secondary antibodies. Anti-mouse (Vector Lab. Inc., Burlingame, CA, USA) or
anti-rabbit (Sigma) IgGs coupled to horseradish peroxidase were employed as secondary antibodies in
Western immunoblotting assays.

Tissues and Cell Lines
Human epididymal tissues were obtained from adult patients undergoing orchiectomy as treatment
for prostatic carcinoma, and not receiving any hormonal treatment prior to surgery. All human tissues
This article is protected by copyright. All rights reserved
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used in the study were obtained under donor’s written consent, and protocols were approved by the
Argentine Society of Clinical Investigation review board (Marín-Briggiler et al., 2008).
A total of 42 human cell lines were analyzed to assess the expression levels of wild type and novel
variant E-cadherin mRNAs. Cell lines involved in the analyses were derived from melanoma (Mel
888, IIB-Mel Ian, IIB-Mel-J, IIB-Mel-Les, L1D, L2F6, LBlast, LCMV, SB-2, A375N), as well as
from gastric (AGS, MKN45, SNU1, SNU5, SNU16, Kato III, N87), breast (MCF-7, T47D, HS578T,
MDA-MB231), prostate (PC3, LNCap, 22RV1, C42, C42B, DU-145), ovarian (OV90, OAW-42,
SKOV-3, TOV-112), pancreatic (Capan-1, MiaPaCa2, SW1990), colon (Caco-2, HT29), uterine
(HeLa, Hec1A, Ishikawa), lung (A549), bladder (T24) and liver (Hep3B) cancer.
In addition, COS-7 (ATCC CRL-165™), MCF-7 (ATCC HTB-22) and HEK-293 (ATCC CRL-1573
™) established cell lines were used to develop working models of the novel E-cadherin variant mRNA.
MCF-7 human breast cancer cells were also used as models to treat with conditioned medium obtained
from HEK cells stably transfected with the novel E-cadherin variant form. All cell lines were obtained
from the ATCC (Manassas, VA, USA) or kindly provided by colleagues.

In silico analysis
The nucleotide sequence of the identified clones was subjected to bioinformatics analysis. Initially the
identified sequence was contrasted against the one reported for E-cadherin (Reference number:
NM_004360.3; Homo sapiens cadherin 1, type 1, E-cadherin epithelial (CDH1), mRNA) and the
analysis was extended to the evaluation of a set bioinformatics analysis programs, according to the
specific type of analysis to be performed, as follows:
A) Analysis of multiple sequences: 1) Blast (Blast "two sequences") option: BLAST: Basic Local
Alignment Search Tool; 2) Clustal X. In addition, PCR fragments and plasmids obtained in the
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experiments were evaluated with Clustal X and Blast programs against the sequence corresponding to
the total or the reference E-cadherin segment involved.
B) Analysis related to Alternative Splice events (Net2Gene)
C) Translation of the nucleotide sequence amino acid "Translate" (ExPASy tool Proteomics Server
program.
D) Analysis of protein structure: 1) TopPred II: Software for Membrane Protein Structure Predictions;
2) HMMTOP: Transmembrane topology prediction server; 3) TMHMM: Prediction of transmembrane
helices in proteins.
E) Analysis of cell fate: 1) Program Yloc: Interpretable Subcellular Localization Prediction, 2)
ESLpred, 3) BaCelLo: Balanced Subcellular Localisation Predictor.
A survey on mutations in the CDH1 gene was done using the COSMIC (Catalog of somatic mutations
in cancer) (http://cancer.sanger.ac.uk/cosmic) and the CCLE (Cancer Cell Lines Encyclopedia)
(https://portals.broadinstitute.org/ccle/home) databases.

Cell culture
Cell lines used throughout the study (parental and transfectants) were grown, harvested and
processed following the recommendations provided by the manufacturer, as previously reported
(Lapyckyj et al., 2010). Basically, cells were grown in the appropriate cell culture medium in the
presence of 10% heat-inactivated fetal calf serum, 100 IU/mL penicillin, 100 mg/mL streptomycin, 2
mM glutamine and 2 mg/mL bovine insulin (cell culture media and supplements from Invitrogen Life
Technologies) and 15 mM HEPES, and incubated at 37°C in a humidified atmosphere of 5% CO2 in
air. Low-passage cell lines were used in all cases; in addition, quality-control tests were done by
monitoring cell morphology and growth rates, as well as mycoplasma detection with Hoechst 33258
or standard PCR procedures (data not shown).
This article is protected by copyright. All rights reserved
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In some experimental protocols, the Conditioned Medium (CM) was collected and analyzed. In those
cases, cells were grown until 80% confluence was attained, the medium was changed to fresh one and
supplemented or not with 10% heat-inactivated fetal calf serum; after 48 h, CM was collected and
centrifuged 10 min at 2000 rpm, and stored at -20ºC until used.

Development and handling of an expression library
An expression cDNA library from human epididymis was constructed using the ZAP Express  vector
(Stratagene, San Diego, CA) as previously reported (Marín-Briggiler et al., 2008). Purified phaghemid
DNAs were subjected to PCR with T3 and T7 primers using a standard procedure.
Nucleotide sequence analysis of clones was performed in a set of selected clones at the Core Research
Center from the University of Chicago (Chicago, IL, USA) with primers T3 and T7, as well as with
internal primers designed from the partial sequencing results.

Subcloning of the novel E-cadherin variant transcript and transfection assays
The pcDNA3 plasmid containing the sequence of the E-cadherin wild type form was kindly provided
by Dr. C. Niessen. To clone the novel E-cadherin variant mRNA, plasmids obtained from the
expression library containing the novel sequence (and verified by nucleotide sequence analysis) were
used as template, amplified by PCR and cloned in the wild type plasmid previously digested with Bam
HI restriction enzyme to introduce the variant sequence. The pcDNA3 plasmid containing the novel
sequence was purified with the Qiagen Plasmid Midi Kit (Qiagen). Nucleotide sequence analysis was
done in the final construct (at least three recombinant clones).
For transient transfection protocols, COS-7 cells were used. PcDNA3 plasmids containing the
sequences of wild type and novel variant E-cadherin were used for transient transfection protocols;
This article is protected by copyright. All rights reserved
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the pcDNA3 “empty” vector was used as control. Procedures were performed on a total of 100,000
cells at baseline and 1.5 µg of each plasmid with Lipofectamine (Thermo-Life, Carlsbad, CA,
USA) / DNA ratio of 2.5 : 1, following the recommendations of the manufacturer. Briefly, a mixture
of Lipofectamine™, culture medium and the indicated plasmid was made and added to the cell
culture and incubated for 4 h 45 min. At the end of the incubation, the cell culture medium was
removed and replaced by fresh medium with supplements and incubated for additional 24 h. CM and
cells were recovered and processed for RNA and total cell protein analysis, as well as for fluorescent
immunocytochemistry studies.
Stable transfection protocols were done using MCF-7 and HEK-293 cell lines and pcDNA3 plasmids
containing the sequence of novel E-cadherin variant and control (“empty” plasmid), respectively.
Transfection protocols were done with one µg of purified plasmid and Gene transfection reagent as
Juice® (Novagen®-Merck-Millipore, USA) following the instructions of the manufacturer. To
generate clonal transfectants, cells were seeded in 96-well plates in the presence of G418 (400
μg/mL, Invitrogen), and individual clones were obtained using the limiting dilution technique. The
procedure of single cell cloning was repeated to obtain 100% clonal purity. Three clones were used
in the studies presented in this report. Expression levels of the transfected gene were verified in all
cases by means of quantitative RT-PCR procedures.

RNA extraction and RT-PCR procedures
Total RNA was isolated with the RNeasy kit (Qiagen) or the Trizol reagent (Invitrogen Life
Technologies) according to the manufacturer instructions, and quantified (QUBIT, Invitrogen Life
Technologies). Synthesis of complementary DNA (cDNA) was performed with oligo-dT and
SuperScript™ III Reverse Transcriptase (Invitrogen Life Technologies). Negative controls omitting
the RNA or the reverse transcriptase were included in all cases. Standard end point PCR amplification
This article is protected by copyright. All rights reserved
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protocols were carried out using TaqI DNA polymerase (Qiagen). Reverse transcription procedures
were verified by amplification of a fragment for the Glyceraldehyde 3-Phosphate DeHydrogenase
(GAPDH).
The quantitative assessment of genes analyzed along the study (E-cadherin wild type and variant
forms, Twist, Snail, Zeb1 and Slug, ESRP1 and ESRP2, cytokeratin-19, vimentin and
Dysadherin/FXDY5 mRNA levels) was done by real time PCR with the Applied Biosystems 7500
Real Time PCR unit, using the SYBR Green® PCR Master Mix (Applied Biosystems, Foster City,
CA) as previously reported (Lapyckyj et al., 2010). All samples were run in triplicates and negative
controls (no template) were included in all cases. To confirm specificity of the signal observed in real
time protocols, melting curves were done in each run. Transcript relative expression was calculated
using GAPDH as housekeeping control in all cases.
Transcripts expression levels were determined in established tumor cell lines by calculating 2-Ct,
where Ct = Ct transcript under study - Ct GAPDH housekeeping gene (arbitrary units). In some
cases, transcript expression levels were calculated using as reference the mRNA expression values
detected in cells at the t0 condition, in parental cells or in cells transfected with pcDNA3, as
specifically indicated in the Figure legend. The calculation describing these relations is 2 -Ct, where
Ct = Ct test sample - Ct reference sample, and Ct= Ct gene under study - Ct housekeeping
gene. The last calculation was also used to estimate E-cadherin variant mRNA expression levels
relative to the E-cadherin wild type mRNA shown in Supplementary Table 1. In this last case the Ecadherin variant mRNA was the test sample, and the E-cadherin wild type mRNA was the reference.
In addition, nucleotide sequence analysis was performed on the PCR products of cDNA templates
generated from the RNA of cell lines tested in this study. PCR products were purified using a
commercial kit (Wizard SV PCR Clean Up Gel & System; Promega) following the manufacturer's
This article is protected by copyright. All rights reserved
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instructions. Purified products were quantified by agarose gel electrophoresis done in the presence of a
molecular weight marker and mass (QuantiMarker, Biodynamics, Buenos Aires, Argentina) and
analyzed at the Core Research Center from the University of Chicago (Chicago, IL).

Protein Extraction and Western Immunoblotting
For cell protein extraction, cell cultures were washed twice at 4°C with phosphate buffered saline
solution (PBS, pH 7.4) supplemented with 2 mM CaCl2, and placed at -20°C until processing. Cells
were resupended in Laemmli sample buffer, boiled for 5 min and sonicated until the solution was no
longer viscous (3 times for 30 sec at maximal power, Sonifier Cell Disruptor, model W 140; Heat
Systems-Ultrasonics, Inc., Plainview, NY). Cell lysates were centrifuged at 4°C for 30 min at 10,000
xg to eliminate cellular debris and stored at -70°C. Protein concentration was determined by the
Bradford assay (BioRad).
Protein mixtures (cell lysates and CM) were supplemented with -mercaptoethanol to a 5% final
concentration, boiled for 10 min, loaded onto the gel, and subjected to SDS-PAGE in 8 or 10%
polyacrylamide gels, as specifically indicated. Molecular weight standards (BioRad protein broad
range) were included in all runs.
A replica of protein patterns was obtained on nitrocellulose membranes (Hybond-ECL,
Amersham/GE, Buckinghamshire, Great Britain) after Western immunoblotting using standard
procedures. Membranes were placed for 1 h at room temperature with PBS containing 0.02% Tween20 and 5% skimmed milk powder (blocking buffer), followed by overnight incubation at 4ºC with the
specific primary antibody (see results) diluted in blocking buffer. Blots were washed, placed for 1 h at
room temperature with anti-mouse or anti-rabbit horseradish peroxidase conjugated IgGs in blocking
buffer, and developed with enhanced chemiluminiscence (ECL kit, Amersham/GE) following the
This article is protected by copyright. All rights reserved
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procedure suggested by the manufacturer. In all cases, immunodetection was specific, because no
signal was detected when the primary antibody was replaced by the corresponding normal IgG at the
same concentration (data not shown).

Immunofluorescence protein detection in whole cells
Cells grown on glass coverslips until 80% confluence were fixed with 4% (v/v) paraformaldehyde in
PBS for 10 min. In some cases, cell fixation was followed by permeabilization in PBS supplemented
with 0.2% (v/v) Triton X-100. For fluorescence immunocytochemistry, non-specific binding sites
were blocked with 4% (w/v) BSA in PBS and overnight incubation at 4°C with anti E-cadherin
(HECD-1, 2 g/mL), anti--catenin (2.5 g/mL), anti-cytokeratin (1 g/mL), anti-vimentin (1 g/mL)
or anti-Dysadherin/FXYD5 (1 g/mL) antibodies. After several washes, cells were incubated with
purified secondary antibody coupled to Cy3-fluorophore for an additional hour. Nuclear cell staining
was achieved by incubation with Hoechst 33342. Coverslips were mounted with Vectashield anti-fade
solution (Vector).
To assess for the presence of F-actin, cells were incubated in the presence of Alexa Fluor 488
phalloidin (Invitrogen Life Technologies). Cells were evaluated with a confocal microscope (Nikon
C1; excitation lines: 488nm and 544nm, emission filters: 515-530 nm and 570-LP nm); images were
acquired using a 60x/1.40 oil objective.

Assessment of Nonsense-Mediated mRNA Decay
MCF-7 cells were cultured in DMEM medium F-12 and supplements until monolayers reached 75%
confluence and treated with Actinomycin-D and Cycloheximide, basically as previously reported
(Barbier et al., 2007). In the first case, cell treatment involved the addition 5 µg/mL of ActinomycinThis article is protected by copyright. All rights reserved
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D/mL. In the second case, cell cultures were treated with medium supplemented with 10 µg/mL
Cycloheximide. In both cases, aliquots were taken at 0, 2.5, 5 and 7.5 h and processed for mRNA
isolation and analysis. Real time PCR analysis was done to quantify the expression levels of E-cadherin
wild type and variant mRNAs.

Assessment of cell adhesiveness, motility, migration and invasion
Hanging Drop Assay
The procedure was done as previously described (Redfield et al., 1997). Basically, cells were grown,
harvested, dissociated, counted and adjusted at a final concentration of 2.5x105 cells/mL. Aliquots of
50,000 cells were placed on drops and cultured at 37°C in anchorage-independent conditions for up to
24 h to assess their ability to form cell aggregates. Photographs were taken at 0, 12 and 24 h to evaluate
cell aggregates and their characteristics. Number of cells in each aggregate was determined and results
grouped (1-5, 5-50 cells and more that 50 cells/aggregate) and plotted.

Wound Healing Assay
The procedure was done as previously described (Meunier et al., 2010). Basically, MCF7pcDNA3 and
MCF7Ecadvar cells were grown at 37°C until confluence. The medium was removed and a small
wound was done using a sterile 200-μL yellow plastic tip. Wounded cell monolayers were washed
three times with PBS to remove loosely attached cells, after which fresh culture medium was added.
Cells were cultured for up to 24 h. Photographs were taken at different times (0, 4, 8, 16, and 20 h) and
analyzed using the Image J software. To score the results, measurement of the wound width to 2 points
was done at initial time immediately after making the wound (t0) and at the last recording time (tf), in
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this particular case 20 h after beginning the experiment. Taking the t0 value as 1, the remaining values
(tf) were expressed in a relative fashion.

Migration and Invasion Assays
MCF7pcDNA3 and MCF7Ecadvar cells were grown in 6-well plates up to 70% confluence. Twenty
four h prior to the assay, CM were removed and fresh media was added, cell monolayers were washed
with sterile PBS, dissociated, harvested, counted and cell concentration was adjusted to 2 x 104 viable
cells/200 µL of serum free medium. The cell suspension was seeded on top of a Transwell™ of 0.8 µm
pore diameter device (Millipore) and placed on a 24 well-cell culture plate. At the bottom of the
Transwell™ device, 10% fetal bovine serum was placed as chemo-attractant. Cell culture proceeded at
37°C for 8 h. Then, the Transwell™ device culture plate and the top of the culture medium were
discarded. Three washes with PBS were performed to remove cells that did not migrate. Cells were
fixed and stained with a 0.5% crystal violet solution in 20% methanol and quantification was done;
photographs of at least 10 different fields were taken and cells were counted using Image J software.
The same protocol was used for the invasion assay, with the exception that the device Transwell™ was
previously covered with a layer of 100 µL of a commercial extracellular matrix (Matrigel™, BD). In
this case the test was run for 16 h.

Note: In all four assays described above, no differences were found between MCF-7 and MCF7pcDNA3 (working model control) cells.

Effect of CM from HEK293Ecadvar transfectants upon MCF-7 cell cultures
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MCF-7 cells were maintained in Dulbecco-modified Eagle medium (DMEM) F12 supplemented with
10% of FBS, and HEK-293 were maintained in minimum essential media with non-essential amino
acids (MEM/NEAA) containing 10% of FBS. Cells were grown at 37°C in a humidified atmosphere
with 5% CO2 in air.
For treatments with the different CM, 2 x 104 MCF-7 cells were seeded per well of a 6 culture plate in
DMEM F12 supplemented with 10% of FBS. The day after seeding, cells were washed twice with 1x
PBS and treated with a mixture of 70% CM (from HEK293Ecadvar or HEK293pcDNA3 (control)
cells) + 30% DMEM F12 10% of FBS for 7 days, with medium changes every other day.
After one week, total RNA of MCF-7 cellular cultures treated with the different CM was extracted with
TRIZOL (Invitrogen) and processed for cDNA synthesis and qRT-PCR analysis to assess wild type Ecadherin transcript expression levels.

Statistical Analysis
All experiments were run in triplicates. Data are presented as the mean ± Standard Error of the Mean
(SEM). Evaluations done on MCF7Ecadvar and MCF7pcDNA3 control stable transfectants were
done using Mann-Whitney test or Kruskall Wallis test followed by means of Dunn´s post-test
analysis. A P<0.05 was considered significant for each comparison. Statistical analyses were
performed using GraphPad Prism 5.01 (GraphPad Software, San Diego, CA).

RESULTS

1. Identification of a human epithelial cadherin novel variant mRNA
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During the screening of an expression library prepared with RNA from human epididymis in
the unidirectional lambda ZAP Express (Stratagene, EEUU) vector, a novel E-cadherin transcript was
identified by serendipity. Briefly, a total of ten plates (35,000 pfu/plate) were analyzed and 19 positives
were identified, of which six were randomly selected, cloned and sequenced. A graphical
representation of the nucleotide sequence analysis done on the identified clones is shown in Figure
1.A. Basic bioinformatics tools were applied to the sequencing results (data obtained from NCBI
database and use of programs to align sequences, BlastN and Clustal X). As result of this analysis, two
clone families were identified. In one family, clones were found to carry the expected sequence of the
mRNA encoding the functional E-cadherin, as provided over 99% homology with the reference
sequence (NM_004360). In the other family, clones were found to have a nucleotide sequence highly
homologous to the reference, but showed a 34 bp-sequence deletion (Figure 1.B.).
A PCR strategy, designed with primers flanking the region where differences between
sequences of mRNAs had been found (Figure 1.C., left), served to confirm the expression of both
transcripts in mRNA samples of epididymal tissue from individuals other than those used for library
construction, as well as in a commercially available testis cDNA library (data not shown). These
findings ruled out the possible explanation for this variant form as being an artifact generated during
construction of the expression library, or as a specific mRNA form produced solely in the epididymis.
Bioinformatics analyses were done to characterize changes in the novel nucleotide sequence
identified. Firstly, alignment with the reference nucleotide sequence of E-cadherin (NM_004360) led
us to identify the site of the 34-bp deletion, which was localized on the first 34 nt of Exon 14 and
would introduce a premature stop codon. The sequence was then subjected to additional analyses, to
evaluate whether this novel transcript could result from an alternative splicing event. For that, an
analysis of putative splicing sites in the sequence of E-cadherin was performed using the NetGene 2
software. The analysis identifies constitutive splicing sites; in addition, it lists other potential sites that
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display "lower level of confidence", indicating that site is used less frequently than a constitutive site
(Hebsgaard et al., 1996). When the analysis was run with the human CDH1 gene, the site used to
produce the novel E-cadherin mRNA sequence was identified as a putative splicing site. Additional
alignment analysis on the CDH1 nucleotide sequences of other mammalian species showed
conservation of key nucleotides reported to be relevant for recognition by the splicing machinery (data
not shown). Thus, the novel E-cadherin variant mRNA would result from an alternative splicing event.
The sequences involved in the E-cadherin constitutive and alternative splicing events between exon13,
intron 13 and exon14 are shown in Figure 1.D.
At this point, it was highly relevant to define the strategy for detection of the novel E-cadherin
variant form. Since difficulties were found to detect the variant transcript when the PCR was done with
primers flanking the deleted region, a primer-specific sequence was designed as a new strategy (Figure
1.C., right) using as template one plasmid of each family (see below). With this new approach, a
quantitative analysis of both transcripts was optimized and found to be highly reproducible, specific,
efficient and sensitive. Specificity was defined by the presence of a sole fragment (confirmed when
melting curves were run and agarose gel-profiles were analyzed) and confirmation of the nucleotide
sequence of each PCR product generated. Optimization also involved the construction of standard
curves with different amounts of each plasmid, with the consequent establishment of the dynamic range
that revealed a high efficiency of the assay (-3.32 slope) and a high sensitive detection (fg of plasmid)
(data not shown). Using this methodology, a set of samples from different human tissues (epididymis,
testis, breast, ovary, endometrium) were evaluated to assess the presence of the novel E-cadherin
mRNA. Detectable levels of the novel variant form as well as of the wild type E-cadherin mRNA were
found in all samples evaluated (data not shown), favoring the notion of the occurrence of an alternative
splicing to generate this novel form rather than its occurrence as the result of a point mutation.
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2. Expression of the novel E-cadherin variant mRNA in human tumor cells
Taking into account the association between the occurrence of AS and cancer (Shkreta et al.,
2013; Zhang and Manley, 2013; Pagliarini et al, 2015) and the role of other cadherins’ splice variants
as negative regulators of the wild type transcript, it was of interest to evaluate the presence and
expression levels of the novel E-cadherin variant transcript in a panel of 42 established human tumor
cell lines of diverse tissue origin (urological: prostate, bladder; gynecological: breast, ovary,
endometrium; digestive: gastric, liver, pancreas, colon; other: skin, lung; a list of cells lines studied is
presented in Materials and Methods). Expression levels of the novel variant E-cadherin transcript were
determined by applying the optimized highly sensitive quantitative Real Time PCR protocol (see
Materials and Methods).
Results obtained in this analysis are shown in Figure 2. Specific amplification of segments of
both transcript was observed. Moreover, detectable levels of the E-cadherin variant transcript were
found in 29 of the 42 tumor cell lines evaluated (69%). The established cell lines in which the novel
variant was detected were generated from tumors of several tissues/organs in which alterations in Ecadherin have been reported (breast, ovary, endometrium, stomach, colon, pancreas, liver, skin, lung,
prostate, bladder). Transcript levels of the novel E-cadherin form varied among cells (3.3±0.83 x10-4;
mean ± SEM; median=1.96x10-4), being the highest found in SNU16 gastric cancer cell line (21 x10-4),
and followed by OV-90 (12.5 x10-4), T47D (9.6 x10-4), OAW-42 (8.4 x10-4), Capan-1 (5.3 x10-4), and
C42 (5.1 x10-4); the lowest levels were found in the T24 bladder cancer cell line (2.05 x10-8). No
association was found between the levels of E-cadherin variant transcript and aggressiveness reported
for the cell lines in the panel evaluated.
Of the 29 cell lines, 28 (97%) also had detectable expression levels of the wild type E-cadherin
mRNA, although it was present at variable levels. In the Hep 3B liver cell line, the E-cadherin wild

This article is protected by copyright. All rights reserved

20

type transcript was not detected. When mRNA levels of the E-cadherin variant transcript were
calculated relative to the wild type mRNA, a 0.05 to 1.2% expression of the novel form was found in
23 cases (80%). The remaining cell lines showed higher relative levels of the E-cadherin variant
transcript. Of those, the AGS and MKN45 gastric cancer cell lines were found to have 11.6% and 8.2%
levels of the novel mRNA, respectively, and a 10.7% was observed for the Caco-2 colon cancer cell
line. Other cell lines, such as Capan-1 (pancreas) and A549 (lung) depicted intermediate high mRNA
levels (3.1 and 2%, respectively) (Supplementary Table 1).
In order to search for the presence of mutations around the CDH1 exon13-exon 14 constitutive
splicing donor and/or acceptor sites, a survey was done on the COSMIC and the CCLE databases. Of
the total 42 cell lines evaluated, 22 were found to be listed on these databases with information on the
CDH1 gene; all of them had detectable levels of the E-cadherin variant mRNA. Of those, 16 (73%)
were found not to have any somatic mutations in CDH1. The remaining six (27%) were gastric cancer
cell lines AGS, MKN45, Snu5 and Kato III, and prostate cancer cell lines DU-145 and LNCap.
Specifically regarding cell lines with highest expression levels of the E-cadherin variant form, while no
data was available on the CDH1 sequence for SNU16 and C42, no mutations were reported in OV90,
T47D, OAW42 and Capan 1 (Supplementary Table 2). Altogether, presence of the E-cadherin variant
form could not be associated to mutations in the sequence around exon13-exon14 donor and acceptor
splicing sites.

3. Regulation of novel E-cadherin variant mRNA by Nonsense-Mediated mRNA Decay (NMD)
The Nonsense-Mediated mRNA decay (NMD) was initially identified as a post-transcriptional
mRNA quality control mechanism operating in the cytoplasm associated to translation termination and
capable to selectively degrade mutated mRNAs containing premature termination codons (PTCs)
(Losson and Lacroute, 1979) Later it was shown that the NMD mechanism eliminates multiple nonThis article is protected by copyright. All rights reserved
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mutated mRNAs resulting from defects in pre-mRNA processing; it has been estimated that one third
of the alternative splice transcripts are subjected to NMD (Lewis et al, 2003) . However, the efficiency
of this mechanism may be altered; the NMD can be inhibited by wide variety of cellular stresses, some
of which are reported associated to tumorigenesis (Gardner., 2010). In the last decade, the molecules
and mechanisms underlying the NMD have been identified, as well as its role in the stabilization of
alternatively spliced mRNA isoforms, and the role of NMD in tumorigenesis (Hug et al., 2016;
Karousis et al., 2016).
In mammals, the NMD operates in mRNAs that have a PSC located 50-55 bp upstream to the
next splicing site and in one exon different from the last one (Lejeune and Maquat, 2005). An in silico
analysis was done on the novel E-cadherin variant mRNA sequence to evaluate the possible regulation
of its cellular levels through the NMD degradation mechanism. As result of this analysis, the Ecadherin variant mRNA appears to have molecular characteristics to be detected and processed by the
NMD mechanism.
The experimental verification of the results from the in silico analysis was done using MCF-7
breast cancer cells using an approach previously reported. Cells were subjected to treatment with
Actinomycin-D or Cycloheximide. Regarding the first approach, Actinomycin-D inhibits RNA
elongation, resulting in an impairment of cell transcription. Transcripts targeted to NMD are expected
to undergo degradation at a higher rate than the wild type functional transcript, reflected in a
differential decrease on its concentration with time, which depends on how the mRNA is being
processed. As shown in Figure 3.A., a significant decrease in the E-cadherin variant transcript was
observed, becoming undetectable at 2.5 h post-treatment with Actinomycin-D (*; P<0.05). On the other
hand, a reduction in E-cadherin wild type transcript levels was also found with time, although
undetectable levels were observed 5 h after treatment. In agreement with our observations, a previous
report estimated a half-life of 2 h for the wild type E-cadherin mRNA (Jacob and Udey, 1998).
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Regarding the second approach, since Cycloheximide inhibits protein biosynthesis, the NMD is
not activated, and accumulation of aberrant transcripts is expected. As shown in Figure 3.B., higher
levels of the E-cadherin variant mRNA were found at all times analyzed when compared to the wild
type mRNA. Significant differences were found at 2.5 h (*; P<0.05), as well as at after 5 h and 7.5 h
(*; P<0.01) after treatment. Contrasting, no significant changes in levels of the E-cadherin wild type
transcript were detected at all times tested.

1. Expression of the novel E-cadherin variant mRNA in stable transfectants of MCF-7 cells
To study the effect of the novel E-cadherin variant mRNA expression upon the
expression/functions of the E-cadherin wild type transcript and of related molecules, a working cell
model was developed using the MCF-7 human breast cancer cell line. In addition to the vast
information available in the literature on this cell line with regard to E-cadherin and other members of
the adherent complex, MCF-7 cells have no reported somatic mutations in the CDH1 gene
(Supplementary Table 2) and are known to express high levels of the wild type E-cadherin transcript
and produce abundant quantities of the full-length functional cell-cell adhesion protein in comparison
to other human breast cancer cells (Lapyckyj et al., 2010). In addition, the estimated expression of the
E-cadherin variant mRNA in this cell line (2

-CT

=2.05 x10-4; arbitrary units) is similar to the median

value of 1.96 x10-4, estimated for the 42 tumor-cell panel analyzed in this study (Figure 2). Moreover,
MCF-7 cells were found to have low levels of the endogenous variant E-cadherin mRNA relative to the
wild type transcript (0.24%; Supplementary Table 2).
Based on these findings, MCF-7 cells were stably transfected with the eukaryotic plasmid
pcDNA3 containing the novel E-cadherin variant mRNA (MCF7Ecadvar cells); as control, stable
transfectants were generated with the pcDNA3 “empty” plasmid (MCF7pcDNA3).
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Three stable clones were obtained and the expression levels of the E-cadherin variant mRNA
were verified using a quantitative real time PCR test previously optimized. MCF7Ecadvar cells were
found to express 30 times more of the transfected variant transcript than control cells (Figure 4.A.)
(*; P<0.01). In association to the expression of the novel E-cadherin variant mRNA, a concomitant
decrease in the wild type E-cadherin mRNA levels was observed, finding in MCF7Ecadvar cells
10,000 times less transcript than in MCF7pcDNA3 cells (Figure 4.A.). Such decrease was already
noticed in MCF7Ecadvar polyclonal batch cultures (data not shown).
In agreement with the mRNA results, the 120 KDa-full length E-cadherin protein was not
detected in total protein MCF7Ecadvar cells, even when loading double amount of protein extracts
from MCF7Ecadvar transfectants. To rule out the possibility of decreased levels in the full length
protein caused by proteolysis, presence of the 38 KDa CTF1 E-cadherin fragment was analyzed;
however, no signal was detected for this fragment (Figure 4.B.), suggesting other mechanism involved
in regulation of E-cadherin expression.
In association to the expression of the novel E-cadherin variant transcript, several changes were
observed in MCF7Ecadvar cells. Firstly, cells depicted a fibroblast-like phenotype and a decrease in
cell-cell contacts (Figure 4.C.). In agreement with these findings, MCF7Ecadvar cells were found to
form only few colonies of a small cell number and did not generate a monolayer; meanwhile, a
sustained growth and the development of several colonies that generated a monolayer was observed in
MCF7pcDNA3 cells (Figure 4.D.).
By fluorescence immunocytochemistry, a very low signal, localized to the cell cytoplasm, was
observed for E-cadherin in the MCF7Ecadvar cells. The adaptor protein -catenin underwent relocalization from the cell membrane to the cytoplasm and around the nucleus in the MCF7Ecadvar
cells. In line with these findings, F-actin was organized in non-junctional stress fibers oriented towards
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the boundary between cells in these cells, a distribution that resembles F-actin reorganization found
during cell invasion and metastasis (Yilmaz and Christofori, 2009). Contrasting with these
observations, control cells showed localization of E-cadherin mainly in the cell borders and contact
sites (Figure 4.E., left panel), the adaptor protein was associated to the plasma membrane,
accompanying the adhesion protein distribution (Figure 4.E., right panel) and the F-actin belts colocalized with E-cadherin and -catenin (Figure 4.E.).

2. Expression of the E-cadherin novel variant transcript and EMT
As part of the changes associated to the EMT process, increased expression of transcription
factors, among them Twist, Snail, Zeb1 and Slug has been reported (Tania et al., 2014).These factors
are negative regulators of E-cadherin by their interaction with the CDH1 promoter region (Lin et al.,
2014). When evaluated in MCF7Ecadvar cells, expression levels of Twist, Snail, Zeb1 and Slug were
significantly higher than in control cells (Figure 5.A.) (*; P<0.01).
The expression loss of ESRP1 and ESRP2 has been reported as an obliged and widespread
event during EMT (Warzecha and Carstens, 2012). These RNA binding proteins are responsible for an
AS regulated-program, which is essential for maintaining morphology and function of epithelial cells.
Transcript expression analysis of ESRP1 and ESRP2 in our study model revealed significant lower
levels of both transcripts in the MCF7Ecadvar cells when compared to MCF7pcDNA3 control cells
(Figure 5.B.) (*; P<0.05).
An increased expression of E-cadherin transcriptional repressors has been related to the
“cadherin switch” event characterized by an increased expression of N-cadherin and, in some cases, Pcadherin (van Roy and Berx, 2008). Protein analysis revealed a specific signal for the 135 KDa Ncadherin full length protein only in MCF7Ecadvar cell extracts. In agreement with these findings, a
strong signal for N-cadherin was mainly detected in MCF7Ecadvar cells by fluorescence
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immunocytochemistry (Figure 5.C.). A similar analysis done on P-cadherin showed no major changes
in protein expression levels between MCF7Ecadvar and control cells (Figure 5.D.).
To further define the cell phenotype of MCF7Ecadvar transfectants, cells were evaluated for the
expression of cytokeratins, typical epithelial markers, and vimentin, a classic mesenchymal marker
(Serrano-Gomez et al., 2016). MCF7pcDNA3 control cells showed a typical epithelial cell profile, with
expression of the cytokeratin 19 transcript and a strong protein signal for cytokeratins; in addition, lack
of vimentin mRNA and protein was found in these cells. Contrasting, E-cadherin variant mRNA in the
transfectants was associated to a loss of the cytokeratin epithelial marker and a gain of the vimentin
mesenchymal marker (mRNA and protein) (Figure 5.E. and Figure 5.F.).
Finally, the expression of Dysadherin/FXYD5 was evaluated in MCF7Ecadvar and control
cells. As indicated in the introduction, Dysadherin/FXYD5 is a cancer cell membrane-associated
glycoprotein expressed in several cancer types that depict decreased E-cadherin expression (Ino et al.,
2002). The evaluation of its expression revealed a significant increase in its mRNA levels in
MCF7Ecadvar compared to MCF7pcDNA3 cells. Protein analysis confirmed the expression of
Dysadherin/FXDY5 in MCF-7 cells transfected with E-cadherin variant, as shown by the detection of a
specific signal localized mainly at the cell membrane and a Dysadherin/FXYD5 protein band of
~55KDa. No signal for Dysadherin/FXYD5 was observed in control cells (Figure 5.G.).

3. Expression of E-cadherin variant form and in vitro cell adhesiveness, motility, migration and
invasion properties
Alterations found in MCF-7 cells transfected with the novel E-cadherin variant mRNA
summarized in the previous sections prompted us to carry out a set of in vitro functional assays to
evaluate their cell-cell adhesion, motility, migration and invasion properties.
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Cell adhesiveness was assessed by means of the hanging drop method. Results, shown in
Figure 6.A., revealed striking differences between MCF7Ecadvar and control cells. Whereas 100% of
MCF7pcDNA3 cells were grouped in >50 cell-aggregates after a 12 h-incubation, cells expressing the
variant mRNA produced small aggregates (<5 cells/aggregate) and only in few cases groups of >50
cells were found after incubations of 24 h (*; P<0.01).
To assess cell motility characteristics, the Wound Healing assay was done. MCF7Ecadvar and
control cell monolayers were monitored for up to 24 h after the wound was made. Again, differences in
cell behavior were observed between both cell lines (Figure 6.B.). While a 5 % reduction in the
wound was observed in the control cells, a 43% reduction (*; P<0.01) was registered in MCF7Ecadvar
cells, suggesting 8 times higher motility than control cells.
Finally, cell migration and invasion properties were assessed using the commercial Transwell™
(Corning) device. As shown in Figure 6.C. and D., MCF7Ecadvar cells depicted a significantly (*;
P<0.01) higher migration and invasion capacity than control cells.

7. Analysis of the protein encoded by the E-cadherin novel variant mRNA
The existence of isoforms containing PSC was initially inferred from EST (expressed sequence tag)
data. These findings lead researchers to believe that a proportion of these mRNA manage to evade
NMD degradation pathway. In line with this hypothesis, several studies have reported the ability of
aberrant transcripts to escape NMD and translate to protein (Inácio et al., 2004; Stockklausner et al.,
2006; Hamid et al., 2010).
Based on this background information, expression of the putative protein encoded by the novel Ecadherin variant mRNA was analyzed using a set of studies that combined bioinformatics tools and
transfection assays. First, the amino acidic sequence of the protein encoded by the E-cadherin variant
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mRNA was deduced using the Translate software (ExPASy Tools). The sequence identified showed
100% homology with the E-cadherin wild type form up to the residue in position 721, in which the
sequence frame-shift gives rise to a new peptide sequence of 36 residues and a PSC. The novel protein
spans 757 residues, contrasting with the 882 amino acids of the wild type form (Figure 7.A.). The
predicted Mr for the novel polypeptide is 83.7 KDa. An amino acidic sequence analysis run through
several software tools, among them TMHMM, YLoc, ESLpred, ESLpred2 and BaCelLo, anticipated
the secretory nature of the novel protein (Figure 7.B.).
A transient expression protocol in COS-7 cells was designed to express the polypeptide encoded by
the novel E-cadherin variant mRNA (COS7Ecadvar) as well as to assess its cell localization and
estimate its apparent MW. COS-7 cells transfected with the empty plasmid served as negative control
(COS7pcDNA3). In addition, a parallel transfection protocol was done with a plasmid containing the
E-cadherin wild type transcript and used as an additional control of the transfection protocol
(COS7Ecadwt). Fluorescence immunocytochemical analysis of E-cadherin in COS7Ecadvar cells
revealed a low signal in the cell membrane and cytoplasm. COS7pcDNA3 cells showed no signal for
E-cadherin, while COS7Ecadwt showed a strong signal in the cell borders, as expected (Figure 7.C.)
SDS-PAGE followed by Western immunobloting of cell lysates and CM from COS7Ecadvar cells
revealed a specific positive signal for a secretory protein form of 94 KDa; an additional form of 104
KDa was detected in cell lysates. As expected, COS7Ecadwt cells were found to express the 120 KDa
full length protein in cell lysates and the 86 KDa E-cadherin ectodomain in the CM (Figure 7.D.). No
signal for E-cadherin was found in COS7pcDNA3 cell lysates and CM (data not shown).
To determine whether MCF7Ecadvar cells expressed the novel secretory E-cadherin protein, CM
was collected and analyzed by SDS-PAGE and Western immunoblotting. In agreement with the results
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obtained with COS7Ecadvar transfectants, a specific signal for a 94 KDa protein was found in cell
lysates. In MCF7pcDNA3 cells CM, the 86 KDa ectodomain was immunodetected (Figure 7.E.).

8- Effect of Conditioned Medium containing the novel E-cadherin variant protein upon MCF-7 cell
cultures
As previously shown, MCF-7 cells stably transfected with the novel E-cadherin variant form
underwent dramatic changes in cell morphology, lost their epithelial characteristics and acquired a
fibroblast-like phenotype. Moreover, E-cadherin expression was significantly reduced and cells were
found to secrete the 94 KDa protein encoded by the novel variant transcript. Based on these results, it
was of interest to assess whether changes in cell morphology and E-cadherin expression could be
attributed, at least in part, to an autocrine/paracrine effect of the secreted novel E-cadherin variant
protein upon MCF-7 cells.
A strategy was designed to challenge MCF-7 cells with CM from cells producing the novel Ecadherin variant polypeptide (details on the experimental procedure are presented in the Materials and
Methods). To generate the CM containing the E-cadherin novel form, the HEK-293 cell line was
selected. HEK-293 is a commercially available established non tumor cell line of epithelial
morphology, derived from human embryonic kidney. Compared to MCF-7 cells, HEK-293 cells were
found to express less than 0.5% of E-cadherin wild type transcript (Figure 8.A.), ruling out the
contribution of other E-cadherin protein forms in the CM besides the novel variant. HEK-293 cell
stably transfected with E-cadherin variant (HEK293Ecadvar) and pcDNA3 empty vector
(HEK293pcDNA3) were generated, and expression of the novel E-cadherin variant mRNA was
verified (Figure 8.B.). HEK293Ecadvar cells were found to express more than 30 times E-cadherin
variant mRNA than MCF7Ecadvar cells (Figure 8.C.). In addition, HEK293Ecadvar cells showed a
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faint signal for E-cadherin by immunocytochemistry, but a strong specific signal for a 94 KDa Ecadherin protein in the CM; no immunoreactivity for E-cadherin was detected in control cells (Figure
8.D.).
Based on these findings, CM from stable transfectants of HEK293Ecadvar (VCM; variant CM)
and control (TCM, transfection CM) was collected and used to challenge MCF-7 cells during 7 days.
After 5 days of incubation, MCF-7 cells exposed to the CM from HEK293Ecadvar displayed a
fibroblastic-like morphology (Figure 8.E.). Moreover, at the end of the study, these cells showed a
significant (*; P<0.01) decrease in E-cadherin wild type transcript levels (Figure 8.F.). No changes
were observed in cells incubated with media supplemented with CM from HEK293pcDNA3 cells.

Discussion
Alterations in the expression and function(s) of E-cadherin are a key event in deregulation of
cell-cell adhesion during tumor progression and metastasis. Several mechanisms have been found to
explain some of these abnormalities; among those, the literature has numerous examples of E-cadherin
decrease caused by loss of heterozygosity, presence of mutations, promoter methylation, expression of
transcriptional repressors and post-translational protein modifications (van Roy and Berx, 2008). In the
present study, the identification and partial characterization of a novel human E-cadherin transcript is
described. Screening of an expression library from a human reproductive tissue led us to the
identification of clones with the sequence encoding the functional protein. Unexpectedly, other clones
depicting a sequence with a 34-bp deletion were identified. Additional bioinformatics analyses led us to
propose that the novel transcript would result from an alternative splicing event of the immature Ecadherin transcript. This novel transcript was called “E-cadherin variant” to distinguish it from the Ecadherin wild type form encoding the functional protein.
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To characterize the novel E-cadherin variant mRNA expression, several studies were carried
out. A quantitative PCR detection assay was developed and optimized to evaluate the expression levels
of the wild type and novel variant transcripts, reducing artifacts associated to the reported low
abundance of alternative-spliced variant mRNAs (Walton et al., 2007; Harvey and Cheng, 2016).
Protocol optimization involved assessment of specificity, sensitivity, reproducibility and efficiency of
the detection method. Two clones known to carry the sequences encoding the wild type and novel
variant mRNA were used during assay optimization. Highly specific, sensitive, reproducible and
efficient results were obtained using 1 fg of plasmid as template and detecting both transcripts even
when a difference in concentration between them was five orders of magnitude. In recent years,
implementation of Next Generation Sequencing (NGS) technology has enabled the identification of
novel splice variants. However, in cases of alternative splice variants highly similar to constitutive
transcripts, some difficulties have been highlighted due to limitations in computational approaches and
bioinformatics tools (Bryant et al., 2012). The use of NGS to perform transcript quantification of splice
variants has grown over the last 5 years (Beretta et al., 2014; Adamopoulus et al., 2016). In particular,
recent reports have been released, describing new tools to improve data analysis (Xu et al., 2015; Song
et al., 2016), which anticipates a promising future for the use of this technology in the identification
and quantification of novel variants produced by AS.
The optimized quantitative PCR assay was used to evaluate the expression of the wild type and
novel variant E-cadherin transcripts in a panel of human tumor cell lines. While over 69% of cell lines
evaluated were found to simultaneously express both E-cadherin transcripts, relative low levels of the
novel variant (less or equal than 1%) were detected, as previously seen for other transcripts
(Vandenbroucke et al., 2001). Given the fundamental role reported for E-cadherin in the maintenance
of homeostasis, it is expected that a variant transcript encoding a protein isoform different than the
functional, should be tightly regulated due to the possible deleterious effects that it could bring to the
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cell. In agreement with these observations, there are reports describing low levels of alternative
isoforms relative to the constitutive transcripts subjected to AS (Madsen et al., 1995; Jung et al., 2011).
Despite their low abundance, these transcripts are able to exert a modulatory effect upon the expression
of the constitutive mRNA, and may be translated to proteins that, at low levels, are capable to produce
a specific effect on the cells (Dreumont et al., 2005).
The NMD surveillance system was tested as a possible mechanism responsible for regulation of
the novel E-cadherin variant levels. The strategies selected for these studies have been widely used for
NMD analysis (Rajavel and Neufeld, 2001, Hilman et al., 2004; Jakobson et al., 2012). Moreover,
biochemical verifications were done using MCF-7 cells; this established cell line is one, if not the most,
in vitro model used worldwide to evaluate regulation of human E-cadherin gene expression. The high
expression of the novel E-cadherin variant mRNA found accumulated in cells treated with
Cycloheximide and its rapid degradation observed in cells incubated with Actinomycin-D strongly
suggests an active transcription of the novel E-cadherin mRNA and its degradation by the NMD
mechanism. These findings may explain the low levels of the variant transcript detected in a high
proportion of the samples evaluated. Relative increased levels of the novel E-cadherin variant form
may be explained by alterations in the NMD mechanism during cancer reported in several cells models
(Gardner, 2010; Karam et al., 2013). Our findings are also in agreement with those observed for the
variant de E-cadherin lacking exon 11 (Sharma et al., 2011).
Bioinformatics analyses done on the nucleotide sequence of the novel clones led authors to
propose an AS event to explain the presence of this novel E-cadherin variant mRNA. It is now known
that near 90% of protein-coding human genes produce multiple mRNA transcripts by AS (Pan et al.,
2008; Gamazon and Stranger, 2014); this process represents a generalized mechanism to the expansion
of proteomic diversity (Pan et al.; 2008; Nilsen and Graveley, 2010; Nellore et al., 2016). The AS is
both spatially and temporally controlled, resulting in the expression of diverse splicing variants in the
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same or different tissues, in different developmental stages, or in response to a pathologic process.
Interestingly, not all alternative transcripts produce functional proteins. This mechanism also has
errors, such as nucleotide sequences that would include a PSC and alteration of the protein structure,
cellular localization, stability and changes in post-translational modifications, as the one reported in
this study for the identified novel E-cadherin variant (Scholzova et al., 2007; Avenson and Barry,
2014).
Dysregulations in AS patterns have been associated with many human diseases including cancer
(Chabot and Shkreta, 2016; Scotti and Swanson, 2016). In particular, in the last decade, alterations in
the splicing of tumor suppressor genes or oncogenes have been identified (Bonomi et al., 2013).
Aberrant AS events generate variants found to contribute to tumor development and progression.
Changes in splicing have been attributed to several steps of this process, among them mutations in the
splicing regulatory elements, altered expression of factors responsible for AS, and aberrant regulation
of proteins and signaling pathways that control the AS. The AS- variants produced can frequently
promote different or even opposite biological effects and have consequences on cellular functions
(Zhang and Manley, 2013). These alterations affect a wide variety of cellular functions, including cellcycle progression, signal transduction, proliferation and cell differentiation, avoidance of apoptosis
angiogenesis, motility and invasion. Tumor cells quickly adapt to these extra- and intra-cellular stimuli,
and survive in difficult environments and acquire resistance to therapy (Bechara et al., 2013; Pagliarini
et al., 2015).
In association to the increased expression of the novel variant transcript, MCF7Ecadvar cells
showed dramatic changes in cell morphology, as well as in the expression of EMT markers and in cell
functions. The significant loss of functional E-cadherin (transcript and protein), the increased
expression of transcriptional repressors, as well as the concomitant loss of cytokeratins and a gain of
vimentin, and a switch towards the expression of the mesenchymal N-cadherin, all found in the EThis article is protected by copyright. All rights reserved
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cadherin variant transfectants are well recognized EMT markers (Thiery, 2002; van Roy and Berx,
2008). Moreover, a fibroblast-like morphology, as well as reduced adhesiveness, and increased
motility, migration and invasion properties was found in MCF7-Ecadvar cells, all indicative of a more
aggressive cell behavior. In line with these findings, MCF7Ecadvar cells depicted significant low levels
of ESRP1 and ESRP2. These RNA binding proteins are known to maintain the epithelial phenotype by
AS-regulation of gene products involved in cell-cell adhesion, cell motility and cell-matrix adhesion
(Warzecha et al., 2009; Ishii et al., 2014), and their loss was reported to induce phenotypic changes
observed during EMT (Warzecha et al., 2010, 2011). Interestingly, changes described in this report on
gene expression related to EMT observed in the MCF7Ecadvar cells could not be completely
reproduced by the sole downregulation of E-cadherin wild type using a specific siRNA to block
transcript expression (data not shown).
In addition to the studies done to assess the novel E-cadherin transcript, a set of bioinformatics
and biochemical evaluations were done with the polypeptide sequence encoding the novel variant Ecadherin. These studies revealed the putative secretory nature of the protein expressed by translation of
the novel transcript. The novel protein would have similar characteristics to the E-cadherin ectodomain,
since both polypeptides share a large amount of the sequence, and both are soluble proteins. In
addition, it would be localized in the extracellular medium, and would have, at least in part, intact
homotypic cell-cell interaction domains. The use of models of transient and stable transfectants in cells
that does express negligible amounts of wild type E-cadherin confirmed their localization mainly
extracellular. In addition, they revealed the ability of the conditioned medium carrying the E-cadherin
variant polypeptide to induce a decrease in the expression of E-cadherin wild type and to alter cell
phenotype after 7 days of cell treatment.
The identification of transcripts encoding soluble E-cadherin forms may have great relevance
with regard to diverse human pathologies. Several reports have described the presence of soluble EThis article is protected by copyright. All rights reserved
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cadherin in tissue and fluids (plasma, serum, urine, conditioned medium) of bladder, breast, colorectal,
gastric, liver, non-small cell lung, ovarian, prostate, esophageal and skin squamous cell carcinomas, as
well as in multiple myeloma and Hodking´s disease (Grabowska and Day; 2014; Repetto et al., 2014).
In addition, it has been found in patients with an inflammatory systemic response and syndrome of
multiorgan dysfunction (Pittard et al., 1996) and with acute pancreatitis (Sewpaul et al., 2009), and
associated to infections (Grabowska and Day; 2014). Detection of soluble E-cadherin has been done
mostly by ELISA and RPPA techniques, evaluations that revealed a significant association was found
between soluble E-cadherin levels and tumor aggressiveness and response to treatment (Repetto et al.,
2014). The antibodies used in some of these studies recognize the E-cadherin variant form described in
this report (reviewed in Repetto et al., 2014).
Specifically regarding to cancer, soluble E-cadherin has been proposed to act as a
paracrine/autocrine signaling molecule, since it may diffuse into the extracellular environment and the
blood, promoting cell migration, invasion and metastatic behavior in different tumors (Nawrocki-Raby
et al., 2003; De Wever et al., 2007; Johnson et al., 2007; van Roy and Berx, 2008; Grabowska and Day;
2014; Repetto et al., 2014; Hu et al., 2016). The results presented in this report on the effect of
supplementation of the CM expressing the novel E-cadherin variant form are in line with these
findings.
In conclusion, the present study reports the identification of a novel human E-cadherin
transcript that would result of an alternative splicing event and would be regulated by the NMD
surveillance mechanism. The E-cadherin variant mRNA was detected in human tumor cells derived
from different tissues. When transfected in MCF-7 human breast cancer cells, dramatic changes were
found in cell morphology, as well as a significant decreased expression (transcript and protein) of Ecadherin, reduced cell-cell interaction, and increased motility, migration and invasion properties was
observed. At molecular level, changes in gene expression resemble those characterized for cells
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undergoing Epithelial to Mesenchymal Transition. Some of these changes were triggered by
supplementation with conditioned medium of cell expressing the novel E-cadherin variant.
Based on the changes presented in this report, a schematic representation of the E-cadherin
novel variant synthesis and its potential role in tumor progression has been elaborated and is shown in
Figure 9. Future studies of this novel transcript will contribute to the understanding of the molecular
mechanisms regulating gene expression of E-cadherin and specifically the impact of this novel mRNA
in the deregulation of E-cadherin expression during tumor progression and metastasis. Understanding
the expression of this novel E-cadherin variant mRNA may also help in the management of cancer
diagnosis and treatment.
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Figure Legends
Figure 1. Identification of the novel E-cadherin variant mRNA in a human epididymis RNA
expression library. (A) Graphical representation of the nucleotide sequence analysis done on 6 of the
19 positive clones identified. (B) Nucleotide sequence analysis of the novel E-cadherin variant mRNA
(variant). Sequence alignment of the novel transcript (variant) with the reference E-cadherin wild type
transcript (NM_004360.3) shows a 34-bp deletion in the variant form. (C) Graphical representation of
the PCR strategy used to detect the novel variant and the wild type E-cadherin mRNAs. Detection is
based on the use of primers (arrows) flanking the region depicting differences between the variant and
the wild type mRNA (Left) or the use of a primer-specific strategy (Right). In this last strategy, while
the “forward” primer is common to both transcripts, the “reverse” primer is specific for each mRNA.
(D) Graphical representation of the constitutive and the alternative splicing mechanisms involved in the
generation of the E-cadherin wild type and the E-cadherin variant mRNAs, respectively. Nucleotide
sequences around exon13, exon14 and intron 13 involved in both splicing events are shown.

Figure 2. Expression analysis of the novel E-cadherin variant mRNA in a panel of human tumor
cell lines of diverse tissue origin. (A) Expression profile of E-cadherin transcripts (wild type and
variant) and GAPDH housekeeping gene obtained in a total of 42 cell lines is reported. Images of 2%
agarose gels stained with Ethidium Bromide following standard procedure are shown. Positive
(plasmids containing the sequence of each E-cadherin mRNA form) and negative (no template) PCR
control are included. (B) Quantitative expression of the E-cadherin variant mRNA in 29 established
human tumor cell lines. Expression levels of the novel transcript were calculated according to the
expression 2-Ct, where Ct= Ct variant E-cadherin - Ct housekeeping gene (GAPDH).
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Figure 3. Novel E-cadherin variant transcript levels and the Nonsense-Mediated mRNA Decay
(NMD) degradation mechanism. E-cadherin variant and E-cadherin wild type (wt) mRNAs
expression levels were determined after 0, 2.5, 5 and 7.5 hours (h) incubation of MCF7 cells with (A)
Actinomycin-D (5 g/mL) or (B) Cycloheximide (10 g/mL). Relative expression of E-cadherin
variant and E-cadherin wild type (wt) was estimated according to the expression 2-Ct, where Ct =
Ct test sample - Ct reference sample, and Ct= Ct gene under study - Ct housekeeping gene
(GAPDH), where test sample was the E-cadherin variant of wild type mRNA, and the reference was
the corresponding sample at 0 hour (h). (*P<0.05).

Figure 4. Effects of the overexpression of the novel E-cadherin variant mRNA in MCF7 cells
upon E-cadherin wild type (wt) levels, cellular morphology and adherent complex proteins
localization. (A) Quantitative analysis of E-cadherin variant and E-cadherin wild type (wt) mRNA
levels by real time PCR in non-transfected MCF7 cells (MCF-7), and in MCF7 cells stably transfected
with a plasmid encoding the E-cadherin variant transcript (MCF7Ecadvar) or with the pcDNA3 empty
plasmid (MCF7pcDNA3). Relative expression of E-cadherin variant and E-cadherin wild type (wt)
mRNA levels was estimated according to the expression 2-Ct, where GAPDH was the housekeeping
gene and MCF7 cells were used as reference sample. (B) Immunodetection of E-cadherin protein forms
after SDS-PAGE and Western immunoblotting analysis. Total protein extracts of MCF7 (10 µg),
MCF7pcDNA3 (10 µg) and MCF7Ecadvar (20 µg) cells were run and a commercial monoclonal
antibody (BD) directed towards the intracellular domain of the adhesion protein was used.
Immunodetection of Tubulin was used as loading control. (C) Representative images of
MCF7pcDNA3 and MCF7Ecadvar cells registered by phase contrast microscopy. Bar: 20 µm. (D) Cell
growth assessment in MCF7pcDNA3 and MCF7Ecadvar cells. The number of cells growing
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individually or in colonies was measured during 12 days and plotted. (E) Fluorescence
immunocytochemistry and confocal laser microscopy analysis of E-cadherin (HECD-1, ThermoInvitrogen) and β-catenin (610153, BD) in MCF7pcDNA3 and MCF7Ecadvar cells. Presence of Factin was evaluated by incubation with the Alexa Fluor 488 Phalloidin toxin. Negative controls are
included; nuclei are visualized using HOESCHT 33342 (right panels). Bar: 20 µm.

Figure 5. Effects of the overexpression of the novel E-cadherin variant mRNA in MCF7 cells
upon the expression levels of EMT typical markers. (A) Quantitative analysis of Twist, Snail,
ZEB1 and Slug mRNAs in MCF7pcDNA3 and MCF7Ecadvar cells by real time PCR. Relative
expression was estimated according to the expression 2-Ct, where GAPDH was the housekeeping
gene and MCF7pcDNA3 cells were used as reference sample (the same for B, E, F and G). (B)
Quantitative analysis of ESRP1 and ESRP2 transcripts in MCF7pcDNA3 and MCF7Ecadvar cells by
real time PCR. (C) N-cadherin protein expression analyses in MCF7pcDNA3 and MCF7Ecadvar cells.
Upper: Immunodetection of N-cadherin (3B9, Zymed) was done by SDS-PAGE and Western
immunoblotting. Bottom: Fluorescence immunocytochemistry (H-163, Sta. Cruz Biotech.) and
confocal laser microscopy analyses. Negative controls are included and nuclei are visualized using
HOESCHT 33342 (right panels). (D) P-cadherin protein expression analyses in MCF7pcDNA3 and
MCF7Ecadvar cells. Upper: Immunodetection of P-cadherin (H-105, Sta. Cruz) was done by SDSPAGE and Western immunoblotting. Bottom: Fluorescence immunocytochemistry (H-105) and
confocal laser microscopy analysis. Negative controls are included and nuclei are visualized using
HOESCHT 33342 (right panels). (E) Cytokeratins expression analyses in MCF7pcDNA3 and
MCF7Ecadvar cells. Right: Fluorescence immunocytochemistry (Clone AE1/AE3, Dako) and
confocal laser microscopy analysis of cytokeratins. Left: Quantitative analysis of Cytokeratin 19
transcript by real time PCR. (F) Vimentin expression analyses in MCF7pcDNA3 and MCF7Ecadvar
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cells. Right: Quantitative analysis of Vimentin mRNA by real time PCR. Left: Fluorescence
immunocytochemistry (Clone V9, Dako) and confocal laser microscopy analysis of Vimentin .
Negative controls are included and nuclei are visualized using HOESCHT 33342 (right panels). (G)
Dysadherin mRNA (Left: real time PCR) and protein expression (Middle: SDS-PAGE/Western
immunoblotting

and

Right:

fluorescence

immunocytochemistry;

NCC-M53)

analyses

in

MCF7pcDNA3 and MCF7Ecadvar cells. For fluorescence immunocytochemistry, negative controls
are included and nuclei are visualized using HOESCHT 33342 (right panels).

Figure 6. Effects of the overexpression of the novel E-cadherin variant mRNA in MCF7 cells
upon cellular adhesion, migration and invasion. (A) Evaluation of the cell-cell adhesion capacity of
MCF7pcDNA3 and MCF7Ecadvar cells by the Hanging Drop method. Representative images of cells
grown in suspension for 0, 12 and 24 h are shown. The number (arbitrary scale) and size (1 to 5, 5 to
50, more than 50 cells) of cellular aggregates were measured and plotted for each cell line. (B)
Evaluation of the migratory behavior of MCF7pcDNA3 and MCF7Ecadvar cells by the Wound
Healing assay. The relative distance was measured 12 hours after making the lesion and plotted for
each cell line. (C) Evaluation of the migratory behavior of MCF7pcDNA3 and MCF7Ecadvar cells by
the Transwell™ Migration test. The number of cells that were able to migrate through the transwells
was measured and plotted. (D) Evaluation of the invasive capacity of MCF7pcDNA3 and
MCF7Ecadvar cells by the Transwell™ Invasion test was done in the presence of an extracellular
matrix. The number of cells that were able to invade was measured and plotted.

Figure 7. Characterization of the protein encoded by the novel E-cadherin variant mRNA. (A)
Amino acidic sequence analysis of the protein encoded by the E-cadherin variant mRNA (Ecadvar).
The sequence was deduced using the Translate software (ExPASy Tools) and was aligned with the
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wild type sequence (Ecadwt). (B) Prediction of the secretory nature of the novel protein encoded by
the E-cadherin variant mRNA. The analysis was done with several software tools (TMHMM, YLoc,
ESLpred, ESLpred2 and BaCelLo). Results shown are from TMHMM tool. (C) Fluorescence
immunocytochemical analysis of E-cadherin in COS7pcDNA3, COS7Ecadvar and COS7Ecadwt cells.
Negative controls are included and nuclei are visualized using HOESCHT 33342. (D) E-cadherin
protein expression analyses in COS7Ecadwt and COS7Ecadvar cells. SDS-PAGE followed by
Western immunobloting analysis of cell lysates (Lys) and conditioned media (CM) of both cell lines
was done. (E) E-cadherin protein expression analyses in MCF7pcDNA3 and MCF7Ecadvar cells.
SDS-PAGE followed by Western immunobloting analysis of conditioned media of both cell lines was
done.

Figure 8. Effect of the addition of conditioned medium from HEK293 cells transfected with the
E-cadherin variant mRNA onto MCF7 cultures. (A) Quantitative analysis of E-cadherin mRNA in
MCF-7 and HEK-293 cells by real time PCR. Relative expression was estimated according to the
expression 2-Ct, where GAPDH was the housekeeping gene and MCF7 cells were used as reference
sample. (B) Quantitative analysis of E-cadherin variant mRNA in HEK293pcDNA3 and
HEK293Ecadvar cells by real time PCR. Relative expression was estimated according to the expression
2-Ct, where GAPDH was the housekeeping gene. (C) Quantitative analysis of E-cadherin variant
mRNA in MCF7Ecadvar and HEK293Ecadvar cells by real time PCR. Relative expression was
estimated according to the expression 2-Ct, where GAPDH was the housekeeping gene and
MCF7Ecadvar cells were used as reference sample. (D) E-cadherin wild type and E-cadherin variant
proteins

analysis

in

HEK293pcDNA3

and

HEK293Ecadvar

cells.

Left:

Fluorescence

immunocytochemistry and confocal laser microscopy analysis of E-cadherin wild type was done;
negative controls are included and nuclei are visualized using HOESCHT 33342. Right: SDS-PAGE
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followed by Western immunoblotting study of the E-cadherin variant protein was done on conditioned
media (CM). (E) Representative images of MCF7 cells incubated with fresh medium (MCF-7), CM
from HEK293 cells stably transfected with the pcDNA3 empty plasmid (MCF-7 + TCM) and CM from
HEK293 cells stably transfected with the E-cadherin variant mRNA (MCF-7 + VCM) during 7 days (d)
(4x and 20x magnifications). (F) Quantitative analysis of E-cadherin wild type mRNA in MCF-7 +
TCM and MCF-7 + VCM cells by real time PCR. Relative expression was estimated according to the
expression 2-Ct, where GAPDH was the housekeeping gene and MCF7 + TCM cell condition was
used as reference sample.

Figure 9. Schematic representation of the E-cadherin novel variant synthesis and its potential
role in tumor progression. (A) In physiological conditions, both the wild type (wt) and the novel
variant E-cadherin transcripts are generated from the CDH1 gene by constitutive and alternative
splicing, respectively. While the wild type mRNA is translated to a functional transmembrane protein
responsible of the establishment of cellular adherent junctions, the novel variant transcript is
recognized by NMD (Nonsense Mediated mRNA Decay), a translation-dependent mechanism involved
in the degradation of aberrant transcripts. (B) Under pathological conditions in which the NMD
mechanism is altered, the E-cadherin variant mRNA is translated and secreted into the extracellular
space. Considering the high sequence homology between the E-cadherin variant protein and the
extracellular domain of the wild type form, the novel protein may interfere with the correct
establishment of the adherent junctions either by inhibiting the formation of E-cadherin cis and trans
dimers. This phenomenon will contribute to destabilizing the adherent complex and triggering changes
in gene expression, which will lead to alterations in the normal cellular morphology and behavior.
Specifically, increased levels of the novel E-cadherin mRNA will cause loss of cellular epithelial
markers (E-cadherin, ESRP1, ESRP2 and Cytokeratins) and expression of molecules related to the
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acquisition of a mesenchymal phenotype and an invasive behavior (Vimentin, N-cadherin and
Dysadherin). All these features have been associated to tumor progression.
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Figure 4
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Figure 6
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Figure 8
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