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Background Information. Epithelial cadherin (E-cadherin) is involved in cell–cell adhesion through its extracellular
domain, whereas the intracellular domain interacts with adaptor proteins, i.e. β-catenin, links E-cadherin to the
actin cytoskeleton and participates in signal transduction events. E-cadherin protects mammary epithelial cells
from apoptosis and its loss during tumour progression has been documented. Secretory Leukocyte Protease
Inhibitor (SLPI) has anti- and pro-tumourigenic activities but its role in breast cancer has not been fully elucidated.
Notwithstanding its relevance, how SLPI affects E-cadherin in breast cancer is still unknown. This study evaluated
the effect of SLPI upon E-cadherin/β-catenin expression and apoptosis-related markers in murine (F3II) and human
(MCF-7) breast tumour cells either treated with exogenous recombinant human SLPI (rhSLPI) or stably transfected
with a plasmid encoding its sequence.

Results. Addition of rhSLPI to F3II cells caused a decrease (P < 0.05) in E-cadherin transcript and protein levels.
Similar results were observed in SLPI-stable F3II transfectants (2C1), and treatment of 2C1 cells with a siRNA
toward SLPI restored E-cadherin to control levels. SLPI-expressing cells showed disruption of E-cadherin/β-
catenin complex and increased (P < 0.05) percentage of cells depicting nuclear β-catenin localisation. Associated
to these changes, 2C1 cells showed increased Bax/Bcl-2 ratio and p21 protein levels, decreased c-Myc protein
levels and decreased Cyclin D1 and Claudin-1 transcript levels. No differences in N- and P-cadherin were observed
between SLPI-transfected cells and controls. Addition of rhSLPI to MCF-7 cells or stable transfection with SLPI
caused a decrease (P < 0.05) in E-cadherin expression (transcript/protein) and its redistribution to the cytoplasm,
as well as β-catenin re-localisation to the cell nucleus.

Conclusions. Expression of SLPI was associated to a decrease in E-cadherin expression and re-localisation of
E-cadherin to the cell cytoplasm and β-catenin to the cell cytoplasm and nucleus, and had pro-apoptotic and cell
cycle-arrest effects.
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Introduction
Cell–cell adhesion is relevant for the maintenance of
tissue homeostasis, since it is involved in the assem-
bly of the epithelial structure, as well as in regu-
lating cell fate towards differentiation, death and/or
survival. Cell–cell interactions control cell survival
mostly via the classical cadherins, a superfamily of
mainly transmembrane glycoproteins that mediate
Ca2+-dependent cell–cell adhesion. Disruption of
cadherin-mediated epithelial cell adhesion leads to
increased apoptosis and decreased cell survival. In par-
ticular, expression of epithelial cadherin (E-cadherin)
has been reported to protect cells from apoptosis in
several models (Day et al., 1999; Wang et al., 2009).

E-cadherin is the founder member of the cadherin
superfamily (Takeichi, 1977; Angst et al., 2001).
The E-cadherin mature glycoprotein is a 120 kDa
polypeptide organised in an extracellular domain that
mediates cell–cell adhesion, a transmembrane do-
main and a highly conserved cytoplasmic domain
that links E-cadherin to filamentous actin (F-actin)
through adaptor molecules (β-catenin and others) for
strengthening cellular adhesion, and it is also in-
volved in protein trafficking and cell signalling (van
Roy and Berx, 2008).

In several cancers, defects in E-cadherin expres-
sion have been associated to transcriptional repression
and to post-translational modifications of the mature
protein. Concomitant to the decrease in E-cadherin,
β-catenin dissociates from the adhesion protein and
re-localises to the cytoplasm and eventually to the
nucleus, where it may act as a co-transcription fac-
tor. In addition, expression of other classical cad-
herins, such as Neural (N-cadherin) and Placental
(P-cadherin) cadherin, has been reported in associ-
ation to a more invasive cell phenotype (van Roy
and Berx, 2008). During breast tumour progression,
E-cadherin-mediated cell–cell adhesion is altered, re-
sulting in activation of several signalling pathways
(Birchmeier et al., 1995; Conacci-Sorrell et al., 2002).

The extracellular microenvironment has been
widely recognised to influence tumour behaviour. In
particular, secreted proteases can activate growth fac-
tors and remodel the extracellular matrix and pro-
tease inhibitors present anti-tumour activity since
they abolish protease enzymatic activity. The expres-
sion of the Secretory Leukocyte Protease Inhibitor
(SLPI) (also named antileukoproteinase-1) and its

role in tumour progression has not been fully es-
tablished. Specifically regarding SLPI in breast can-
cer, both decreased and increased expression levels
of SLPI have been related to tumour progression
and regression (Hu et al., 2004; Kluger et al.,
2004). A retrospective microarray study revealed an
association of increased SLPI expression and both
disease-free and overall patient survival (Cimino
et al., 2008). In agreement with these findings,
two recent reports from members of this team
described the ability of SLPI to restrain tumour
growth and increase animal survival by inducing
some apoptosis-related changes (Amiano et al., 2011,
2013).

Until the present time, no studies have reported
whether changes in SLPI in tumour cells affect ex-
pression and localisation of members of the adherent
complex, in particular E-cadherin and β-catenin. The
aim of this work was to evaluate the effect of SLPI on
the expression of E-cadherin and other members of
the adherent complex (β-catenin and F-actin), as well
as on N-cadherin, P-cadherin, apoptosis- and cell cy-
cle arrest-related markers in a murine and a human
in vitro breast cancer model.

Results
SLPI modulation of E-cadherin expression in a
murine breast cancer cell model
To characterise the effect of SLPI upon proteins
from the adherent complex, a set of studies were
done using a murine mammary cancer model. The
F3II mammary carcinoma cell line derived from
BALB/c mice was selected for these experiments;
characteristics of this cell line are presented in
Materials and Methods. Treatment of F3II cells with
0.4 and 4 µg/ml recombinant human SLPI (rhSLPI)
resulted in a decrease (P < 0.05) of E-cadherin pro-
tein levels, with a 79 ± 2% (mean ± SEM) reduction
when SLPI was added at the highest concentration
(Figure 1A).

To further characterise the effect of SLPI expres-
sion upon E-cadherin, studies were carried out in
2C1 cells, SLPI-stable transfectants of F3II cells; the
F3II-pcDNA (pcDNA3-stable transfectants of F3II)
cells served as control (Amiano et al., 2011). In all
cultures, the expression of SLPI mRNA in the 2C1
cells was verified by standard RT-PCR (Figure 1B,
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Figure 1 Effect of SLPI treatment in F3II murine breast cancer cells upon E-cadherin expression
(A) Western immunoblotting (left panel) and densitometric analysis (right panel) of 120 kDa full-length E-cadherin protein levels in

protein extracts from F3II mouse breast tumour cells incubated with rhSLPI (ns: not significant; *P < 0.05). (B) Standard RT-PCR

analysis of SLPI mRNA expression in F3II control (F3II-pcDNA3) and SLPI (2C1) transfected cells (left panel). SLPI concentration

in 2C1 and F3II-pcDNA3 cell culture supernatants was estimated by means of an ELISA sandwich (right panel; *P < 0.05).

(C) Quantitative analysis of E-cadherin mRNA expression levels in F3II-pcDNA3 and 2C1 cells (qPCR; *P < 0.05). (D) Western

immunoblotting (left panel) and densitometric analysis (right panel) of 120 kDa full-length E-cadherin protein in F3II-pcDNA3

and 2C1 total cell lysates (*P < 0.05). Actin is included as protein loading control. (E) Effect of SLPI-silencing (siSLPI; control:

siCTRL) in 2C1 cells upon E-cadherin mRNA expression levels (left panel; *P < 0.05); SLPI concentration in 2C1 siSLPI and 2C1

siCTRL cell culture supernatants assessed by means of an ELISA sandwich (right panel; *P < 0.05).
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left panel). In addition, the SLPI protein present
in the conditioned media (CM) of 2C1 and F3II-
pcDNA3 control cells was quantitated in all cultures
by means of a sensitive and specific ELISA, finding
higher (P < 0.001) levels of SLPI in the 2C1 trans-
fectants compared with controls (Figure 1B, right
panel).

A quantitative analysis, done by means of real time
PCR, revealed lower (P < 0.05) expression levels of
E-cadherin mRNA in 2C1 cells compared with F3II-
pcDNA3 control cells (Figure 1C). In agreement with
these findings, E-cadherin protein analysis done by
Western immunoblotting revealed a lower (P < 0.05)
signal for the 120 kDa full-length adhesion protein
in the SLPI-expressing transfectants when compared
with control F3II-pcDNA3 cells (Figure 1D, left
panel); a 51 ± 3% reduction of E-cadherin was es-
timated by densitometric analysis (Figure 1D, right
panel).

The results obtained with the 2C1 cells would in-
dicate that expression of SLPI results in downregula-
tion of E-cadherin. To confirm this association, 2C1
cells were incubated with a specific siRNA for hSLPI
(siSLPI) or with a scramble siRNA (siCTRL), and E-
cadherin mRNA levels were assessed by qPCR. The
effectiveness of the siRNA treatment on SLPI expres-
sion was confirmed by decreased (P < 0.05) levels of
the SLPI secreted protein present in the CM by ELISA
(Figure 1E, right panel). E-cadherin mRNA expres-
sion levels were higher (P < 0.05) in 2C1 siSLPI
cells compared with the siCTRL control condition
(Figure 1E, left panel). Interestingly, E-cadherin lev-
els in 2C1 siSLPI cells were comparable to those found
in F3II-pcDNA3 cells (E-cadherin relative expres-
sion in 2C1 siSLPI = 0.9 ± 0.05, F3II-pcDNA3 =
1).

SLPI effect on downregulation of E-cadherin
expression and EMT-related mechanisms
To analyse the molecular basis of the decrease in E-
cadherin protein and transcript levels observed in
murine breast cancer cells expressing SLPI, a set of
experiments were done, as follows.

The reduction in E-cadherin expression associated
to the SLPI expression could be related to activ-
ity of metalloproteinases that degrade the adhesion
molecule, rendering an intracellular membrane asso-
ciated CTF1 fragment of 38 kDa and a 86 kDa sol-
uble fragment known as the E-cadherin ectodomain

(van Roy and Berx, 2008). Presence of E-cadherin
processing fragments was evaluated by Western im-
munoblotting of total cellular extracts and CM pro-
teins from 2C1 and F3II-pcDNA3 cells. Whereas a
signal for the CTF1 fragment was found among F3II-
pcDNA3 proteins, it was not detected in protein pro-
files from 2C1 cell extracts; in agreement with these
results, the E-cadherin ectodomain was only detected
in CM of F3II-pcDNA3 cells (Figure 2A).

E-cadherin downregulation could also be associ-
ated to the expression of transcription factors that
bind to the promoter region of the CDH1 gene and
repress its expression, in particular, members of the
Zn-fingers, such as Snail1, and of helix-loop-helix,
such as Twist1 (Foubert et al., 2010). The expression
of both repressors was evaluated by PCR analysis. As
shown in Figure 2B, Snail1 expression was neither
detected in F3II-pcDNA3 nor in 2C1 cells. On the
other side, PCR analysis revealed Twist1 expression
in both cell lines (Figure 2C, left, standard PCR anal-
ysis) but higher (P < 0.05) in SLPI expressing cells
compared with F3II-pcDNA3 cells (Figure 2C, right,
qPCR analysis).

In cells that show a decrease in E-cadherin expres-
sion, an increase in the expression of N-cadherin
sometimes is observed. This phenomenon, called
‘cadherin switch’, has been associated to a cell phe-
notype characterised by increased migration and in-
vasion properties (Wheelock et al., 2008). Standard
RT-PCR analysis showed presence of the N-cadherin
transcript in both F3II-pcDNA3 and 2C1 cells, and
a quantitative analysis using qPCR revealed a de-
crease (P < 0.05) in N-cadherin mRNA expression
levels in 2C1 cells compared to F3II-pcDNA3 cells
(Figure 2D). Studies run to test the expression of Pla-
cental cadherin (P-cadherin), another classical cad-
herin reported to have a role in the malignant
phenotype of breast (Knudsen et al., 2005), showed
no detectable levels of P-cadherin mRNA in F3II-
pcDNA3 or 2C1 cells, under the conditions assayed
(Figure 2E).

Cellular localisation of adherent complex
components
The correct assembly of the components from the
adherent complex allows an adequate establishment
of these cellular structures and contributes to their
stability and functionality. In organised epithelia,
E-cadherin and β-catenin co-localise in cell–cell
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Figure 2 Decreased E-cadherin expression in SLPI-expressing 2C1 murine breast cancer cells. Assessment of possible
mechanisms involved
(A) Detection of E-cadherin proteolysis fragments by Western immunoblotting in F3II and 2C1 total cell lysates: CTF1 = 38 kDa

(left panel) and conditioned media: Ectodomain = 86 kDa (right panel). (B and C) Expression analysis of E-cadherin transcriptional

repressors Snail1 (Snail, B) and Twist1 (Twist, C) mRNAs by standard RT-PCR. CN: negative control. Quantification of Twist1

expression levels (*P < 0.05) by means of qPCR. (D and E) Evaluation of cadherin switch: (D) N-cadherin mRNA expression

analysis (standard and qPCR analysis) (*P < 0.05; right panel). (E) P-cadherin mRNA expression analysis (standard PCR). C+:

positive control (C4HD murine mammary tumour).

contacts and the actin cytoskeleton is organised as
an adhesion belt that surrounds the inner cell side,
connecting the sites of cell–cell interaction and pro-
viding strength to these associations (van Roy and
Berx, 2008).

To further understand changes in E-cadherin and
related proteins of the adherent complex in cells ex-
pressing SLPI, cellular localisation of E-cadherin, β-
catenin and filamentous actin was evaluated in both
breast tumour cells by fluorescence cytochemistry
with specific antibodies to E-cadherin and β-catenin

or probes to F-actin. With regard to E-cadherin, the
overall percentage of cells immunoreactive to the ad-
hesion protein was lower (P < 0.01) in 2C1 cells
compared with control cells (2C1 = 42 ± 6% versus
F3II-pcDNA3 = 94 ± 3% cells immunoreactive to
E-cadherin; mean ± SEM). Evaluation of E-cadherin
signal distribution (Figure 3A, right panel) also re-
vealed differences between these cells. F3II-pcDNA3
cells depicted a typical E-cadherin membranous stain,
alone or in combination with the cytoplasm, in
around 30% of the cells (membrane: 6.5 ± 2.1%;
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membrane + cytoplasm: 24.8 ± 0.01%); in ad-
dition, over 60% showed a signal in the cyto-
plasm (62.0 ± 2.8%). Contrasting, 2C1 cells showed
less than 3% cells with a signal in the cell mem-
brane without or with cytoplasm stain (membrane:
0.2 ± 0.1%; membrane + cytoplasm: 2.6 ± 1.2%,
P < 0.01) and the remnant immunoreactive cells
depicted a signal in the cytoplasm (39.4 ± 6.4%,
P < 0.01 compared with control).

Changes in E-cadherin localisation appeared not to
cause major alterations in status of actin cytoskeleton,
as suggested by a similar Alexa Fluor 488-Phalloidin
signal for F-actin distribution found in the two cell
lines (Figure 3B).

β-catenin localisation analysis also revealed dra-
matic differences between F3II-pcDNA3 and 2C1
cells. In F3II-pcDNA3 cells, the adaptor protein was
localised mainly in the cytoplasm without or with
signal at the cell membrane (membrane + cytoplasm:
34.8 ± 1.0% cells; cytoplasm: 54.4 ± 1.4% cells) and
a small proportion of cells (5.6 ± 1.2% cells) showed
a β-catenin signal in the cell cytoplasm and nu-
cleus. Contrasting, the percentage of 2C1 cells with
β-catenin in the membrane + cytoplasm decreased
(3.8 ± 0.4%; P<0.001) and in the cytoplasm and
nucleus increased (cytoplasm: 69.8 ± 1% and cyto-
plasm + nucleus: 25.7 ± 0.5%, P < 0.001 compared
with control) (Figure 3C). Nuclear localisation of β-
catenin in 2C1 cells was confirmed in co-localisation
assays with Hoechst 33342 nuclear dye (Figure 3C,
right panel). These alterations in cellular localisation
of the adaptor protein were not associated to changes
in protein expression levels, since similar β-catenin
protein levels were found in total cellular extracts of
F3II-pcDNA3 and 2C1 cells evaluated by Western
immunoblotting (Figure 3D).

β-Catenin and apoptosis in SLPI-expressing cells
Studies presented in the previous section were unable
to show, in association to SLPI expression, changes in
molecules related to downregulation of E-cadherin
that could refer to a more invasive cell phenotype.
Moreover, a recent report from members of this team
had revealed that SLPI-expressing cells depicted signs
of apoptosis (Amiano et al., 2013). Therefore, a set of
studies were designed to further evaluate the occur-

rence of apoptosis-related molecular changes found
in other cell models with nuclear localisation of β-
catenin.

First, the TUNEL assay was used as a tool to detect
apoptotic cells; the procedure was done in parallel to
the assessment of β-catenin localisation by immuno-
cytochemistry. In F3II-pcDNA3 cells, β-catenin was
mainly localised to the cell membrane and showed
no label after TUNEL staining. Contrasting 2C1
cells, that depicted a high percentage of cells with
β-catenin localisation in the nucleus, had signals of
apoptosis, evidenced by the fluorescent signal after
TUNEL staining (Figure 4A).

The expression levels of Bcl-2 and Bax, two well-
studied apoptosis-related proteins, were evaluated in
2C1 and F3II-pcDNA3 cells. As shown in Figure 4B,
Bcl-2 levels were drastically reduced and the expres-
sion of the Bax protein was increased in 2C1 SLPI-
expressing cells; therefore, the Bax to Bcl-2 ratio was
increased (P < 0.05) in 2C1 cells. Moreover, levels of
Bcl-xL, a 233 amino acid protein with 43% sequence
identity with Bcl-2 that suppresses cell death, were
decreased in the 2C1 cells compared with the F3II-
pcDNA3 control cells, whereas those for Bcl-xS, a
shorter variant which functions as a dominant in-
hibitor of Bcl-2, were similar in both cell types (Fig-
ure 4C). Altogether, these findings revealed signals
of apoptosis in 2C1 SLPI-expressing breast tumour
cells, which had an increased percentage of cells with
nuclear β-catenin localisation.

Proteins like c-Myc and Cyclin D1 are well known
as positive regulators of cell proliferation; specifically
cyclins have a role in promoting cell cycle transitions
via their ability to associate with and activate Cyclin-
Dependent kinases (CDk), some of which (CDk2)
associate with cyclins and control the G1 to S phase
transition. First, c-Myc expression was found down-
regulated in 2C1 SLPI-expressing cells (Figure 4D).
Taking into account this result and previous reports
describing the ability of β-catenin to mediate growth
arrest (Damalas et al., 2001), Cyclin D1 mRNA ex-
pression was evaluated, finding lower (P < 0.05)
levels of this marker in 2C1 cells when compared
with those in F3II-pcDNA3 cells (Figure 4E). More-
over, expression of the p21/WAF protein, a potent
inhibitor of the cell cycle progression, was found in-
creased (P < 0.05) in 2C1 cells compared with F3II-
pcDNA3 cells (Figure 4F)
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Figure 3 Localisation analysis of E-cadherin, β-catenin and F-actin in SLPI-expressing 2C1 murine breast cancer cells
(A–C) Fluorescent cytochemistry of (A) E-cadherin (B) F-actin and (C) β-catenin in F3II-pcDNA3 and 2C1 cells (scale bar:

20 µm) using specific antibodies (E-cadherin and β-catenin) or probes (F-actin, Alexa Fluor 488-Phalloidin). (C) Fluorescent

immunocytochemistry of β-catenin coupled to nuclear staining with dye Hoechst 33342 in F3II-pcDNA3 and 2C1 cells (scale

bar: 10 µm). Quantification of E-cadherin (A, **P < 0.01; right panel) and β-catenin (C, ***P < 0.001; bottom panel) localisation

in the plasma membrane, cytoplasm and nuclear compartments is also shown as indicated in the graph bar. (D) Western

immunoblotting of β-catenin in F3II-pcDNA3 and 2C1 cells and densitometric analysis (ns: not significant).
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Figure 4 β-catenin and apoptosis markers in SLPI-expressing 2C1 murine breast cancer cells
(A) Co-localisation analysis of β-catenin (red) and apoptotic cells (green) as determined by the TUNEL assay in 2C1 cells and in

F3II-pcDNA3 control cells (three images are shown for each cell type; scale bar: 20 µm). (B) Western immunoblotting of Bcl-2 (left

panel) and Bax (middle panel); densitometric analysis of the Bax /Bcl-2 ratio (*P < 0.05; right panel). (C) Western immunoblotting

of Bcl-xL and Bcl-xS proteins (left panel), and Bcl-xS densitometry analysis (right panel). (D) Western immunoblotting of c-Myc

(left panel) and densitometric analysis (*P < 0.05; right panel). (E) Quantitative analysis of Cyclin D1 mRNA by qPCR (*P < 0.05).

(F) Western immunoblotting of p21/WAF (left panel) and densitometric analysis (*P < 0.05; right panel). (G) Quantitative analysis

of Claudin-1 mRNA by qPCR (*P < 0.05). (B–D) Actin is included for total protein loading control.
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The integrity of the tight junctions has also been
related to a higher resistance to apoptosis in dif-
ferent tumour and inflammatory models (Lee et al.,
2010). Decreased (P < 0.05) Claudin-1 mRNA lev-
els were found in 2C1 cells compared with controls
(Figure 4G), in agreement with the higher levels of
apoptosis found in 2C1 cells using different markers.

SLPI modulation of E-cadherin expression in
human breast cancer cells
Based on the results obtained with the murine model,
the effect of SLPI upon E-cadherin expression in a
human mammary tumour cell model was evaluated.
MCF-7 human breast tumour cells were stably trans-
fected with the expression plasmid containing the
coding sequence of SLPI, as indicated in Materials
and Methods. The expression of SLPI mRNA was con-
firmed by standard PCR analysis in two clones se-
lected for evaluation (5E3 and 9H6; Figure 5A, upper
left panel); in agreement with these findings, a sig-
nificant increase in SLPI in the CM was determined
in both clones when compared with the MCF7-
pcDNA3 control cells transfected with the empty
plasmid (Figure 5A, upper right panel). Expression
of SLPI resulted in a decrease in E-cadherin expression
in both 5E3 and 9H6 clones compared with control
cells, as evidenced by the lower (P < 0.01) level of the
E-cadherin mRNA measured by qPCR (Figure 5A,
lower panel).

Taking into account that SLPI is synthesised as a se-
cretory protein, the effect of rhSLPI upon E-cadherin
expression was also evaluated. MCF-7 cells were in-
cubated with 0.4 and 4 µg/ml of rhSLPI or with vehi-
cle (control) and the expression of E-cadherin in cell
lysates was analysed by Western immunoblotting.
As shown in Figure 5B, treatment of MCF-7 cells
with 4 µg/ml rhSLPI lead to a decrease in E-cadherin
protein levels (39 ± 6%; P < 0.05 compared with
control; Figure 5B, right panel).

In addition to these studies, localisation of
E-cadherin and β-catenin was analysed by im-
munofluorescence microscopy on MCF-7 treated with
rhSLPI and with vehicle (control cells). With regard
to E-cadherin, while most of the cells depicted a sig-
nal for the adhesion protein in both rhSLPI-treated
and control cells, a decrease in signal intensity was
observed in MCF-7 cells treated with rhSLPI com-
pared to control [Figure 5C, images in left panel;
signal intensity (arbitrary units) MCF7 + rhSLPI:

21 ± 2; MCF-7: 45 ± 2; P < 0.001]. In terms of
protein distribution, treatment with rhSLPI resulted
in a decreased (P < 0.01) percentage of cells de-
picting an E-cadherin signal confined to the plasma
membrane (MCF7 + rhSLPI: 11 ± 1%; MCF-7:
36 ± 0.4% cells) and an increased (P < 0.001) propor-
tion of cells with E-cadherin signal in the cytoplasm
(MCF7 + rhSLPI: 59 ± 5%; MCF-7: 31 ± 1%)
(Figure 5C). In agreement with these findings,
treatment with rhSLPI was associated to a de-
crease (P < 0.001) in the amount of cells de-
picting β-catenin signal in the plasma membrane
(MCF7 + rhSLPI: 13 ± 1%; MCF-7: 45 ± 4%), and
an increase (P < 0.001) in those showing a staining
for the adaptor protein in the cytoplasm and nucleus
(MCF7 + rhSLPI: 40 ± 2%; MCF-7: 6 ± 0.1%)
(Figure 5C).

Altogether, these studies revealed a decrease in
E-cadherin levels and re-localisation of both E-
cadherin and β-catenin in MCF-7 cells exposed to
SLPI, as found in the murine mammary cell model.

Discussion
The present study was aimed at evaluating the ef-
fect of SLPI on the expression of E-cadherin and
other members of the adherent complex, specifically
β-catenin and F-actin, as well as on other classical
cadherins and apoptosis-related proteins in cell mod-
els of breast cancer. To our knowledge, this is the
first report that describes the effect of SLPI upon E-
cadherin. Altogether, the study shows SLPI as a neg-
ative modulator of E-cadherin expression in murine
and human models of breast cancer cells using ei-
ther an experimental approach of cell cultures supple-
mented with the rhSLPI protein (a model that mimics
cellular secreted SLPI) or, alternatively, of cells sta-
bly transfected with the sequence encoding the pro-
tease inhibitor, in which the secretion of SLPI was
monitored in all cases. In experiments in which
rhSLPI was supplemented to the cell culture me-
dia, the maximum protein concentration added was
within the range detected in several biological flu-
ids (i.e. saliva = 0.1–10 µg/ml, upper airways =
94 µg/ml and lower respiratory tract = 7 µg/ml)
(Vogelmeier et al., 1991; Doumas et al., 2005). On
the other side, in the model using SLPI-stable trans-
fectants, secreted SLPI levels did not exceed values
reported in biological fluids.
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Figure 5 Effect of SLPI upon E-cadherin and β-catenin expression in MCF-7 human breast cancer cells
(A) RT-PCR analysis of SLPI (standard; top left) and E-cadherin (qPCR; bottom) mRNA in MCF-7 cells transfected with SLPI

(clones 5E3 and 9H6) (**P < 0.01). SLPI concentration in 5E3, 9H6 and MCF7-pcDNA3 in cell culture supernatants assessed

by means of an ELISA sandwich (*P < 0.05) (top right). (B) Western immunoblotting (left panel) and densitometric analysis of

E-cadherin protein levels in protein extracts from MCF-7 cells incubated with rhSLPI (right panel) (*P < 0.05). (C) Fluorescent

immunocytochemistry of E-cadherin (top left) and β-catenin (bottom left) in MCF-7 cells incubated with rhSLPI; scale bar: 20 µm.

Quantification of E-cadherin (**P < 0.01, ***P < 0.001; top right) and β-catenin (***P < 0.001; bottom right) signal in the plasma

membrane, cytoplasm and nuclear compartments, is also shown, as indicated in the bar graph.
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Our studies have revealed that reduced E-cadherin
levels found in cells exposed to SLPI were associated
with a decrease on the presence of the adhesion pro-
tein at the cell membrane and a concomitant increase
in the cytoplasm. Changes in E-cadherin were also
related to alterations in β-catenin cellular localisa-
tion, with re-localisation of the adaptor protein to
the cell cytoplasm and nucleus. These changes were
observed in both the murine and the human models.
It is now well accepted that functional consequences
of alterations in β-catenin expression and/or localisa-
tion during tumour progression are rather complex.
Classical studies have associated an oncogenic role for
nuclear β-catenin; however, more recent studies have
shown in several normal and tumour cell models an
association between localisation of the adaptor pro-
tein in the cell nucleus and the induction of apoptosis
(Wong et al., 1998; Damalas et al., 1999; Kim et al.,
2000; Peluso et al., 2000; Olmeda et al., 2003; Sae-
gusa et al., 2004; Raab et al., 2009; Li et al., 2012;
Liu et al., 2012; Lu et al., 2012; Ming et al., 2012;
Zimmerman et al., 2013; Wu et al., 2014).

Changes observed in localisation of E-cadherin and
β-catenin could relate to the signs of apoptosis re-
cently reported for the 2C1 and MCF-7 cells (Ami-
ano et al., 2013). The relationship between SLPI ex-
pression, E-cadherin, β-catenin and apoptosis was
further analysed in the present investigation using
the murine model, since 2C1 cells expressing SLPI
were found not to develop tumours when injected
in BALB/c mice (Amiano et al., 2011). Our results
showing higher signs of apoptosis in SLPI expressing
cells revealed by the TUNEL assay are also in line
with previous findings from us reporting higher lev-
els of Annexin-V and caspase-3 positive cells among
2C1 cells (Amiano et al., 2013) as well as with stud-
ies published in other cell models (Nakamura et al.,
2008). Specifically regarding β-catenin and apopto-
sis, findings from TUNEL and β-catenin staining
are in agreement with a previous study using the
same experimental approach that reported a TUNEL
positive signal in cells mainly depicting β-catenin
nuclear localisation (Kim et al., 2000).

To explore additional molecules involved in apop-
tosis, cell proliferation and cell cycle arrest, studies
were carried out to evaluate expression of Bax/Bcl-2
ratio (as well as Bcl-xL and Bcl-xS), c-Myc, cyclin
D1 and p21. Results obtained on c-Myc expression
in 2C1 cells are in line with a recent report that

shows that downregulation of c-Myc triggers apop-
tosis through an increase of Bax and a decrease of
Bcl-2 levels concomitant with caspase-3 activation
(Russo et al., 2003), a group of changes that have
been observed in this and in a previous report (Ami-
ano et al., 2013), and are in agreement with a previ-
ous report showing β-catenin mediated enzastaurin-
induced growth arrest in multiple myeloma cell cul-
tures (Raab et al., 2009).

The integrity of the tight junctions has also been
related to a higher resistance to apoptosis in different
tumour and inflammatory models (Lee et al., 2010).
In particular, downregulation of Claudin-1 in breast
tumour cells has been associated to a higher sensi-
tivity to apoptotic-inducing agents (Akasaka et al.,
2010) and a recent study has pointed out its relation-
ship with apoptosis induced by β-catenin (Liu et al.,
2012). Moreover, a recent report has shown that MCF-
7 cells treated with Claudin-1siRNA were found to
have decreased levels of Cyclin D1 (Liu et al., 2012),
results that agree with findings from this study. In
line with these results, 2C1 cells treated with SLPI-
siRNA restored Claudin-1 mRNA levels to normal
(data not shown). Altogether, these findings lead us
to propose a relationship between a decrease in E-
cadherin in association to SLPI expression, β-catenin
nuclear localisation as result of disruption of the ad-
herent complex, and changes in gene expression to-
wards apoptosis and cell cycle arrest in the murine
mammary tumour cell model.

The findings in the animal cell model prompted
us to evaluate the effect of SLPI upon E-cadherin ex-
pression and localisation in a human model. Results
with MCF-7 stably transfected or treated with exoge-
nous rhSLPI revealed the SLPI negative effect on E-
cadherin expression that resulted in re-localisation of
E-cadherin to the cell cytoplasm and β-catenin to the
cell nucleus. In agreement with these results, a sim-
ilar E-cadherin and β-catenin cellular re-localisation
has been recently reported in MCF-7 breast tumour
cells in response to the pro-apoptotic cytokine TNF-
α (Liu et al., 2012).

In conclusion, the studies here presented describe,
for the first time, changes in E-cadherin and β-catenin
in breast tumour cells in association to the expression
of SLPI. Taken together, SLPI expression in breast
tumour cells resulted in the disruption of the E-
cadherin/β-catenin complex and altered homeostasis
of proteins controlling the apoptotic process and cell
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cycle progression, resulting in activation of apopto-
sis and cell cycle arrest molecular related events. The
implications of the β-catenin mediated pro-apototic
effect of SLPI may contribute to future decisions in
putative novel treatments in breast cancer, taking
into account the potential use of SLPI in the ther-
apeutics of this disease and the impact of changes
in the adherent complex and tumour progression in
breast cancer, a pathology that still remains as the
most common cancer in women and the main cause
of deaths due to cancer in women worldwide.

Materials and methods
Chemicals
Chemicals were of analytical and tissue culture grade. The fol-
lowing antibodies were used: a monoclonal antibody towards
E-cadherin cytoplasmic domain (610181, BD Biosciences, San
Diego, CA, USA) and polyclonal antibody towards E-cadherin
extracellular domain [H-108, Santa Cruz Biotechnology (SCB),
Santa Cruz, CA, USA]; anti β-catenin (610153; BD); anti Bcl-2
(N-19; SCB); anti Bax (N-20, polyclonal; SCB); anti Bcl-xS/L (S-
18, polyclonal; SCB); anti c-Myc (D84C12, monoclonal; Cell
Signaling, Danvers, MA, USA); anti p21 (C-19, polyclonal;
SCB); anti actin (I-19; SCB); anti PCNA (PC10, monoclonal;
SCB). For immunocytochemistry protocols, Cy3-labelled anti-
mouse (Sigma, San Luis, MO, USA) IgGs were used as secondary
antibody. Anti-mouse (Vector Lab. Inc., Burlingame, CA, USA),
anti-rabbit or anti-goat IgGs coupled to horseradish peroxidase
were used as secondary antibodies in Western immunoblotting
procedures. In control experiments, primary antibodies were re-
placed by purified mouse, rabbit or goat IgGs, as required.

rhSPLI was expressed in bacteria and purified as previously
reported (Amiano et al., 2011). Before using rhSLPI, poten-
tial lipopolysaccharide (LPS) contaminant was removed with a
polymyxin B column (Sigma); presence of remaining LPS was
evaluated using the Lymulus test (Cambrex, Walkersville, MD,
USA).

Cell lines
Mouse (F3II) and human (MCF-7) breast cancer cells were se-
lected as models to treat with rhSLPI or to generate stable trans-
fectants expressing the protease inhibitor. The murine F3II is
a hormone-independent mammary carcinoma cell line derived
from BALB/c mice, as previously described (Alonso et al., 1996),
and has been extensively characterised in terms of its invasive
properties (Alonso et al., 1996; Ladeda et al., 1998; Menna et al.,
2003). The MCF-7 (HTB-22TM; American Type Culture Col-
lection, ATCC, Manassas, VA, USA) cell line is a worldwide
well studied hormone-dependent human breast cancer cell line
derived from a pleural effusion of a 69-y.o. caucasian woman
diagnosed with an invasive breast ductal carcinoma.

In experiments shown in Figure 1A and 5C, F3II and MCF-7
cells were treated with exogenous rhSLPI (see below).

Stable transfectants of SLPI for both F3II and MCF-7 cell
lines used in this study were obtained as recently detailed (Ami-
ano et al., 2013). Basically, F3II-SLPI (clone 2C1) and MCF7-
SLPI (clones 5E3 and 9H6) cells were generated by transfect-

ing cells with a pcDNA3 plasmid containing the hSLPI cDNA
using standard procedures with LipofectaminTM (Thermo-Life,
Carlsbad, CA, USA). F3II and MCF-7 cells transfected with
the empty plasmid (MCF7-pcDNA3 and F3II-pcDNA3, respec-
tively) served as control.

All cell lines (parental and transfectants) were cultured in
RPMI 1640 (GIBCO, Thermo-Life) culture medium supple-
mented with 10% foetal bovine serum, 2 mM L-glutamine and
40 µg/ml gentamycin at 37°C in an atmosphere of 5% of CO2
in air up to 50–80% confluence, depending on the experimental
design. Low-passage cell lines were used; in addition, quality-
control tests were done by monitoring cellular morphology and
cell growth rates as well as mycoplasma detection with Hoechst
33258 (Sigma). All experiments were run in triplicates.

Cell treatment with rhSLPI
F3II and MCF-7 cells were incubated for 48 h with rhSLPI (0.04–
4 µg/ml) or vehicle (control condition) (Amiano et al., 2013). At
the end of the incubation, total protein extracts were prepared
and E-cadherin expression was analysed by SDS-PAGE followed
by Western immunoblotting with specific antibodies (Lapyckyj
et al., 2010). In experimental protocols of cell treatment with
SLPI, MCF-7 cells were grown in Lab-Tek R© chamber slides
(Nunc-Nalge, Penfield, NY, USA), treated with 4 µg/ml SLPI or
vehicle under the same conditions, harvested, fixed and subjected
to immunofluorescence microscopy analysis.

ELISA evaluation of SLPI levels
SLPI concentration was measured in cell culture supernatants
of human and murine stable transfectants by means of ELISA
sandwich assay, using a mAb anti-hSLPI (Clone 20409; R&D
Systems, Minneapolis, MN, USA), a rabbit polyclonal antibody
(HyCult Biotechnology, Uden, The Netherlands) and a goat
polyclonal anti-rabbit IgG conjugated with peroxidase (Chemi-
con, Billerica, MA, USA). All samples were run in triplicates
(Amiano et al., 2013).

Preparation of small Interfering RNA against hSLPI and cell
treatment
A SLPI small interfering RNA duplex (siSLPI) was synthesised
by Thermo-Life Technologies (Thermo-Life) and added to the
2C1 murine breast tumour cells over-expressing SLPI as recently
reported (Amiano et al., 2013).

Protein extraction, SDS-PAGE and Western
immunoblotting protocols
Total protein extracts were prepared from F3II and MCF-7 cells
treated with rhSLPI or vehicle, as well as from F3II-pcDNA3 and
2C1 stable transfectants, and subjected to SDS-PAGE followed
by Western immunoblotting procedures (Lapyckyj et al., 2010).
Protein immunodetection was done using primary antibodies
against E-cadherin, β-catenin, actin, PCNA, p21, c-Myc, Bax,
Bcl-xS/L and Bcl-2 using standard procedures. In all cases, im-
munodetection was specific, since no signal was obtained when
the primary antibody was replaced by the corresponding normal
IgG at the same concentration (data not shown).

Immunocytochemical analysis
Cells grown on glass coverslips (80% confluence) or Lab-Tek R©
chamber slides were fixed with 4% paraformaldehyde in PBS
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Table 1 Primer sequences and amplicon sizes for PCR fragments shown in the report

Primer (species) (amplicon size, # bp) Forward Reverse

SLPI (human) (420 bp) GGCAGGAATCAAGCTTTCACA TCACCATGAAGTCCAGCGGC
E-cadherin (murine) (100 bp) GCTCTCATCATCGCCACAG CTGGGATGGGAGCGTTGTC
Snail1 (murine) (111 bp) CACGCTGCCTTGTGTCTG CAGTGGGTGCAGGAGAATGG
Twist1 (murine) (136 bp) GCTATGTGGCCCACGAGC GAAACAATGACATCTAGGTCTCCG
N-cadherin (murine) (79 bp) GCCATCATCGCTATCCTTC CCCGCCGTTTCATCCATCC
P-cadherin (murine) (151 bp) CGGGAACTTCATCATCGAGAACCTG CTGATCCTGGTCGGAGGCGG
Cyclin D1 (murine) (105 bp) CGCCCTCCGTATCTTACT CGCACTTCTGCTCCTCAC
Claudin-1 (murine) (162 bp) TCGTGACCGCTCAGGCCATC CGATCAGCCCCAGCAGGATGC
GAPDH (murine) (87 bp) TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
β-Actin (murine) (93 bp) CAGCCTTCCTTCTTGGG GAGGTCTTTACGGATGTCA

for 10 min, and subjected to immunocytochemistry to assess
E-cadherin and β-catenin localisation (Lapyckyj et al., 2010).
In negative controls, immunodetection protocol was followed
by nuclear cell staining with Hoechst 33342 (Sigma). In experi-
ments shown in Figure 4A, immunocytochemistry for β-catenin
was followed by nuclear staining or by TUNEL staining (see be-
low). Filamentous actin (F-actin) distribution was assessed with
Alexa Fluor 488-Phalloidin (Thermo-Life). Stained cells were
observed in a Nikon confocal fluorescence microscope coupled to
an image analyser (LSM Image Browser, Nikon, Japan). To quan-
tify the% of cells immunoreactive for E-cadherin or β-catenin
and protein subcellular distribution (cell membrane, cytoplasm
and nucleus), images were analysed with the Image-J program
(NIH, USA); at least triplicates of 200 cells were evaluated in
each case.

TUNEL assay
TUNEL assay was performed with the In situ Cell Death De-
tection Kit, Fluorescein (Roche Diagnostics Corp., Indianapolis,
IN, USA). TUNEL reaction was carried out for 60 min at 37°C
and samples were analysed in a confocal fluorescent microscope.

RNA extraction and RT-PCR procedures
Total RNA was isolated with the TRIzolTM reagent (Life) and
synthesis of complementary DNA (cDNA) was performed with
oligo-dT and SuperScriptTM III Reverse Transcriptase (Thermo-
Life). Negative controls (omitting RNA or reverse transcriptase)
were included in all cases (Lapyckyj et al., 2010). Reverse tran-
scription procedures were verified by amplification of a fragment
for the GlycerAldehyde 3-Phosphate DeHydrogenase (GAPDH)
in human and mouse cells. Standard end point PCR amplifica-
tion protocols were carried out using TaqI DNA polymerase
(Thermo-Life). Primers for cDNA amplification and amplifi-
cation fragments expected sizes for human SLPI, human and
murine E-cadherin and GAPDH mRNA, as well as for murine
Snail1, Twist1, N-cadherin, P-cadherin, Cyclin D1, Claudin-
1 and β-actin are listed (see Table 1) or have been previously
published (Lapyckyj et al., 2010).

A quantitative assessment of mRNA levels was done using real
time PCR (qPCR) with the Applied Biosystems 7500 Real Time
PCR unit and the SYBR Green R© PCR Master Mix (Thermo-
Life). All samples were run in triplicates and negative controls (no

template) were included in all cases. To confirm specificity of the
signal, melting curves were done in each run. Relative expression
was calculated using β-actin (murine) or GAPDH (human) as
endogenous control and control cells as reference. The calculation
describing these relations is 2 −��Ct, where ��Ct = [�Ct test
sample − �Ct reference sample], and �Ct = [Ct gene under
study − Ct endogenous gene] (Lapyckyj et al., 2010).

Statistical analysis
All experiments were run in triplicates. Statistical analyses were
performed using GraphPad Prism 5.01 (GraphPad Software,
San Diego, CA, USA). Data are presented as the mean ± Stan-
dard Error of the Mean (SEM). Analyses done on SLPI and con-
trol stable transfectants (murine: 2C1 and F3II-pcDNA3 clones;
human: 5E3, 9H6 and MCF7-pcDNA3 clones) were done us-
ing Mann–Whitney test, whereas evaluations of F3II or MCF-7
cells treated with exogenous rhSLPI or vehicle were done with
Wilcoxon signed-ranked test. Analyses of more than two groups
were done using ANOVA followed by Bonferroni or Dunn’s
comparison test. A P < 0.05 was considered significant for each
comparison.
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