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Abstract
EMMPRIN (extracellular matrix metalloproteinase inducer, EMN, CD147) is a member of the immunoglobulin superfamily 
expressed in numerous cell types both as a soluble and a membrane-spanning glycoprotein. It is involved in many physi-
ological processes, as well as in cancer. This study addresses mechanisms of crosstalk between EMN-driven cancer-related 
cellular responses and the canonical Wnt-pathway in MCF-7 breast carcinoma cells. Genetic knockdown of EMN in MCF-7 
resulted in characteristic changes in cellular shape, organization of the actin cytoskeleton and malignancy profile, indicating 
that EMN expression represses cell motility, but, in contrast, exerts a stimulatory effect on cell proliferation and invasive 
properties. Increased invasiveness coincided with elevated expression of Wnt-target genes and established invasion driver 
matrix metalloproteinase MMP14. Activation of the downstream Wnt-pathway by means of heterologous β-catenin and/or 
TCF-4 expression, through inhibition of GSK-3β by LiCl treatment, or by cell stimulation with insulin-like growth factor-1 
(IGF-1) resulted in increased EMN expression. EMN over-expression raised the ratio of the two opposing Wnt pathway-
driven transcription factors Sp1 and Sp5, leading to stimulation of the EMN promoter. Furthermore, the EMN promoter 
was activated by a feed-forward circuit involving an EMN-dependent drop in expression of the repressive signal transducer 
and activator of transcription 1 (STAT1). Taken together, we show that the influence of EMMPRIN on malignancy-related 
properties of breast cancer cells is functionally connected to both Wnt- and JAK/STAT pathways.
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Introduction

EMMPRIN (extracellular matrix metalloproteinase inducer, 
EMN, basigin, CD147) is a widely expressed glycoprotein 
belonging to the immunoglobulin superfamily. It exists both 
as a soluble and a membrane-spanning protein, the latter 
acting as EMN receptor (EMNR) for soluble EMN in the 
course of homotypic interactions [1]. As a multifunctional 
protein, EMN is abundant in various organs and cell types, 
amongst others in immune cells [2], platelets, and mono-
cytes [3], in fibroblasts [4] or cells of the nervous system [5]. 
It participates in reproductive [6] and developmental pro-
cesses like the differentiation of the mammary gland in mice 
[7] and plays a role in several diseases e.g., human immuno-
deficiency virus (HIV) infection or rheumatoid arthritis [8].

As EMN was associated with the progression of several 
cancer types [9, 10] and a poor prognosis for cancer patients 
like breast cancer patients [11, 12], many studies aimed to 
clarify the role of EMN in tumor biology. As a stimulator 
of matrix metalloproteinases like MMP-1, -2, -3, -9, -14, 
-15 [13–15] and associated with cell surface proteins like 
integrins (α3β1 [16], α6β1 [17]), EMN influences cancer cell 
proliferation, migration, and invasion. This was also demon-
strated by EMN-knockdown studies of our laboratory and 
others [18–20]. While the signaling mechanisms regulating 
the cellular EMN levels are still not fully understood, diverse 
factors were identified as stimulators for EMN expression, 
e.g., epidermal growth factor (EGF) [21], insulin-like growth 
factor 1 (IGF-I) [22] or transforming growth factor-β1 (TGF-
β1) [23]. Studies covering the transcriptional regulation of 
EMN on the promoter level revealed the involvement of tran-
scription factors Sp1, hypoxia-induced factor-1α (HIF-1α) 
and c-myc in cancer cells [24]. Sidhu et al. demonstrated 
an induction of Wnt/β-catenin signaling by overexpression 
of EMN in lung cancer cells which led to an induction of 
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malignancy parameters like migration and anchorage-inde-
pendent growth [25].

The Wnt/β-catenin signaling cascade controls various 
cellular functions including differentiation, proliferation, 
migration, apoptosis, and cancer development, e.g., of breast 
cancer [26]. Binding of Wnt ligands to their receptors and 
co-receptors elicits nuclear translocation and activity of 
β-catenin together with TCF/LEF transcription factors to 
regulate target genes like cyclin D1 [27], matrix metallo-
proteinase 14 (MMP14, MT1-MMP) [28], or the transcrip-
tion factor Sp5 [29, 30]. In the absence of Wnt ligands the 
β-catenin destruction complex consisting of APC (Adeno-
matous polyposis coli), Axin, CK1 (casein kinase 1) and 
GSK3β binds and phosphorylates β-catenin which in turn is 
subjected to proteasomal degradation [31].

Furthermore, a positive correlation of EMN and the 
PI3K/AKT signaling pathway was found in cancer cell lines 
involving adaption processes of the glucose metabolism in 
hepatocellular carcinoma cells [28] and the induction of 
malignancy parameters covering migration and invasion of 
ovarian carcinoma cells [18].

The aim of our work was to identify relevant signaling 
molecules and mechanisms involved in EMN regulation and 
to study how these mechanisms affect malignancy param-
eters. As EMN is associated with malignancy of breast 
cancers and is discussed as a marker for progression and 
prognosis of these cancers [12], we decided to employ the 
breast cancer model cell line MCF-7 for this purpose. Their 
epithelial character [32] and well detectable EMN expres-
sion levels [20] mark these cells as a convenient cellular 
model. By using various tools of signaling pathway induc-
tion and EMN-knockdown in MCF-7 cells we demonstrate a 
positive correlation between EMN and MCF-7 malignancy. 
We obtained insights into EMN regulation by components 
of the Wnt/β-catenin as well as the JAK/STAT signaling 
cascade in these cells.

Materials and methods

Cells, cell culture and cell transfection

MCF-7 cells were purchased from the ATCC (American 
Type Culture Collection). Generation of the stable MCF-7 
derivative with EMN-knockdown (MCF-7-shEMN) and the 
control cell line MCF-7-shscr has been described previously 
[20]. Cells were routinely cultured in Dulbecco’s Minimum 
Essential Medium (DMEM) supplemented with phenol red, 
4 mM stabilized l-glutamin, 4.5 g/L d-glucose, 10% (v/v) 
fetal calf serum (FCS) (Biochrom, Berlin, Germany), 1% 
Gentamycin (Ratiopharm, Ulm, Germany) at 37 °C, and 
5%  CO2. Media were obtained from Sigma-Aldrich (Stein-
heim, Germany). Every 2–3 days cells were passaged after 

incubation for 5 min with trypsin/EDTA (Biochrom) to dis-
rupt the adherent monolayer of cells.

For DNA-mediated transfection, aliquots of 2.5 × 105 
cells (for overexpression experiments) or 5 × 104 cells (for 
reporter gene experiments) were seeded into six well (or 24 
well) plates and incubated for 12 h before 200 µl (100 µl) of 
serum-free DMEM containing 0.25–2 µg of plasmid DNA 
and 2 µl TurboFect™ reagent (Thermo Fisher Scientific, 
Schwerte, Germany) per µg DNA were added. After a fur-
ther incubation for 6 h, medium was changed (DMEM + 10% 
(v/v) FCS) and after overnight incubation, cells were sub-
jected to analysis.

Antibodies and reagents

EMN (Ig1) goat polyclonal antibody (N19), STAT1 (p84/
p91) rabbit polyclonal antibody and horseradish peroxidase 
(HRP)-conjugated secondary antibody were purchased from 
Santa Cruz Biotechnologies (Dallas, TX, USA), CD147-PE 
(phycoerythrin) and -APC (allophycocyanin) conjugated 
antibodies were from ImmunoTools GmbH (Friesoythe, Ger-
many). Antibodies to cytokeratin and E-cadherin were pur-
chased from Dako (Hamburg, Germany). The anti-GAPDH 
antibody was purchased from Merck Millipore (Schwalbach, 
Germany). Secondary goat-anti-mouse-Cy3 antibody was 
from Dianova (Hamburg, Germany). Phalloidin-Alexa-
Fluor® 594 was from Invitrogen (Karlsruhe, Germany).

Plasmids and recombinant DNA work

Expression construct pEGFPN1-EMN encoding full-length 
EMMPRIN as a fusion with green fluorescent protein (GFP) 
was a gift from Dr. Andreas Till and has been described [33]. 
Expression constructs pCS2+-β-Catenin and pCS2+-TCF4 
as well as the empty vector pCS2+ have been described pre-
viously [34]. pcDNA3.1-STAT1-HA encoding HA-tagged 
STAT1 [35] was obtained from Prof. Oliver H. Krämer.

pGL-3-pEMN(-254) was constructed by inserting an 
Nhe I/Hind III restricted PCR-product representing a 254 bp 
segment upstream of the transcriptional start of the human 
EMMPRIN gene into luciferase plasmid pGL-3 (Promega). 
The PCR-product was generated from human genomic DNA 
using primers pEMN 254 fwd (5′-atcggctagcccgtttcctag-
caacgcc-3′) and pEMN 254 rev (5′-atcgaagcttgattcctattc-
ctcgccg-3′) according to published information [36].

Phenotypic characterization of EMN‑knockdown 
and control cells

Phenotypic cell characterisation was performed using the 
 CASY® TT Cell Counter and Analyzer (Roche Diagnos-
tics GmbH, Penzberg, Germany). MCF-7-shEMN and 
MCF-7-shscr cells were harvested (< 2 × 106 cells) and 
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the cell suspension (60 µl) was resuspended in 6 ml of 
 CASY®-ton (isotonic electrolytic solution). After cleaning 
with  CASY®-clean and calibration with  CASY®-ton, the cell 
mean and peak diameter were detected by quantification of 
the electrical impulse generated by the cells according to the 
“pulse area analysis” principle in a 150 µm capillary.

Flow cytometry

MCF-7 cells optionally treated with stimuli or transfected 
with expression constructs were harvested and washed in 
phosphate buffered saline (PBS) as described [20]. They 
were stained with monoclonal antibodies CD147-APC or 
CD147-PE (10 µg/ml, Ig1-domain) on an orbital shaker. 
Cells were analyzed in a CyFlo™ Space Cytometer (Partec, 
Münster, Germany) and data analyses were performed using 
the Cyflogic Software (CyFlo Ltd, freeware) as detailed pre-
viously [20].

Phalloidin‑staining of F‑actin

Cells were seeded on glass slides and on the following day 
washed with PBS and fixed in fixation buffer containing 4% 
(w/v) paraformaldehyde (PFA) and 4% (w/v) glucose for 
20 min. For inactivation of PFA, fixed cells were treated 
with 50 mM  NH4Cl. After a washing step with PBS permea-
bilisation was achieved by treating the cells with 0.5% (v/v) 
Triton X-100 solution. Blocking of unspecific binding-sites 
was performed with blocking-buffer (1% (w/v) BSA, 1% 
(w/v) fish gelatine, 1% (v/v) FCS diluted in PBS) for 25 min 
at room temperature. Treatment with Phalloidin-Alexa-
Fluor® 594 (Invitrogen, Karlsruhe, Germany) in blocking-
buffer (1 h in the dark) and Roti-Mount FluorCare with 
4′,6-diamidine-2-phenylindol (DAPI) (Carl Roth, Karlsruhe, 
Germany) allowed for F-actin detection and nuclear staining, 
respectively.

Immunofluorescence microscopy

Cells (0.3 × 106) were seeded on 8-well chamber slides (BD 
Transduction Laboratories™, Heidelberg, Germany). On the 
next day cells were washed with PBS and fixed in ice-cold 
methanol/acetone (1:1) for 2 min. After drying the slides 
were stored at − 20 °C. For immunofluorescent staining cells 
were reconstituted in Tris/HCl-buffered saline (TBS)/0.01% 
Tween-20 (TBST) pH 7.4. Antibody preparations were made 
up according to the manufacturer’s instructions in antibody 
dilutant with background-reducing components solution 
(Dako), in detail E-cadherin (1:300), β-catenin (1:50), and 
cytokeratin (1:300).

Cell proliferation assays

Cell proliferation was measured either using the xCEL-
Ligence™ system (Roche, Mannheim, Germany) or the 
CellTiter-Glo™ assay (Promega, Mannheim, Germany). 
xCELLigence™ is based on the measurement of impedance 
triggered by cell attachment. The dimension-less cell index 
(CI) quantifies cell attachment resulting from cell growth 
and proliferation. The relative cell index (rCI) represents 
the ratio between the CI at a specific time point and the CI 
determined at the start of the measurement (t0). Samples 
of 1.5 × 104 MCF-7 cells were seeded into each well of an 
E-plate (Roche) and grown overnight in an  xCELLigenceTM/
RTCA DP instrument (Roche). Stimulus was optionally 
added to wells diluted in fresh 200 µl DMEM/10% (v/v) 
FCS per well on the next day, thus defining t0.

The CellTiter-Glo™ assay (Promega) was performed fol-
lowing instructions of the manufacturer. MCF-7 cells were 
seeded into 96-well-plates (1000 cells per well). Measure-
ments were performed according to the manufacturer’s 
instructions by adding 40 µl of the assay reagent directly 
to the cells for 10 min followed by quantification of lumi-
nescence using a Glo-Max™ 96 Microplate Luminometer 
(Promega).

Cell migration assays

Cell motility was quantified by wound-healing (scratch) 
assays and the xCELLigence™ system (Roche). The wound-
healing assay is based on monitoring the closing of a wound 
scratched into a monolayer of MCF-7-shEMN and control 
MCF-7-shscr cells. Samples of 2 × 105 cells/well were grown 
in 24 well-plates for 24 h before generating cross-shaped 
scratches with a pipet tip. The degree of wound-healing 
was determined after 24 h incubation by taking microscopic 
pictures. Photographs were analyzed for the percentage of 
scratch closure using the TScratch software developed by 
Tobias Geback and Martin Schulz and provided as freeware 
by the Computational Science and Engineering Labora-
tory of the Eidgenössische Technische Hochschule (ETH), 
Zurich, Switzerland.

The xCELLigence™ system was employed along with 
CIM-plates. Cells (2 × 104) were seeded into the upper 
chamber and migration through a porous membrane (8 µm 
pores) to the lower chamber was monitored as dimension-
less cell index (CI).

Colony formation assay (CFA)

Quantification of cellular spreading into an agarose layer was 
used as a malignancy marker for MCF-7-shEMN and MCF-
7-shscr cells. Cells were suspended in an agarose (0.3%)/
DMEM mixture to a dilution of 2.5 × 103/ml, 1 ml of the 
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cell suspension was seeded into an agarose (0.6%)/DMEM-
coated 6-well plate and cultivated overnight at 37 °C. On the 
next day, wells were covered with 2 ml of DMEM contain-
ing 100 µg/ml G418 and quantitative detection of the grown 
colonies was performed after 21 days of cultivation at 37 °C 
via photography and Clono-counter freeware [37].

Reporter gene assay

MCF-7 cells were (co-)transfected with 0.25 µg of luciferase 
reporter gene construct, 0.5 µg of the Renilla luciferase ref-
erence construct pRL-TK (Promega) and, optionally, specific 
expression construct(s) as described above employing the 
TurboFect™ reagent (Thermo Scientific). Luciferase activity 
was quantified by chemiluminescence measurement using 
a Glo-Max™ 96 microplate luminometer (Promega) and 
normalized for constitutive Renilla luciferase activity as 
described previously [20].

Analysis of DNA sequences for transcription factor 
binding‑sites

The DNA sequence upstream the EMN transcriptional start 
site was analyzed for potential transcription factor recogni-
tion sites using the ALLGEN-PROMO-Software [38].

RNA extraction, cDNA synthesis and RT‑PCR

Extraction of total mRNA was performed using an RNA 
isolation kit from Macherey-Nagel (Düren, Germany) 
following the manufacturer’s protocol. 5 ng of RNA was 
reverse transcribed with RevertAid™ reverse transcriptase 
from (Thermo Scientific) employing random hexamer 
primers and oligo-(dT)18 primers (Thermo Scientific). 
Q-Real-Time-PCR was performed by using the Universal 
ProbeLibrary (UPL)™ technology (Roche). Target-specific 
probes and primers were identified employing the Univer-
sal ProbeLibrary Assay Design Center (Roche). Primer-
probe combinations used in this study were: GAPDH sense 
(5′-agccacatcgctcagacac-3′), GAPDH antisense (5′-gcc-
caatacgaccaaatcc-3′), probe #60; EMN sense (5′-ccttggctc-
caagatactcct-3′), EMN antisense (5′-cgtcggagtccaccttga-3′), 
probe #68; MMP14 sense (5′ gccttggactgtcaggaatg-3′), 
MMP14 antisense (5′-aggggtcactggaatgctc-3′), probe #37, 
Sp5 sense (5′-ggggagactcagcagacg-3′), Sp5 antisense 
(5′-tgggtccctatgtccgaag-3′), probe #36. Sp1 sense (5′-ctatag-
caaatgccccaggt-3′), Sp1 antisense (5′- tccacctgctgtgtcat-
cat-3′), probe #9, STAT1 sense (5′-ttggcacctaacgtgctg-3′), 
STAT1 antisense (5- ttcgtaccactgagacatcctg-3′), probe 
#68. PCR products were generated by 40 cycles of 15 s, 
95 °C—60 s, 60 °C—90 s, 72 °C in MicroAmp™ optical 
96-well reaction plates using the StepOne™ real time PCR 
procedure (Applied Biosystems, Darmstadt, Germany). 

Relative fold-changes were calculated by the comparative 
 Ct method. Gene expression levels of EMN-kd (shRNA) 
samples were related to control (scrambled RNA) samples 
(control = 1).

SDS‑polyacrylamide gel electrophoresis 
and Western blot

SDS-PAGE and Western blot analyses were performed as 
described previously [20]. Briefly, whole cell extracts were 
solubilized in gel loading buffer (62.5 mM Tris/ HCl pH 6.8; 
2% (w/v) SDS; 25% (v/v) glycerol; 1‰ (w/v) phenol blue; 
5% (v/v) β-mercaptoethanol), boiled for 5 min and sepa-
rated through 12% acrylamide SDS-polyacrylamide gels. 
Proteins were silver- or Coomassie-stained or blotted onto 
nitrocellulose membranes (GE Healthcare, Munich, Ger-
many). Non-specific binding-sites on blot membranes were 
blocked with 5% (w/v) milk protein in Tris/HCl-buffered 
saline (TBS)/0.01% (v/v) Tween-20 pH 7.4. Primary anti-
bodies for detection were dissolved in TBST to final concen-
trations of 0.4 µg/ml for polyclonal EMMPRIN (N19), 5 µg/
ml anti-β-catenin and anti-GAPDH, and 1 µg/ml anti-STAT1 
antibodies. Bound primary antibodies were detected using 
HRP-conjugated secondary antibodies (dilution 1:10,000). 
Visualization was performed using Lumi-Light™ Western 
blot substrate (Roche).

Statistics

Distribution of values was analyzed for normality. All values 
were normally distributed and determination of statistical 
significance was performed using analysis of equality of 
variances (Levene’s Test) and t test (SPSS-Software). Val-
ues of p < 0.05 were considered as statistically significant.

Results

EMN determines the cellular phenotype of breast 
cancer cells

To assess the role of EMN in the control of malignancy 
parameters, an EMN-knockdown (EMN-kd) was induced in 
MCF-7 breast cancer cells by means of an EMN-targeting 
shRNA (a scrambled shRNA construct was employed as 
a specificity control), resulting in the two stable cell lines 
MCF-7 shEMN and MCF-7 shscr [20]. We first compared 
EMN expression in both cell lines and determined strongly 
decreased EMN mRNA (Fig. 1a) and EMN protein levels 
(Fig. 1b).

Notably, both cell lines differed in their phenotype. Com-
pared to control cells, MCF shEMN cells showed a more 
expanded, flattened shape (Fig. 1c) and an increased average 
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cell size (Fig. 1d) by immunofluorescence microscopy and 
automated cell sizing, respectively.

EMN stimulates proliferation but represses motility 
of breast cancer cells

Effects of EMN-kd on proliferation, migration, adhe-
sion-independent growth, and cellular invasiveness were 
determined in MCF-7 cells. While EMN-kd cells showed 

a significant decrease in proliferation rate compared to 
control cells (Fig. 2a), migratory activity appeared clearly 
enhanced (Fig. 2b). These results indicate that EMN acts 
in favor of proliferation but reduces migration of MCF-7 
breast cancer cells.
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Fig. 1  Molecular and cellular effects of EMN-knockdown in MCF-7 
cells. a Comparison of EMN mRNA abundance in MCF-7 cells sta-
bly transfected with EMN shRNA (shEMN) and a scrambled shRNA 
control (shscr). Samples of 2 × 105 cells were subjected to mRNA iso-
lation and subsequent quantification of EMN mRNA by qRT-PCR as 
described in “Materials and methods” section. Data are derived from 
three independent experiments. Error bars represent standard devia-
tion, asterisks indicate significance of differences (***p < 0.001). b 
Effect of EMN shRNA on EMN protein abundance in MCF-7 cells. 
Lysates from MCF-7 cells stably transfected with EMN shRNA 
(shEMN) and a scrambled shRNA control (shscr) were subjected to 
SDS-PAGE (12% polyacrylamide), Western blot and probing with a 
goat polyclonal anti-EMN antibody. Bands representing highly (HG) 
and low-glycosylated (LG) EMN are indicated. Probing with a spe-

cific antibody to α-tubulin (bottom panel) served as loading control. 
c Phenotypical comparison of EMN-kd MCF-7 cells (shEMN) and 
control cells transfected with scrambled shRNA (shscr) by immu-
nofluorescence microscopy. Cells were seeded onto glass slides and 
stained with a mouse antibody to cytokeratin. Visualization was 
achieved using a Cy3-coupled goat anti-mouse antibody as described 
in “Materials and methods” section. Cell nuclei were stained with 
DAPI. d Effect of EMN-knockdown on the size of MCF-7 cells. 
Samples of roughly  107 MCF-7 cells transfected with EMN shRNA 
(shEMN) or scrambled shRNA (shscr) were analyzed for peak and 
average size by pulse area analysis employing a  CASYR Cell Coun-
ter and Analyzer. Standard deviation was derived from the results 
of eight independent measurements. Significance of differences 
(**p < 0.01, ***p < 0.001) was determined by Student’s t test
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EMN enhances invasive cell properties

Next, the effect of EMN-kd on the invasive potential of 
MCF-7 cells was assessed. In comparative invasion assays, 
cells proficient for EMN (MCF-7-shscr) showed a pro-
foundly stronger rate of passing through a matrigel layer, 
i.e., an artificial basal membrane equivalent (Fig. 3a).

We then aimed at correlating EMN-dependent altera-
tions in invasiveness and motility behavior of MCF-7 cells 
with structural and signaling determinants. Cell staining for 
F-actin revealed notable effects of the EMN-kd on the shape 
of the cytoskeleton. An evident assembly of F-actin in pro-
trusions, presumably forming lamellipodia was observable at 
the edges of MCF-7-shEMN cells, whereas such structures 
were absent in control MCF-shscr cells (Fig. 3b).

In a previous study we have shown that soluble EMN can 
drive both invasiveness and activation of β-catenin-mediated 
gene transcription in breast cancer cells, presumably via 
homotypic interaction with the membrane-bound EMN 
receptor [20]. We, hence, hypothesized that EMN-related 
enhancement of cell invasion is connected to Wnt-signaling 
and therefore tested the effect of EMN-kd on a Wnt-target 
gene with an established role in invasiveness. The Wnt-tar-
get gene MMP-14 is known to be upregulated in invasive 
cancer cells [28]. We compared its mRNA level in MCF-7-
shEMN and MCF-7-shsrc cells and observed significantly 
reduced expression in EMN-depleted cells (Fig. 3c).

The downstream Wnt‑pathway upregulates EMNR 
on breast cancer cells

We aimed at characterizing the functional overlap and inter-
connection of EMN-driven cellular responses and Wnt-
signaling. Previously, we had observed that soluble EMN 
can stimulate both β-catenin-mediated gene regulation and 
enhanced expression of EMN [20]. To characterize underly-
ing mechanisms, we activated the downstream Wnt pathway 
in MCF-7 cells by inhibiting GSK3β-mediated phosphoryla-
tion of β-catenin by treatment with LiCl. Interestingly, this 
led to an increase in EMNR surface presentation in a dose-
dependent manner (Fig. 4a). We then tested if components 
of the malignancy-related Wnt pathway influence EMNR 
expression. MCF-7 cells were transfected with expression 
constructs for β-catenin and T-cell factor 4 (TCF4) and sub-
sequently assayed cytometrically for surface EMN (EMNR) 
expression. Both Wnt effectors enhanced EMNR surface 
expression in an additive manner (Fig. 4b). This effect 
was paralleled by a similar activation pattern of a minimal 
EMN promoter in a reporter gene assay (Fig. 4c) and by an 
increase of the transcriptional level of the endogenous EMN 
gene as determined by real time qRT-PCR (Fig. 4d).

In line with these findings, EMN depletion resulted in a 
reduced expression level of Wnt pathway effector protein 
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Fig. 2  Influence of EMN on proliferative and migratory properties 
of MCF-7 cells. a Proliferative behavior of EMN-kd MCF-7 cells 
compared to control cells. Proliferation of cells stably transfected 
with shEMN (squares) and a scrambled shRNA control (shscr—tri-
angles) was followed for a period of 120  h. At the indicated time 
points, aliquots of 1000 cells were subjected to proliferation tests 
by the CellTiter-Glo™ assay as detailed in the “Materials and meth-
ods” section. Data points represent relative increase of proliferation-
related luminescence as determined for respective samples after the 
indicated periods of time. Readings at the start of the incubation were 
set 1. Three independent experiments, each with triplicate measure-
ments were performed. Error bars show standard deviations, statisti-
cal significance of differences is indicated by an asterisk (*p < 0.05). 
b Effect of EMN-kd on migration of MCF-7 cells. MCF-7-shEMN 
(black bars) and MCF-7-shscr (grey bars) cells were subjected to a 
wound-healing assays upon introduction of scratches into cell mon-
olayers as detailed in the “Materials and methods” section. The 
closed wound area is indicated as percentage of scratch closure after 
24 h of incubation. Data are derived from three independent experi-
ments, each performed in triplicate and were processed using the 
TScratch software. Error bars show standard deviations, asterisks 
indicate statistical significance of differences (**p < 0.01)
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cyclin D1, and increased expression of tumor suppressor p53 
as analyzed by RT-PCR (Fig. 5a, b). To further solidify the 
notion that downstream components of the Wnt pathway are 

operative in upregulating EMNR expression, we made use 
of the instance that the IGF-1 receptor is a known activa-
tor of the PI3K/AKT kinase cascade. As shown in Fig. 5c, 
stimulation of MCF-7 cells with IGF-1 enhanced EMNR 
surface expression.

The EMN promoter is regulated 
by both the downstream Wnt pathway 
and a feed‑forward circuit involving EMN and STAT1

Next we sought to further characterize mechanisms deter-
mining the regulation of the EMN promoter under the 
influence of signaling mediated by the EMN- GSK3β-Wnt 
pathway axis. The genomic DNA sequence upstream of the 
EMN transcriptional start site was analyzed for potential 
transcription factor recognition sites. As depicted in Fig. 6a, 
within a 320 bp promoter segment, cognate elements for 
TCF, STAT1, the estrogen receptor α (ERα) and, interest-
ingly, for Sp1/Sp5 were identified. Because Sp1 and Sp5 
have been described as Wnt pathway-driven transcriptional 
regulators with opposing activities [30], we studied the con-
sequence of EMN-kd on the respective expression levels of 
the two factors by qRT-PCR. Of note, the presence of EMN 
in control cells coincides with stimulation of Sp1 expression 
and with profound repression of Sp5 expression (Fig. 6b). 
From this finding we draw the conclusion that one reason for 
the enhancing effect of EMN on EMN transcription is that it 
alters the Sp1/Sp5 ratio.

Since a potential binding-site for STAT1 resides within 
the EMN-promoter sequence, we studied the role of STAT1 
in EMN-governed cellular processes. The abundance of 
cellular STAT1 protein was found enhanced in EMN-kd 
cells, i.e., STAT1 expression is negatively correlated with 
EMN expression (Fig. 6c). This suggests that EMN triggers 
a feed-forward loop involving STAT1 to activate its own 
expression. To address this in more detail, we overexpressed 
STAT1 in MCF-7 cells to determine how, in turn, STAT1 
affects EMN function. Reporter gene experiments and cyto-
metric analyses revealed that heterologous STAT1 expres-
sion dose-dependently decreased both EMN-promoter activ-
ity and EMN surface expression (Fig. 6d, e). These results 
indicate that, on the one hand, STAT1 is repressive for EMN 
expression and that, on the other hand, EMN-dependent 
reduction of STAT1 expression has a stimulatory effect on 
the EMN promoter, consistent with a feed-forward regula-
tory mechanism.

To further confirm the down-regulatory influence of 
EMN on the abundance of both Sp5 and STAT1 in MCF-7 
cells, we analyzed the effect of EMN over-expression on the 
expression levels of both transcription factors. As shown in 
Fig. 6f, g, cells transfected with an EMN expression con-
struct showed profoundly reduced mRNA levels of both 
factors.
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luciferase activity. Data represent means of three independent experi-
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Discussion

Here, we show that EMN exerts a profound and multi-fac-
eted influence on malignancy properties of breast carcinoma 
cells and that EMN-based signaling and the oncogenic Wnt-
pathway are functionally connected with each other. Knock-
down of EMN resulted in an alteration of the malignancy 
parameters profile of MCF-7 breast carcinoma cells which 
is virtually inverse to the one we have recently character-
ized upon treatment with the soluble extracellular domain 
of EMN [20]. In this earlier study, upregulation of EMN 
mRNA in response to cell stimulation with soluble EMN 
was strongly hinting at the existence of a positive EMN 
feedback loop which involves transcriptional regulation via 
β-catenin/TCF.

The present study underscores the view that enhanced 
EMN surface expression favors cell proliferation. While 
invasiveness is also promoted by EMN-dependent signal-
ing (Fig. 3a), cellular motility, in contrast, drops in response 
to soluble EMN and is stronger in EMN-knockdown cells 
(Fig. 2b). These findings are consistent with an earlier 

report on a comparable role of EMN in cervical carcinoma 
cells [39]. Reports suggested that EMN surface expression 
strengthens cell contacts via homotypic interactions as well 
as by contacting the β1 subunit of integrins α3β1 and α6β1 
[17, 40], which, in consequence, may reduce cellular motil-
ity. We also assume that in accordance with earlier findings 
[41], lowered stabilization of integrin clusters in EMN-kd 
cells is functionally connected with reduced signaling by 
focal adhesion kinases (FAK). In addition, reduced MMP-14 
expression in EMN-depleted MCF-7 cells (Fig. 3c) hints at 
lower integrin convertase activity, which is likely to affect 
cell adhesion and invasion processes as well as FAK-asso-
ciated signal transduction [42].

Earlier studies on MCF-7 cells showed that overexpres-
sion or activation of IGF-1 favored interaction of the IGF-1R 
with the E-cadherin complex and ZO tight junction proteins, 
resulting in stabilized cell–cell contacts and enhanced cellu-
lar growth rate [43, 44]. Interestingly, ZO-2 was reported to 
exert regulatory functions in the cell nucleus and to reduce 
cyclin D1 expression as well as cell proliferation [45, 46]. 
Since we observed reduced IGF-R tyrosine phosphoryla-
tion in EMN-kd cells (data not shown), we hypothesize 
that EMN-mediated activation of these IGF-1R functions 
contributes to the observed EMN-related positive effect on 
proliferation and negative effect on motility.

We did not observe expression changes in markers for 
epithelial–mesenchymal transition (EMT) such as E-cad-
herin and vimentin upon EMN-kd (data not shown). Since 
MCF-7 cells show an islet-like growth pattern, we attribute 
enhanced migration of EMN-kd cells to a collective manner 
of movement of “cell sheets” as it has been described during 
the development of the mammary gland [47].

EMN-triggered signaling and the Wnt-pathway are obvi-
ously interconnected in a complex and malignancy-relevant 
manner. Our results suggest that the Wnt-pathway and EMN 
signal equidirectionally in favor of cell proliferation through 
increased abundance of cyclin D1 or lowered levels of the 
tumor suppressor p53.

Interestingly, TCF4 can stimulate transcriptional activity 
of a minimal EMN promoter which does not contain the con-
sensus TCF binding-site at around 300 bp upstream of the 
transcriptional start site (Fig. 4c), even to a stronger extent 
than it stimulates a 1055 bp promoter version containing a 
bona fide TCF cognate element (data not shown). It is likely 
that TCF4 is involved in transcriptional regulation of EMN 
expression in both a direct and an indirect manner, the latter 
mediated by complex joint activities with other transcription 
factors. It is established that TCF4 can regulate the expres-
sion of transcriptional repressor Sp5 via multiple binding-
sites within its promoter [30]. Our results suggest that TCF/
LEF transcription factors can act in a dual manner on EMN 
promotor activity. A direct positive influence takes place by 
binding to their specific binding-site in the EMN promotor 
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sequence. An additional indirect effect probably relies on 
down-regulation of Sp5 expression, thereby favoring Sp1 
interaction with the EMN promotor in competition with Sp5, 
thereby upregulating EMN expression.

The EMN promoter contains a STAT1-binding DNA 
element. With regard to EMN regulation, STAT1 overex-
pression showed a negative influence on both EMN pro-
moter activity and EMN surface expression in this study. 
The mechanism behind the latter phenomenon is unclear, 
but in the light of the simultaneous increase in cytoplasmic 
EMN levels it can be speculated that STAT1 acts in favor 
of EMN internalization. Interestingly, in EMN-knockdown 
cells elevated STAT1 levels were observed. It appears rea-
sonable to assume that this effect contributes to the reduced 
proliferation rate of EMN-kd cells, since growth-inhibitory 
influences of STAT1 are well established [48]. Notable in 
the context of breast cancer is a recent report which associ-
ated reduced STAT1 levels with enhanced development of 
EGFR-positive breast tumors in a mouse disease model [49]. 
Our findings indicate that STAT1 is repressive for EMN 
expression and that EMN-dependent reduction of STAT1 
expression has an enhancing effect on the EMN promoter, 
resulting in a feed-forward regulation.

Taken together, this work emphasizes the influence 
of EMN surface expression on the malignancy profile of 
MCF-7 breast cancer cells. It demonstrates that combined 
signaling involving downstream components of Wnt- and 
JAK/STAT pathways are operative in a feed- forward mech-
anism which enhances EMN expression in EMN-driven 
manner.

The above considerations and findings from the present 
and a previous study [20] have been integrated into a work-
ing model shown in Fig. 7. It depicts mechanisms underlying 
upregulation of EMN expression and activity in MCF-7 cells 

Fig. 6  Feed-forward regulation of EMN expression through Wnt-
pathway- and STAT1-dependent transcriptional control. a Schematic 
representation of potential transcription factor binding-sites within 
the proximal 320  bp of the human EMN promoter. Numbers indi-
cate distances upstream from the transcriptional start site (arrow), 
sequences represent consensus recognition sites for the indicated 
transcription factors. Not to scale. b Effect of EMN depletion on 
mRNA levels of Wnt-pathway-dependent transcription factors Sp1 
(left) and Sp5 (right). mRNA from MCF-7-shEMN (shEMN) and 
MCF-7-shscr (shscr) cells was quantitatively analyzed for the levels 
of Sp1 (left) and Sp5 transcripts (right) by qRT-PCR using specific 
primers given in Material and methods. Procedure and representation 
was as in Fig. 5a, b. c Effect of EMN-kd on the expression of STAT1 
in MCF-7 cells. Lysates from MCF-7-shEMN (shEMN) or MCF-7-
shscr cells (shscr) were probed with an antibody to STAT1 (top) and 
reprobed with an antiserum to EMN (N19) to confirm the EMN-kd 
(middle panel) and to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (bottom panel) to test for equal loading. d Dose-depend-
ent repressive influence of STAT1 on EMN promoter activity. EMN 
promoter luciferase reporter gene construct pGL-3-pEMN(-254) was 
transfected together with a Renilla luciferase reference construct and 
the indicated amounts of STAT1 expression plasmid pcDNA3.1-
STAT1-HA into MCF-7 cells. Luciferase activity was determined 
and presented as in Fig. 4c. e Repression of EMN surface expression 
on MCF-7 cells by heterologous expression of STAT1. MCF-7 cells 
were transfected with the indicated amounts of STAT1 expression 
plasmid pcDNA3.1-STAT1-HA and subsequently assayed for sur-
face EMN (EMNR) expression as in Fig. 4a, b. f, g Effect of EMN 
over-expression on the expression of transcription factors STAT1 
and Sp5. 2.5 × 105 MCF-7 cells were transfected with 1 µg of EMN 
expression plasmid pEGFPN1-EMN or empty vector pEGFPN1 as 
indicated. Cells were lysed 24  h post transfection and subjected to 
mRNA isolation, cDNA synthesis and comparative mRNA quanti-
fication for STAT1 (f) and Sp5 (g) by qRT-PCR employing specific 
primer pairs as detailed in the “Materials and methods” section. Nor-
malized mRNA levels in EMN-transfected cells (black bars) were 
related to those in control cells tranfected with the empty vector cells 
(grey bars) which were arbitrarily set 1. Error bars represent standard 
deviation, asterisks indicate significance of changes relative to MCF-
7-shscr cells (***p < 0.001)
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as a result of signals emanating from downstream sections of 
Wnt- and JAK/STAT pathways and EMN-associated effects. 
Our observations led us to the postulation of a feed-forward 
circuit entailing elevated EMN promoter activity to result in 
additional stimulation of EMN-mediated signaling.
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