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Potential of epithelial membrane protein 3 as a novel
therapeutic target for human breast cancer
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Abstract. Amplification of human epidermal growth factor
2 receptor (HER2) and overexpression of estrogen receptor
(ER) and/or progesterone receptor (PR) are key determinants
in the treatment planning for human breast cancer (BC).
Currently, targeted therapies for BC are focused mainly
on these biomarkers. However, development of resistance
to targeted drugs is almost unavoidable, emphasizing the
importance of biochemical and pharmaceutical advances to
improve treatment outcomes. To the best of our knowledge, the
present study is the first to show functional crosstalk in vitro
between HER?2 and epithelial membrane protein 3 (EMP3), a
tetraspan membrane protein, in human BC. EMP3 overexpres-
sion significantly promoted BC cell proliferation, invasion and
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migration by Transwell assays via epithelial-mesenchymal
transition and transactivated the HER family, resulting in
increased ER and PR expression in vitro. Knocking down
EMP3 notably suppressed cell proliferation and migration and
was accompanied by decreased expression of HER1-HER3 and
p-SRC proteins. Suppression of EMP3 expression enhanced
sensitivity of BC cells to trastuzumab in vitro. Xenograft
experiments revealed decreased expression of HER1 and
HER?2 in stable EMP3-knockdown cells, resulting in decreased
tumor weight and size. In patients with BC, EMP3 overexpres-
sion was detected in 72 of 166 cases (43.4%), with 18 of 43
(41.9%) HER2-amplified BC samples co-expressing EMP3.
Co-expression of EMP3 and HER?2 was positively associated
with ER expression (P=0.028) and tended to be associated with
nodal metastasis (P=0.085), however this was not significant.
Taken together, the present results supported the potential of
targeting EMP3 as a novel therapeutic strategy for human BC
via co-expression of HER2 and EMP3.

Introduction

Breast cancer (BC) is the most commonly diagnosed
cancer among female patients worldwide and accounted for
666,103 cancer-associated deaths in 2022 (1). BC encom-
passes multiple heterogeneous subgroups at the molecular,
histopathological and clinical levels (2). BC comprises three
major tumor subtypes categorized according to presence or
absence of estrogen receptor (ER) and progesterone receptor
(PR) expression and/or amplification of human epidermal
growth factor receptor 2 (HER2) expression. Hormone
receptor (HR)-positive/HER2-negative, HER2-positive,
and triple-negative (TN) BC (which lacks all three standard
molecular markers) represent 70, 15-20 and 15% of BC
cases, respectively (3). Surgery and radiation therapy are
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considered local treatment, whereas systemic treatment
includes chemotherapy and hormone and targeted therapy.
Recent advancements, including use of adjunct immuno-
therapy, support the use of a multimodal approach to improve
patient prognosis (4).

Current standards of treatment for BC depend on tumor
subtype, anatomical cancer staging and patient preference.
Hormone therapeutic agents are primary systemic therapy for
ER- and PR-positive BC (3,5). HER2-targeted therapy using
monoclonal antibodies, antibody-drug conjugates or tyrosine
kinase inhibitors is designed for HER2-positive BC, a subtype
typically associated with poor prognosis and chemotherapy
resistance (3,6). The introduction of anti-HER2 therapy has
led to notable improvements in survival of patients with
HER?2-positive BC in both early and advanced stages (6).

However, acquisition of resistance to targeted drugs
is almost unavoidable, emphasizing the importance of
biochemical and pharmaceutical advances to improve treat-
ment outcomes (7,8). Moreover, crosstalk between HER2 and
ER signaling pathways may contribute to endocrine resis-
tance (9,10). As a result, exploring mechanisms underlying
trastuzumab resistance and developing innovative therapy are
key for design and implementation of precision medicine for
BC.

Epithelial membrane proteins (EMPs) belong to the growth
arrest-specific 3 gene family and serve a key role in cell
migration, proliferation and differentiation (11). The 4-trans-
membrane glycoprotein EMP3, an EMP family member, has
received increased attention in recent years because of its poten-
tial role in pathogenesis of human cancer (11-14). The levels of
EMP3 mRNA in BC are significantly higher in cancer than
in non-tumor tissue (15). EMP3 expression is associated with
the invasive phenotype of mammary carcinoma cell lines (16).
Knocking down EMP3 in SK-BR-3 cells inhibits tumor growth
in vitro, suggesting that EMP3 may function as an oncogene in
human BC (17). In addition, EMP3 is upregulated in associa-
tion with epithelial-mesenchymal transition (EMT) (18) and
is a signature EMT gene in vitro (19). All six cancer stem cell
(CSC)-like BC cell lines are the ‘basal B’ subtype and have
high EMP3 expression (20). However, contradictory results
have reported that EMP3 serves as a tumor suppressor via the
negative regulation of DNA replication and damage repair and
stem-like properties in BC (21).

Further support for the role of EMP3 in the pathogenesis
of BC comes from the observation that EMP3 is significantly
upregulated in microarray profiling of HER2 overexpression in
immortalized luminal human mammary epithelial cells (22).
Expression of EMP3 has a dose-dependent association with
HER?2 status in vitro (23). Overexpression of EMP3 in primary
BC is positively associated with HER2 protein expression, high
histological grade and nodal metastasis (15,16). There is also
functional crosstalk between HER2 and EMP3 in vitro (24).
Co-expression of EMP3 and HER?2 is significantly associated
with poor disease- and metastasis-free survival of patients
with urothelial carcinoma of the upper urinary tract. However,
EMP3 positive cases presented significantly better prognosis
in HR+HER2+ BC (25), highlighting the need to clarify the
clinical role of EMP3 overexpression in BC.

The present study was designed to address the potential
role of EMP3 in the pathogenesis of BC and its implications as

a novel therapeutic target. In vitro experiments using forward
and reverse transfection approaches were performed on cell
lines. A SCID mouse model was created to examine the impact
of targeting EMP3 on BC in vivo. Finally, expression of EMP3
protein was surveyed in a BC cohort to assess its association
with HER?2 status and clinical outcome.

Materials and methods

Bioinformatics analysis. The potential use of EMP3 for the treat-
ment of human BC was analyzed in The Human Protein Atlas
(proteinatlas.org/ENSG00000142227-EMP3/cancer/breast+
cancer#BRCA_TCGA), cBioPortal (cbioportal.org/results/
comparison?cancer_study_list=brca_tcga_gdc&Z_SCORE_
THRESHOLD=2.0&RPPA_SCORE_THRESHOLD=2.0&
profileFilter=mrna_seq_tpm_Zscores&case_set_id=brca_
tcga_gdc_all&gene_list=EMP3&geneset_list=%20&tab_index
=tab_visualize&Action=Submit&comparison_selectedGroups=
%5B%22Unaltered%20group%22%2C%?22Unprofiled%20group
9%22%2C%22EMP3%22%2C %22 Altered%20group%22%SD&
comparison_subtab=survival&comparison_overlapStrategy=
Exclude&comparison_groupOrder=%5B%22Unprofiled%20
group%?22%2C%22EMP3%22%2C%22Altered%20group%
22%2C%22Unaltered%20group%22%5D), TNBC Database
(https://rgeb.res.in/tnbcdb/tnbdbviewer.php?molecule=mRNA&
ctype=EMP3), and UALCAN(https://ualcan.path.uab.
edu/cgi-bin/TCGA-survivall.pl?genenam=EMP3&ctype=BRCA)
and Genetic determinants of cancer patient outcome
(https://tcga-survival.com/data-table?view=gene&gene=EMP3&
filter=cancer_type&cancer_type=BRCA).

Cell lines and culture. TNBC cell lines (Hs578T and
MDA-MB-231) were chosen for EMP3 transfection experi-
ments. MDA-MB-231 cells were provided by Professor
P.S. Chen (Department of Medical Laboratory Science
and Biotechnology, National Cheng Kung University,
Taiwan) and Hs578T cells were obtained from the Institute
of Clinical Medicine, National Cheng Kung University,
Taiwan. MDA-MB-231 cells were maintained in Leibovitz's
L-15 medium (Invitrogen; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (HyClone; Cytiva) and 1%
penicillin/streptomycin (Cassion Laboratories) in 5% CO, at
37°C. Hs578T cells were cultured in high-glucose DMEM
(HyClone; Cytiva) supplemented with 0.01 mg/ml insulin,
10% FBS and 1% penicillin/streptomycin in 5% CO, at
37°C. SK-BR-3 (cat. no. ATCC HTB-30) and MDA-MB-453
(cat. no. ATCC HTB 131) BC cell lines from Institute of
Clinical Medicine, National Cheng Kung University, Tainan,
Taiwan were maintained in high-glucose DMEM (Himsdia
Labomlorier) and Leibovitz's L-15 medium (Himsdia
Labomlorier) with 10% FBS and 1% penicillin/streptomycin
in 5 or 0% CO,, respectively, at 37°C.

DNA constructs and retrovirus preparation. Full-length
EMP3 cDNA was amplified from HEK-293 cells using PCR
with custom-designed primers (sense, 5'-gcttcgaattcatgt-
cactcctettge-3' and antisense, 5'-gg tgg atc ccg ctc ccg ctt ccg
tag-3'). The PCR was done using a thermal cycler (G-Storm;
GMLI, Inc., Ramsey, MN). The cycling was as follows: initial
denaturation of 1 cycle at 98°C for 2 min, followed by 30 cycles
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of denaturation at 98°C for 10 sec, annealing at 65°C for 15 sec
and extension at 72°C. The final one cycle of extension was set at
72°C for 5 min. Then, full-length EMP3 cDNA was cloned into
the pMSCVpuro retroviral vector at 37°C for 14h (Clontech),
which was transfected into GP2-293 cells from the Institute of
Clinical Medicine, National Cheng Kung University, Tainan,
Taiwan via the calcium phosphate method for 24 h at 37°C as
previously described (24). Viral supernatant was prepared by
collecting GP2-293 culture medium 48 h after transfection and
centrifuging at 367 x g) at room temperature for 5 min. Stably
infected clones were selected by puromycin (5 mg/ml) and
maintained at concentrations of 15 ng/ul. Two overexpressed
stable clones, EMP3-1 and EMP3-2, were selected from
Hs578T and MDA-MB-231 cell lines, respectively. Successful
overexpression of EMP3 was tested on MDA-MB231 cells
(HER2-negative) and confirmed by western blotting. The knock-
down experiment was performed as described previously (24).
Briefly, small interfering (siRNA was obtained from Invitrogen
(cat. no HSS103226; Thermo Fisher Scientific, Inc.). Cells were
transfected with 50 nM EMP3 siRNA based on dose-dependent
experiments (data not shown) or scramble negative control using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). The constructs of pcDNA6.2-GW/EmGFP-miR-EMP3
were generated using BLOCK-IT Pol II miR RNAi Expression
Vector kits (Invitrogen; Thermo Fisher Scientific, Inc.).
Linearized vector pcDNA6.2-GW/EmGFP-miR was ligated to
the nucleotide sequence of EMP3 (5'-GCAGTAATGTCAGCG
AGAATG-3'"). The oligonucleotide sequence of negative control
was 5'-GAAATGTACTGCGCGTGGAGACGTTTTGGC
CACTGACTGACGTCTCCACGCAGTACATTT-3', which
does not target any known vertebrate gene.

Western blotting. Hs578T and MDA-MB-231 cells were lysed
in RIPA lysis buffer supplemented with protease inhibitors
(Thermo Fisher Scientific, Inc.) to extract protein. Protein
concentration was determined using Bradford assay Briefly,
a total of 30 pg/lane protein was separated by SDS-PAGE
through 6-12% gradient gels and transferred to 0.2-0.45 ym
PVDF membrane (Stratagene), which was blocked with 5%
non-fat milk in TBST (0.1% Tween-20). The membrane was
incubated with primary antibodies (GeneTex, Inc.) overnight at
4°C targeting human EMP3 (1:1,000, clone no. 43972, GeneTex,
Inc.), epidermal growth factor receptor (EGFR or HERI,
1:1,000, cat. no. GTX100448), human epidermal growth factor
2 (HER2, 1:1,000, Cat#GTX100509), human epidermal growth
factor 3 (HER3, 1:1,000, Cat#GTX50651), human epidermal
growth factor 4 (HER4, 1:1,000, Cat#GTX111276), proges-
terone receptor (PR) (1:1,000, Cat#GTX22765;), estrogen
receptor (ER, 1:1,000, Cat. no. GTX127978), focal adhesion
kinase (FAK; 1:1,000, Cat#GTX100764), Src proto-oncogene,
non-receptor tyrosine kinase (SRC, 1:1,000, Cat#GTX132369),
phosphorylated (p-)SRC (1:1,000, Cat#GTX13347), rho associ-
ated coiled-coil containing protein kinase 1 (ROCKI1, 1:1,000,
Cat#GTX629972), ROCK?2 (1:1,000, Cat#GTX102619),
a-actinin (1:1,000, Cat#GTX103219), JAK2, Cell Signaling
Technology, Inc., 1:1,000, Cat#3230), p-JAK?2 (1:1,000,
Cat#GTX132784), signal transducer and activator of tran-
scription 3 (STAT3, 1:1,000, Cat#GTX104616), p-STAT3
(1:1,000, Cat#GTX118000), RAS Proto-Oncogene, GTPase
(RAS, 1:1,000, cat. no. GTX132480), raf-1 proto-oncogene,
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serine/threonine kinase (Raf-1, 1:1,000, Cat#GTX111588),
extracellular signal-regulated kinase 1 and 2 (ERK1/2, 1:1,000,
Cat#GTX134462), p-ERK1/2 (1:1,000, Cat#GTX132783),
SRY-box transcription factor 2 (SOX2, 1:1,000m
Cat#GTX101507), octamer-binding transcription factor 4
(OCTH4, 1:1,000, Cat#GTX101497), twist family bhlh transcrip-
tion factor 1 (Twistl, 1:1,000, Cat#GTX60776), snail family
transcriptional repressor 1 (Snail, 1:1,000, Cat#GTX638370),
snail family transcriptional repressor 2 (Slug, 1:1,000,
Cat#GTX128796), zinc finger e-box binding homeobox 1
(ZEBL1, 1:1,000, cat. no. GTX638294;), E-cadherin (1:1,000,
Cat#GTX100443), vimentin (1:1,000, Cat#GTX100619) and
human (-actin (1:5,000, Cat#GTX109639). Following washing
with TBST three times, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies
(anti-rabbit or anti-mouse IgG; 1:5,000, Cat# GTX213110,
GeneTex, Inc.) for 1 h at room temperature. Detection of protein
bands was performed using an enhanced chemiluminescence
system (cat#GTX400006, GeneTex). The densitometry was
performed using ImageJ (1.41o National Institutes of Health).

MTT assay. MTT assay was performed to assess the impact of
EMP3 on BC cell proliferation in vitro. A total of 1,000 trans-
fected cells was seeded in 100 ul medium in each well of a
96-well plate and cultured at 37°C for 24,48,72 and 96 h. Then,
the cells were incubated with 50 u1 MTT (Cyrusbioscience,
Inc.) reagent/well in the dark at 37°C for 4 h and the formazan
crystals were dissolved in DMSO and quantified by measuring
absorbance at 590 nm using microplate reader (SpectraMax
13X, Molecular Devices). A total of four independent experi-
ments were performed in all assays. For chemosensitivity,
cells were treated with appropriate concentrations of trastu-
zumab (HERCEPTIN®, 440 mg/20 ml, Genentech, Inc.) and
incubated for 3 days at 37°C. MTT assay was performed in
quintuplicate to obtain the average.

Cell migration and invasion assay. Migration and invasion
experiments were performed using Transwell membrane filter
inserts (cat. no. #3422, Corning Costar, Inc.; 8 ym pore size)
at 37°C. In brief, 2.5x10* cells (Hs578T or MDA-MB-231)
were seeded into DMEM plated in upper chamber of a 24-well
Transwell plate with or without Matrigel for invasion and
migration assays, respectively. The lower chamber was filled
with complete medium (L-15 or DMEM) with 10% FBS. The
migration and invasion assays were performed at 37°C for 72
and 48 h, respectively. Migrated cells on the lower surface
were stained with 2% crystal violet at room temperature
for 10 min, and those that did not penetrate the filter were
removed. The number of migrating or invading cells was
counted under a light microscope from five randomly selected
fields of view/well) in a single chamber (magnification, x200).

Gap closure assay. To assess cell migration in vitro, culture
inserts (Ibidi GmbH) consisting of two wells separated by a
500-um-thick wall were used. The insert was placed into one
well of six-well plates and pressed to ensure tight adhesion.
Stable EMP3-overexpressing Hs578T and MDA-MB-231
cells (2x10%/100 ul) were seeded into each well and incu-
bated overnight until 90% confluence in DMEM-High
glucose (HyClone), supplemented with 0.01 mg/ml insulin,
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5% FBS (HyClone) at 37°C. The inserts were removed, and
the width between the gaps visible under a light micro-
scope (cat. no. TE300, Nikon) was recorded at 0, 5, 10 and
15 for HS578T and 0, 5, 10, and 20 h for MDA-MB-231
cells (magnification, x100). The area covered by cells was
measured to quantify cell migration in vitro. The closure
of the cell-free gap for each treatment was determined by
comparing the results to those at 0 h (magnification, x200).

In vivo xenograft model. A total of 240 Six-week-old male
NOD/SCID mice weight, 20 to 25 grams was purchased from
the National Cheng Kung University Laboratory Animal
Centre and maintained in a pathogen-free facility under
isothermal conditions with regular photoperiods. The animals
had free access to sterile water and food. The experimental
protocol adhered to regulations of the Animal Protection Act
of Taiwan (26) and was approved by the NCKU Laboratory
Animal Care and User Committee (approval no. 108075).
The temperature for mice ranged from 20-24°C, and the
humidity maintained between 40-60%. The common light
cycle is 12/12-h light/dark cycle. The mice were subcutane-
ously (s.c.) injected with 1x107 BC cells (SKBR3) in 50 ul
normal saline on the left and right flanks. A total of 6 mice
(three mice in each group, SKBR3/Vec, and SKBR3/EMP3)
(12 tumors) were obtained in each experimental group. Body
weight and tumor size were measured every week. If the
weight of a single tumor exceeds 10% of body weight, or the
average diameter of the tumor in adult mice exceeds 20 mm,
the animal needs to be euthanized. The maximum tumor
volume and tumor diameter measured were 520 mm? and
15 mm, respectively. All mice were euthanized by stepwise
escalation (30-50% of chamber volume, 0.02 MPa) of carbon
dioxide inhalation and cervical dislocation. Death was veri-
fied by pupil dilation as well as cessation of breathing and
heartbeat. The tumors were resected, photographed and
weighed on day 90 post-injection.

Immunohistochemistry (IHC). IHC was performed to
examine expression of HER1, HER2 and EMP3 in xeno-
grafts using primary antibodies targeting human EMP3
(GeneTex, Inc., 1:1,000), HER1 (Zeta Corporation, 1:200)
and HER?2 (Zeta Corporation, 1:200). Briefly, tissue was fixed
with 10% neutral formalin at room temperature overnight
and paraffin-embedded, Sections of 4 mm thickness were
deparaffinized with xylene and pre-treated with Epitope
Retrieval Solution 2 (EDTA buffer, pH 9.0, Dako Denmark
A/S, Inc.) at 100°C for 30 min. The blocking was carried out
by protein blocking buffer (RE7102-CE, Leica Biosystems)
at room temperature for 30 min and super blocking buffer
(AAA-IFU, ScyTek Laboratories, Inc.) at room temperature for
9 min. Then, sections were reacted with primary antibody at
room temperature for 30 min, followed by incubation at room
temperature for 8 min using a ready-to-use Bond Polymer
Refine Detection kit containing peroxide block for quenching
(DS9800, Cat#68086, Leica Biosystems), secondary anti-
body, polymer reagent and DAB chromogen. The DAB was
developed for 10 min. Counterstaining was performed with
hematoxylin for 5 min at room temperature. The histology
was examined light microscope (Nikon; magnification, x40
and x100).

Immunocytochemistry. Cells were plated onto glass coverslips
and fixed with 4% paraformaldehyde for 20 min at room
temperature, blocked with 5% rabbit serum (Neuromics; Cat#
SER003) for 60 min at room temperature, and stained with
primary antibody for Ki-67 (1:200 dilution, Cat#sc-23900,
Santa Cruz Biotechnology, Inc.) at room temperature for 1 h.
A high-sensitivity DAB system (Liquid DAB+ Substrate kit
K3468, Dako) was used for immunocytochemical staining.
The slides were counterstained with Mayer's hematoxylin at
room temperature for 1 min, dehydrated, and then mounted.
Specific primary antibody replaced with PBS in tissue sections
was used as a negative control. The cytology was examined
light microscope (Nikon) (magnification, x40, x100, x200 and
x400).

Expression of EMP3 in primary BC cohort. A retrospective
study of a BC cohort, who underwent surgical treatment with
modified radical mastectomy or breast-conserving surgery and
sentinel lymph node biopsy between April 2005 and October
2014, was recruited under the approval of the Institutional
Review Board of the National Cheng Kung University Hospital
(approval no. A-ER-107-441). All samples were from female
patients recruited from National Cheng Kung University
Hospital, Tainan, TATWAN. The study population comprised
166 patients with median age of 53 years (range, 29-83 years).
Clinical demographic data, including TNM status and clinical
information, were obtained by chart review. Each case was
independently reviewed by two pathologists for diagnosis. The
mean follow-up time was 108.28+37.24 months.

IHC staining of EMP3 protein was performed to examine
its association with clinicopathological indicators and patient
outcomes. The breast tissue was fixed with 10% neutral
formalin overnight at room temperature. Then, it was cut
for dehydration and paraffin embedding. Immunostaining
was performed on formalin-fixed paraffin-embedded tissue
using a standard avidin-biotin complex-peroxidase procedure
with an automated stainer (BenchMark Ultra Auto-Stainer;
Ventana) (24). Briefly, 4-um tissue sections from each tumor
were subjected to heat-induced epitope retrieval using CC1
cell conditioning solution (Ventana). The slides were treated
with 3 % hydrogen peroxide in PBS at 4°C for 30 min, and
then 10% normal goat serum (Neuromics, Edina, MN; Cat#
SERO003) at room temperature for 60 min. The slides were
incubated with rabbit polyclonal EMP3 antibody (LTK
BioLaboratories) or PATHWAY anti-HER2/Neu (4B5)
rabbit monoclonal antibody (Ventana) at a dilution of 1:10.
The immunostained proteins were visualized using a Roche
OptiView DAB THC Detection kit (Ventana). Anti-rabbit
poly-HRP secondary antibody (Leica Biosystems) was added
at room temperature for 30 min. Sections were counterstained
with hematoxylin at room temperature for 5 min. Samples
treated with PBS instead of specific primary antibody were
used as a negative control. Both positive reference (BC known
to express EMP3) and negative controls (normal liver) were
included.

The histology was examined (by light microscope (Nikon)
(magnification, x40 and x100). HER2 protein expression
was scored according to 2018 American Society of Clinical
Oncology and the College of American Pathologists for the
testing and reporting of biomarkers in cancer HER2 testing
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in BC guidelines (27). EMP3 staining intensity was graded
as negative, +, ++ and +++ by two pathologists using smooth
muscle cells of small arteries as the internal reference (28). ++
or +++ was considered to indicate EMP3 upregulation.

Statistical analysis. The data were derived from triplicate
experiments. All data are presented as the mean + SD by
GraphPad prism 6 software (GraphPad Software, Inc.;
Dotmatics). The differences between categorical variables
were analyzed with one-way ANOVA followed by post hoc
Tukey's test. Disease-free survival was calculated from the
date of surgery to the date of disease recurrence. The signifi-
cance of various covariates in survival was assessed using
univariate analysis with log-rank test. The survival curve was
calculated using the Kaplan-Meier method (SPSS 17.0 for
Windows (SPSS Inc., All tests were two-sided and P<0.05 was
considered to indicate a statistically significant difference.

Results

Bioinformatics analysis. To investigate the potential role of
EMP3 in human BC, bioinformatics analysis was performed
using The Human Protein Atlas, Gene Expression Profiling
Interactive Analysis, cBioPortal, UALCAN and OncoLnc.
EMP3 expression tended to be positively associated with poor
overall survival in cBioPortal (data not shown) but this was not
significant. High EMP3 expression was associated with better
survival in The Human Protein Atlas and UALCAN (data not
shown) datasets. High EMP3 expression tended to be associ-
ated with better overall survival in Gene Expression Profiling
Interactive Analysis dataset, but no significant difference was
observed for disease-free survival (data not shown). However,
analysis of the OncoLnc data did not reveal a prognostic value
for EMP3 expression (data not shown).

Biological effects induced by EMP3 overexpression in BC
cells. To clarify the biological role of EMP3, stable EMP3-1
and EMP3-2 clones were established in HS578T and
MDA-MB-231 BC cell lines, respectively. These stable clones
exhibited higher levels of EMP3 protein expression compared
with parental cells, as shown by western blotting. Expression
of EMP3 protein in stable EMP3-1 and EMP3-2 clones
was moderate and high, respectively (Fig. 1A). The protein
expression profiles, including those of ER, PR and HER
family members and EMT-related markers, were assessed in
vector (Vec) control cells and stable EMP3-overexpressing
clones (EMP3-1 and EMP3-2; Fig. 1A). The morphology of
stable EMP3-overexpressing cells was examined via light
microscopy (Fig. 1B). Both Hs578T and MDA-MB-231 cells
became slender in shape following transfection with EMP3.
The viability was significantly increased in stable EMP3-1-
and EMP3-2-overexpressing clones, both in the Hs578T and
MDA-MB-231 cell lines (Fig. 1B).

Crosstalk of EMP3 with HER family in human BC cells in vitro.
Expression of all HER family members (HER1-HER3), PR
and ER increased in both Hs578T and MDA-MB-231 cell lines
stably overexpressing EMP3 (Fig. 1A). Therefore, overexpres-
sion of EMP3 may upregulate expression of HER1-HER3 and
HR in human BC in vitro (Fig. 1A). These results indicated
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that EMP3 can functionally crosstalk with HER superfamily
and HR during BC tumorigenesis.

EMP3 overexpression promotes cell migration and invasion.
Overexpression of EMP3 upregulated protein expression of
fibronectin, twistl/2 and vimentin but suppressed E-cadherin
expression in both Hs578T and MDA-MB-231 cell lines
(Fig. 1A). However, expression of Snail, Slug and ZEB1 was
not upregulated (data not shown). EMP3 overexpression in
EMP3 stable cells, defined as two-fold higher expression,
compared with vector control may contribute to migration
and invasion of TNBC cells in vitro via EMT. Stable clones of
EMP3-1 and EMP3-2 were subjected to cell migration, inva-
sion and gap closure assays. Compared with Vec control cells,
stable EMP3-overexpressing Hs578T and MDA-MB-231 cells
exhibited increased migration (Fig. 2A) and invasion (Fig. 2B).
In addition, EMP3-2 stable clones had increased ability to
migrate and invade in vitro compared with EMP3-1 stable
clones of Hs578T and MDA-MB-231 cell lines, respectively
(Fig. 2A).

The impact of EMP3 on cell migration was confirmed via
gap closure assay. Stable EMP3-1 and EMP3-2 cells showed
greater gap closure than Vec control cells (Fig. 2C). This
was observed in both Hs578T and MDA-MB-231 cell lines.
Together, these findings suggested that EMP3 overexpression
exerted pro-oncogenic effects on BC in vitro.

Intracellular signaling pathways upregulated by EMP3 overex-
pression in human BC. There is crosstalk between EMP2 and
integrins oV and 33 in regulation of urothelial cell adhesion and
migration during tumorigenesis in vitro (11). Therefore, involve-
ment of this signaling pathway was assessed in BC development.
Western blotting showed that components of FAK-c/SRC/RhoA,
SRC/JAK2/STAT3, SRC/Ras/Raf-1 and ERK1/2 pathways
were upregulated in Hs578T and MDA-MB-231 EMP3 stable
cells compared with Vec control cells (Fig. 3A). Protein expres-
sion JAK2, STAT3, RAS, RAF, p-ERK, ERK, SRC, p-SRC,
a-actinin ROCK1 and ROCK?2) was quantified. All of the signal
proteins in Hs578T cells were significantly higher in EMP3-2
stable cells compared with vector control (Fig. 3B and C). Overall,
EMP3 upregulated proteins associated with JAK2/STATS3,
RAS/RAF/ERK and FAK/SRC/a-actinin/ROCK1/2 signaling
pathways in BC in vitro.

EMP3 alters chemosensitivity of BC cells to trastu-
zumab in vitro. As EMP3 was demonstrated to
upregulate expression of HER1-HER3, as well as proteins
associated with JAK2/STAT3, RAS/RAF/ERK and
FAK/SRC/a-actinin/ROCK1/2 signaling pathways in the
Hs578T and MDA-MB-231 BC cell lines, the potential of
EMP3 in modulating drug resistance of BC was investigated.
Trastuzumab is a monoclonal anti-HER2 antibody for patients
with early or metastatic HER2-positive BC (29). Therefore,
cell viability was examined in response to trastuzumab in
the presence of EMP3 overexpression or knockdown. MTT
assay revealed that Hs578T EMP3 stable cells with higher
HER2 expression were more sensitive to trastuzumab than
Hs578T/Vec control cells (Fig. 3D). By contrast, knocking
down EMP3 in MDA-MB-453 cells conferred resistance
to trastuzumab compared with MDA-MB-453/Vec control
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Figure 1. Protein expression profiles, morphology and proliferation of EMP3-overexpressing BC cells. Stable clones of EMP3-1 and EMP3-2 were established
from HS578T and MDA-MB-231 BC cell lines, respectively. (A) Protein expression profiles were examined for EMP3, ER, PR, HER family members and
EMT-related markers in stable EMP3-overexpressing cells compared with Vec control cells via western blotting. (B) Both stable EMP3-1 and stable EMP3-2
cells became slender in shape (fibroblastoid) following EMP3 overexpression, particularly stable EMP3-2 clones. (C) EMP3 overexpression significantly
increased the viability of tumor cells, with a greater rate observed in stable EMP3-2 clones. “P<0.05, “P<0.01, ““P<0.001 vs. EMP3-1 or -2. EMP, epithelial
membrane protein; PR, progesterone receptor; ER, estrogen receptor; HER, human epidermal growth factor receptor; BC, breast cancer; Vec, vector.

cells (Fig. 3E). Together, these findings indicated that altered
EMP3 expression modified the sensitivity of BC cells to
trastuzumab treatment in vitro.

EMP3 as a potential novel therapeutic target for human BC
in vitro. As aforementioned EMP3 was demonstrated to confer
pro-tumorigenic effects on human BC in vitro and upregulate
HER receptor expression and multiple signaling pathways.
To clarify the potential of EMP3 as a therapeutic target for
human BC, the SK-BR-3 cell line was assessed because
of its endogenous expression of HER1-HER3 and EMP3.
Therefore, EMP3-knockdown cell lines, SKBR3/siEMP3-1
and SKBR3/siEMP3-2, and a vector control cell line
(SKBR3/Vec) were established from SK-BR-3 BC cells. MTT
assay (Fig. 4A) and Ki-67 index measurement (Fig. 4B)
revealed that the proliferation of SK-BR-3 cells with EMP3
knockdown was significantly suppressed compared with
that of control cells. Compared with SKBR3/Vec control
cells, cell migration in vitro was inhibited after EMP3 was
knocked down, as demonstrated by Transwell migration
assay (Fig. 4C). Furthermore, expression of HER1, HER2,
HER3 and p-SRC was downregulated in SKBR3/siEMP3-1
and SKBR3/siEMP3-2 stable cells compared with that in
SKBR3/Vec control cells (Fig. 4D). These results suggested
EMP3 as a novel therapeutic target for human BC with
co-expression of HER2 and EMP3.

Tumorigenicity of EMP3 in a xenograft NOD/SCID mouse
model. To verify the clinical implications of targeting EMP3
in BC, a xenograft NOD/SCID mouse model was constructed
using EMP3-knockdown and vector control SK-BR-3 cell

lines. The weights of xenografts derived from SKBR3/siEMP3
stable cells were significantly lower than those derived from
SKBR3/Vec control cells (Fig. 5SA). The tumor volume derived
from SKBR3/siEMP3 cells was also lower than that derived from
SKBR3/Vec control cells (Fig. 5SB). In terms of biomarker expres-
sion in vivo, strong membrane expression of EMP3, HER1 and
HER?2 was demonstrated in tumors derived from SKBR3/Vec
control cells, whereas expression of these proteins was decreased
in tumors derived from SKBR3/siEMP3 stable cells (Fig. 5C).

Association of EMP3 with clinicopathological indicators of
BC. Expression of EMP3 was investigated in BC cases from
the NCKUH biobank (Table SI). EMP3 protein was detected in
the cytoplasm and/or membrane of cancer cells. In addition, its
expression was heterogeneous in tumors, with higher expression
usually occurring at the invasive front (Fig. 5C). EMP3 expres-
sion was detected in 102 of 166 cases (61.4%) of BC; however, its
expression intensity was not associated with tumor stage, nodal
metastasis, ER, PR or HER2 status or clinical outcome. EMP3
was upregulated in 72 cases (43.4%) in the BC cohort. Because
of crosstalk between EMP3 and HER?2 in vitro, co-expression of
these biomarkers was analyzed in relation to clinicopathological
indicators and patient outcomes (Table I). The incidence of
EMP3(-)yHER2(-), EMP3(-)/HER2(+), EMP3(+)/HER2(-), and
EMP3(+)/HER2(+) in the BC cohort was 69 (41.6), 25 (15.1),
54 (32.5) and 18 (10.8%) cases, respectively. Co-expression of
EMP3 and HER?2 was positively associated with ER expression
and tended to be associated with nodal metastasis, however
this was not significant. In the absence of HER2 amplification,
EMP3(+)/ER(+) and EMP3(+)/PR(+) patterns were detected in
46 (27.7) and 30 (18.1%) cases of BC, respectively. Patients with
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Figure 2. Effects of EMP3 on migration and invasion of breast cancer cells in vitro. (A) Migration of EMP3-overexpressing Hs578T stable cell lines was
significantly greater than that of Vec control cells (magnification, x100). (B) Hs578T EMP3-overexpressing cells exhibited increased invasion ability. (C) Gap

ok
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these two stable cells. EMP, epithelial membrane protein; Vec, vector.
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Figure 3. Effects of EMP3 on signaling pathways and chemoresistance in breast cancer cells in vitro. (A) Protein expression of JAK2, STAT3, RAS, RAF,
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tyrosine kinase; Vec, vector; si, small interfering.

EMP3(+)/HER2(+) BC tended to have a higher risk of recur-
rence (data not shown) and lower disease-free survival than
patients with other expression patterns (Fig. 6), however this was
not significant.

Discussion

EMP3 is a transmembrane signaling protein that serves a
key role in the regulation of apoptosis, differentiation and
invasion of cancer cells (11). The present showed that EMP3
exerted regulatory effects on the oncogenic HER family and
HR in BC in vitro. Moreover, EMP3 activated the expression

of proteins associated with JAK2/STAT3, RAS/RAF/ERK
and FAK/SRC/a-actinin/ROCK1/2 pathways in BC in vitro,
consistent with our previous report and other studies (24,30,31).
In addition to roles in proliferation, migration and invasion
in vitro, these pathways have also been reported to be involved
in EMT and/or trastuzumab resistance in BC (32-34). The
present results support the potential role of EMP3-dependent
HERI1/HER3 regulation in pathogenesis of BC (11,15,17).
Compared with xenografts derived from SK-BR-3/Vec
control cells, levels of HER1,HER2,HER3, and p-SRC expres-
sion in xenografts derived from SK-BR-3/siEMP3 stable cells
were notably lower, in conjunction with lower tumor weight
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Figure 4. Potential therapeutic targets of EMP3 in breast cancer. Cell proliferation was examined by (A) MTT assay and (B) Ki-67 index after transient
transfection. (C) Transwell migration assay was performed to assess migration of EMP3-knockdown cells after 48 h. Magnification, x100. (D) Expression of
HER family members and p-SRC proteins was assessed by western blotting after EMP3 was knocked down in SK-BR-3 cells. “"P<0.001, “*"P<0.0001 vs.
EMP3-1 or -2 stable cells or between these two stable cells. EMP, epithelial membrane protein; HER, human epidermal growth factor receptor; Vec, vector;
p-SRC, phosphorylated Src proto-oncogene, non-receptor tyrosine kinase; EGFR, epidermal growth factor receptor; si, small interfering.

and smaller size. To the best of our knowledge, the present
study is the first to demonstrate the potential of EMP3 as a
novel therapeutic target for human BC.

As amembrane scaffolding protein, EMP3 forms a network
with other transmembrane proteins on the cell surface to
promote signaling cascades (35). In human sarcoma, melanoma
and embryonic kidney cell line models (11-17), EMP3 serves
a key role in organizing signaling complexes at the membrane
and is required for maintaining elevated levels of mitogenic
signaling as well as cell survival. Using isocitrate dehydroge-
nase-wild glioblastoma as a model, Martija et al (36) proposed
that EMP3 facilitates TBC1D5 recruitment into maturing endo-
somes, where the complex inactivates member RAS oncogene
family (RAB7) and restricts progression of internalized EGFR
cargoes toward lysosomal degradation. EMP3-dependent
stabilization of EGFR sustains its downstream signaling via

CDK2. These mechanisms ensure sustained proliferation,
apoptosis resistance and decreased susceptibility to targeted
kinase inhibitors. Here, immunoprecipitation (data not shown)
revealed that EMP3 interacted strongly with HER2 and
weakly with EGFR at the cell membrane of Hs578T/EMP3
stable cells. The present results concur with the mechanism
proposed by Martija et al (36).

Although EMP3 serves as an oncogene in BC, previous
studies report a tumor-suppressive function (21) and lack of
prognostic significance for BC (25). This discrepancy might be
explained by unique experimental conditions and dissimilar
scoring of immunohistochemistry using different antibodies
on limited tissue microarrays.

The present study demonstrated that targeting EMP3 could
simultaneously downregulate multiple oncogenes and pleio-
tropic signaling pathways. This strategy is simple compared
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Figure 6. Association of EMP3 overexpression in patients with
HER2-amplified BC with disease-specific survival. Patients with
EMP3(+)/HER2(+) BC tend to have a lower disease-free survival rate than
patients with other expression patterns (P=0.087). EMP, epithelial membrane
protein; HER, human epidermal growth factor receptor; BC, breast cancer.

with current combination therapies or dual-target inhibitors in
the context of immunotherapy and molecular-targeted therapy
focused on HER family members (37). Whether dual targeting
of EMP3 and HER2 exerts synergistic effects requires

clarification. EMP3 is enriched in macrophages and specialized
macrophages, such as Kupffer cells in the liver and Hofbauer
cells in the placenta (28). Using mouse-derived macrophages,
Kusumoto et al (38) demonstrated that EMP3-overexpressing
macrophages inhibit induction of alloreactive cytotoxic T
lymphocytes, suggesting a role for EMP3 in inhibition of T
cell-mediated immunity. Whether a systemic EMP3-targeted
approach for BC also affects the tumor microenvironment,
particularly in terms of immune cell infiltration or stromal
interactions (39-44), requires clarification.

A clinical cohort study revealed a significant association
of EMP3 and HER2 co-expression with ER-positive status
in BC (17,20), supporting the present in vitro observations.
Conversely, ~40% of HER2-amplified BC cases also demon-
strated EMP3 upregulation and should be considered for
EMP3-targeted therapy. The present data suggested patients
with BC with co-expressed EMP3 and HER2, ER or PR may
be good candidates for EMP3-targeted therapy. In the present
BC cohort, co-expression of EMP3 and HER?2 tended to be
associated with nodal metastasis (15,16), suggesting the poten-
tial role of EMP3 in metastatic progression of BC.

However, EMP3 expression alone was not significantly
associated with patient outcome. Further investigation in a
larger cohort using monoclonal antibodies and an optimized
scoring system is key to clarify the potential of EMP3 as an
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Table I. Association of EMP3 and HER?2 expression with clinicopathological indicators and patient outcome (n = 166)

EMP3/HER2*
Indicator -/- (n=69) -/+ (n=25) +/- (n=54) +/+ (n=18) P value
Anatomic stage 0.896
I 14 (20) 3(12) 12 (22) 3(17)
11 40 (58) 17 (68) 33 (61) 10 (55)
III 15 (22) 5 (20) 9(17) 5(28)
pT status 0.742
pT1 22 (32) 5 (20) 14 (26) 7 (39)
pT2 43 (62) 18 (72) 35 (65) 11 (61)
pT3 or pT4 4 (6) 2 (8) 5(09) 0(0)
Nodal status 0.085
Negative 32 (46) 16 (64) 37 (69) 10 (56)
Positive 37 (54) 9 (36) 17 (31) 8 (44)
ER status 0.028
Negative 18 (26) 10 (40) 8 (15) 8 (44)
Positive 51 (74) 15 (60) 46 (85) 10 (56)
PR status 0.568
Negative 33 (48) 14 (56) 24 (44) 11 (61)
Positive 36 (52) 11 (44) 30 (56) 7(39)
Recurrence 0432
Negative 57 (83) 21 (84) 45 (83) 12 (67)
Positive 12 (17) 4 (16) 9(17) 6 (33)
Survival
Alive 57 (83) 21 (84) 45 (83) 13 (72) 0.716
Dead 12 (17) 4 (16) 9(17) 5(28)

“EMP3 (-): - or + intensity; EMP3 (+): ++ or +++ intensity.

independent prognostic biomarker, whether for all types or
specific subsets of BC. The reason for the difference in the
prognostic value of EMP3 in BC dataset analysis is unclear.
Potential explanations may be variation in co-expressed
biomarkers in the BC cohort and antibody selection with
interpretation criteria.

The present study confirmed the role of EMP3 in regulation
of HER family signaling in BC. Overexpression of HER1 (45)
or HER3 (46,47) is associated with primary resistance to
trastuzumab (44-46). The successful in vitro modulation of
chemosensitivity to trastuzumab by targeting EMP3 supports
its role as a potential co-targeting candidate in the design of
HER2-based cancer therapy. A multi-institutional cohort
study reported the significance of combined HER3 and
HERI expression score in prediction of resistance to adjuvant
chemotherapy in TNBC (48). In addition, 12 of the present
patients with TNBC had negative (1+) to equivocal (2+) HER2
expression in the absence of amplification (data not shown).
Accordingly, EMP3 warrants exploration as a potential drug
target for TNBC. Moreover, expression of HER3 confers
HER2-mediated tamoxifen resistance (49). EMP3-targeted
agents may have potential as HER2- or HR-targeting follow-up
therapy for patients who fail to respond to contemporary
regimens.

In conclusion, EMP3 served multiple roles in regulation of
the HER family and HR expression via activation of mitogenic
signaling pathways in BC invitro. The potential of EMP3-targeted
therapy for BC was supported by chemosensitivity assays and
in vitro and in vivo experiments. Further investigations are
key for determining the benefit of EMP3-targeted therapy for
patients with BC with co-expressed EMP3 and HER2.
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