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Epithelial cell adhesion molecule (EpCAM) is an epithelial and cancer cell ‘‘marker’’ and there is a cumu-
lative and growing evidence of its signaling role. Its importance has been recognized as part of the breast
cancer stem cell phenotype, the tumorigenic breast cancer stem cell is EpCAM+. In spite of its complex
functions in normal cell development and cancer, relatively little is known about EpCAM-interacting pro-
teins. We used breast cancer cell lines and performed EpCAM co-immunoprecipitation followed by mass
spectrometry in search for novel potentially interacting proteins. The endoplasmic reticulum aminopep-
tidase 2 (ERAP2) was found to co-precipitate with EpCAM and to co-localize in the cytoplasm/ER and the
plasma membrane. ERAP2 is a proteolytic enzyme set in the endoplasmic reticulum (ER) where it plays a
central role in the trimming of peptides for presentation by MHC class I molecules. Expression of EpCAM
and ERAP2 in vitro in the presence of dog pancreas rough microsomes (ER vesicles) confirmed N-linked
glycosylation, processing in ER and the size of EpCAM. The association between ERAP2 and EpCAM is a
unique and novel finding that provides new ideas on EpCAM processing and on how antigen presentation
may be regulated in cancer.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction normal tissue to a dispersed membrane, cytoplasmic and nuclear
Breast cancer is the most common cancer in women and the
leading cause of female cancer deaths [1]. In 2003 it was shown
that tumorigenic breast cancer cells are EpCAM+, CD44+ and
CD24low/� [2]. Epithelial cell adhesion molecule (EpCAM) [3], also
known as KS1/4, EGP40, or GA733-2 (Supplementary Reference),
is an epithelial and cancer cell protein [4]. It is a type I integral
membrane protein not structurally related to the major families
of cell adhesion molecules (CAMs) [5] (and references therein). Ep-
CAM functions partly via homotypic protein interactions mediating
cell-to-cell adhesion of epithelial cells [3,6]. It is a Ca2+ indepen-
dent cell-CAM that has an N-terminal extracellular domain
(ectodomain; EpEx) composed of two epidermal growth factor
(EGF)-like domains and a cysteine poor region, followed by the
transmembrane domain (TM) and a short cytoplasmic tail of 26
amino acids [6–8].

EpCAM is abundantly present in cancerous epithelium, and its
subcellular distribution changes from a basolateral localization in
pattern in cancer cells [9]. In mammary gland, enhanced levels of
EpCAM are associated with poor prognosis especially in node-posi-
tive invasive breast carcinoma. EpCAM is also a potential predictive
marker of sensitivity to adjuvant hormonal and/or cytotoxic treat-
ments [10,11].

In addition to EpCAMs adhesive function there is cumulative
evidence of its signaling role [9,12]. Outside-in signaling of EpCAM
involves proteolytic cleavage, shedding of EpEx, and surface-to-nu-
cleus translocation of the cytoplasmic tail (intracellular domain;
EpICD). EpICD accumulates in the cell nucleus [9,12] where it in-
duces a proliferative signaling activity [13]. In this process,
ADAM17 (TACE) and c-secretase interact with EpCAM and cleave
off the EpICD that becomes free to associate with FHL2, b-catenin,
and LEF-1, which are all members of the Wnt signaling pathway.
EpCAM signaling is also modified by its presence in tetraspanin-
enriched microdomains (TEMs), in complex with tetraspanin
CD9, CD44 variants and claudin7. Further, EpCAM interacts with
the actin cytoskeleton via a-actinin [7], and a PDZ-domain has
been identified in its C-terminal end [5,12,14].

Based on the importance of EpCAM in cancer, we have searched
for novel EpCAM interacting proteins in human breast cancer cells,
and show here that the endoplasmic reticulum aminopeptidase 2
(ERAP2) [15] associates with EpCAM. Aminopeptidases are
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essential for protein maturation, for activation, modulation, and
degradation of bioactive peptides, and for determining protein sta-
bility [16]. The major histocompatibility complex (MHC) class I
molecules rely on amino peptidase such as ERAP1 and ERAP2 for
the antigenic trimming of N-terminally extended precursors pres-
ent in the ER [17,18].
2. Materials and methods

2.1. Breast cancer cell lines and cell culture

The breast cancer cell lines MCF-7, ZR-75-1 and MC2 are ER-a+/

high EpCAM+/high, while MDA-MB-231 and HS-578T are ER-�/low

EpCAM�/low [19,20]. All cell lines were grown in D-MEM with L-
glutamine and 10% fetal calf serum, supplied with sodium pyruvate
(GIBCO) and penicillin/streptomycin (SIGMA).
2.2. Antibodies

Information is provided in Supplementary Materials and
Methods.
2.3. Reciprocal co-immunoprecipitation followed by Western blotting

Standard procedures were used (see Supplementary Materials
and Methods). Briefly, cells were lysed in RIPA buffer (0.1% SDS),
and immunoprecipitation was performed with the anti-human Ep-
CAM mouse monoclonal antibody (C-10, Santa Cruz) alternatively
with the anti-ERAP2 goat polyclonal antibody (R&D systems;
AF3830). Precipitated proteins were separated by electrophoresis
in 10% SDS-PAGE and total cell extracts were run in parallel. Pro-
teins were identified using Western blotting.
Fig. 1. EpCAM and ERAP2 proteins in breast cancer cell lines. (A) Western blot analysis o
ZR-75-1, and MC2, but not in ER-a� cells (left panel). An equal amount of ERAP2 at 110 kD
7 and ZR-75-1 (right panel). (B) EpCAM and ERAP2 reciprocal co-immunoprecipitation f
MDA-MB-231 by EpCAM immunoprecipitation, and Western blotting with anti-ERAP2 an
panel). Consistently, ERAP2 was observed at 110 kDa in both cell lines by ERAP2 immun
40 kDa in the EpCAM+ ZR-75-1 cells but not in MDA-MB-231 (right panel).
2.4. Immunofluorescence microscopy

Breast cancer cell lines were cultured on cover slips, washed
with PBS and fixed in 96% ethanol for 15 min at room temperature.
After washing, cells were permeabilized with 0.5% Triton X100 in
PBS for 15 min, incubated with 10% BSA in PBS for 1 h at 4 �C,
washed in PBS and incubated overnight at 4 �C with the appropri-
ate primary antibodies [the mouse monoclonal antibody against
human EpCAM N-terminal domain (Santa Cruz, C-10) and the goat
polyclonal antibody against ERAP2 (R&D systems, AF3830)] fol-
lowed by washing and incubation with the corresponding FITC-
respectively TexasRed-conjugated secondary antibodies (1:1000
dilution, 1 h, 4 �C). The nuclei were stained with DAPI in Vecta-
shield mounting media (Vector Lab). Digital pictures were acquired
by Axioplan 2 imaging (Carl Zeiss) using Axiovision v4 software.

2.5. Tunicamycin treatment

Tunicamycin specifically inhibits the asparagine-linked N-gly-
cosylation of proteins. Tunicamycin was dissolved in DMSO (di-
methyl sulfoxide) (1 mg/ml). In order to optimize glycosylation
inhibition three different concentrations, 1, 5 and 10 lg/ml, were
used, while control cells received equivalent amounts of DMSO.
The viability of cells was determined by trypan blue exclusion.
Cells were analyzed during 24 h to guarantee viability. The cell ly-
sates were analyzed by Western blotting, using a rabbit polyclonal
antibody against a synthetic peptide derived from within residue
250 to the C-terminus of human EpCAM (Abcam).

2.6. Expression of EpCAM and ERAP2 in presence of dog pancreas
rough microsomes

The EpCAM cDNA (GA733-2) (kind gift from Prof. Dorothee
Herlyn, Wistar Institute of Anatomy and Biology) and the ERAP2
f EpCAM and ERAP2. A major band of 40 kDa was observed in the ER-a+ cells MCF-7,
a was found in all tested cell lines. In addition, a band of 65 kDa was present in MCF-

ollowed by Western blotting. EpCAM was detected in ZR-75-1 at 40 kDa, but not in
tibody showed a band at 110 kDa in the EpCAM+ but not in the EpCAM� cell line (left
oprecipitation, and Western blotting using anti-EpCAM antibody showed a band at



Fig. 2. EpCAM and ERAP2 co-localization by double immunofluorescence staining. (A) Double immunofluorescence staining of EpCAM and ERAP2. MCF-7 and ZR-75-1 cells
showed both membranous and cytoplasmic staining of EpCAM (green), while there was no staining in MDA-MB-231 and HS-578T. ERAP2 (red) was detected in the cytoplasm
and also associated with the plasma membrane of MCF-7 and ZR-75-1 cells (blow up view). In contrast, ERAP2 was mainly present in the cytoplasm of MDA-MB-231 and HS-
578T cells. The cytoplasmic ERAP2 staining pattern is consistent with localization in ER. Transient co-localization (yellow) of ERAP2 and EpCAM both in the ER and in the
plasma membrane is suggested by these results. (B) Co-localization of ERAP2 and EpCAM. High magnification of area in (A) illustrates the co-localization (yellow) in MCF-7
cells. (C) Localization of EpCAM in dividing MCF-7 cells. MCF-7 cells were co-stained with DAPI (nuclei; blue) and anti-EpCAM antibodies (green). We observed an enhanced
EpCAM membrane staining, but virtually no cytoplasmic staining in actively dividing cells (arrows).
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cDNA (kind gift from Prof. Peter van Endert, Université Paris Des-
cartes) were both introduced into the pGEM1 vector [21,22] and
verified by sequencing at Eurofins MWG Operon (Ebersberg,
Germany).

The TNT SP6 Quick coupled transcription/translation system
(Promega) was used to synthesize EpCAM and ERAP2 in presence
of dog pancreas rough microsomes (RM). 150–200 ng pGEM1-Ep-
CAM or pGEM1-ERAP2 plasmid, 5 lCi L-[35S]methionine (Perkin
Elmer), and 1 ll dog pancreas RM [23] were added to 10 ll reticu-
locyte lysate and incubated for 90 min at 30 �C [24,25]. The sam-
ples were then subjected to SDS-PAGE and protein bands were
visualized using a Fuji FLA-3000 phosphoimager (Fujifilm).
3. Results

3.1. Identification of ERAP2 as an EpCAM associated protein

In an initial search for EpCAM-interacting proteins, gels with
EpCAM co-immunoprecipitates from breast cancer cells were
stained with Colloidal Blue dye. When selecting differentially
stained bands for mass spectrometry analysis we chose those
bands that were present in ZR-75-1 (EpCAM+/high) but not in
MDA-MB-231 (EpCAM�/low), to enhance the chance of identifying
EpCAM-interacting proteins. EpCAM was identified at 40 kDa by
mass spectrometry, only present in precipitates from ZR-75-1 but
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not in precipitates from MDA-MB-231 and so served as internal
control (not shown). This preliminary analysis indicated that
ERAP2 could be co-precipitated with EpCAM. The single-pass type
II membrane protein ERAP2 is an aminopeptidase set in the ER,
that plays a central role in antigen peptide trimming afterwards
presented by MHC class I molecules [17,18]. We chose to study this
unexpected association further and confirmed the co-localization
of ERAP2 and EpCAM.

First, we performed Western blot analysis of total cell lysates
for a panel of breast cancer cell lines. EpCAM was detected at
40 kDa in MCF-7, ZR-75-1, and MC2, but not in MDA-MB-231
and HS-578T (Fig. 1A, left panel) and ERAP2 was detected at
110 kDa in all the cell lines. An additional band for ERAP2 was
found at 65 kDa in MCF-7 and ZR-75-1 (Fig. 1A, right panel). Next,
to confirm that ERAP2 can interact with EpCAM, we performed re-
ciprocal co-immunoprecipitation followed by Western blotting.
ERAP2 was detected at 110 kDa when EpCAM immunoprecipitates
from ZR-75-1 cells were analyzed (Fig. 1B, left panel), but not in
Fig. 3. EpCAM and ERAP2 domain structure and potential sites for N-linked glycosyla
drawing of EpCAM. The EpCAM extracellular domain is composed of two EGF-like repeats
membrane via a single pass TM domain and there is a short C-terminal cytoplasmic doma
on NCBI protein). (B) Schematic drawing of ERAP2. ERAP2 lacks a signal peptide, it has a s
domain. Arrows indicate potential N-linked glycosylation sites (schematic drawing base
cells were treated with tunicamycin the 40 kDa band of EpCAM was no longer observed. T
less. In addition, tunicamycin treatment resulted in the appearance of an additional pro
microsomes. Expression of EpCAM and ERAP2 proteins from the respective plasmids usin
while when expressed using dog pancreas microsomes (+) a cleaved product and thre
35 kDa. Note also that ERAP2 was migrated as two products, one at 100 kDa and the other
indicated by filled circle respectively star, and glycosylated form by unfilled circle.
immunoprecipitates from the negative control cell line MDA-MB-
231. Likewise, EpCAM was detected at 40 kDa in ERAP2 immuno-
precipitates from ZR-75-1 cells but not in immunoprecipitates
from MDA-MB-231 (Fig. 1B, right panel).
3.2. EpCAM/ERAP2 co-localization in breast cancer cells

Double immunofluorescence staining of EpCAM and ERAP2 was
performed to detect co-localization of the two proteins. MCF-7 and
ZR-75-1 cells showed a strong membranous and cytoplasmic Ep-
CAM staining (Fig. 2A). Especially strong plasma membrane stain-
ing was found in mitotic cells, forming bridges between cells
(Fig. 2C). In contrast, EpCAM was not visualized in MDA-MB-231
and HS-578T cells (Fig. 2A). ERAP2 staining was equally strong in
all tested breast cancer cell lines, observed as both cytoplasmic
and plasma membrane staining in the EpCAM+/high MCF-7 and
ZR-75-1 cells, while mainly as cytoplasmic staining in the
EpCAM�/low MDA-MB-231 and HS-578T cells (Fig. 2A). The
tion; tests for glycosylation in breast cancer cells and microsomes. (A) Schematic
(EGF-1 and EGF-2) and a cysteine poor region. The protein is attached to the plasma

in, the EpICD. Arrows indicate N-linked glycosylation sites (schematic drawing based
hort cytoplasmic N-terminal domain, a TM domain and a long ER luminal C-terminal
d on NCBI protein). (C) Tunicamycin treatment of breast cancer cells. When MCF-7
he same type of effect was seen in the ZR-75-1 cells, but the effect was considerably
tein (double) band, at �30 kDa. (D) EpCAM and ERAP2 expression in dog pancreas
g an in vitro assay generated a single product of �40 kDa respectively �100 kDa (�),
e N-glycosylated forms of EpCAM appeared, where the lowermost product was at
at 110–120 kDa when microsomes were used. Non-glycosylated and cleaved form is
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membranous ERAP2 formed demarcating lines between cells,
while the cytoplasmic ERAP2 formed a punctate or reticulated pat-
tern consistent with ER localization.

The analysis indicated a co-localization of EpCAM and ERAP2
both in the ER and in the plasma membrane (Fig. 2A, B and blow
up view). The presence of ERAP2 in/near the plasma membrane
was an unexpected finding.

3.3. EpCAM potential N-glycosylation sites; glycosylated form in breast
cancer cells

There are three potential sites for N-linked glycosylation of Ep-
CAM as indicated in Fig. 3A (N74, N111 and N198), all located in
the extra cellular domain of the protein (Fig. 3A, Fig. S1) and previ-
ously shown to be glycosylated [26,27]. We therefore examined if
EpCAM is glycosylated in the breast cancer cells and in vitro using
dog pancreas microsomes. Treatment of EpCAM+ breast cancer
cells with tunicamycin showed that EpCAM is glycosylated in these
cells. The slowest migrating band of EpCAM (at 40 kDa; Fig. 1A, left
panel) is a glycosylated form, since its size was decreased to 35 kDa
upon tunicamycin treatment (Fig. 3C). In addition, this inhibition of
N-glycosylation seemed to be causing a proteolytic effect, as new
EpCAM products in the form of a double band around 30 kDa ap-
peared in both MCF-7 and ZR-75-1 (Fig. 3C). However, the size of
the EpCAM+ cell pool was unchanged in tunicamycin treated cell
cultures relative to control cultures as shown by flow cytometry
(Fig. S3).

3.4. Expression of EpCAM and ERAP2 in vitro confirms N-linked
glycosylation, signal peptidase cleavage and the size of EpCAM

To confirm glycosylation and signal peptidase cleavage, we ex-
pressed both EpCAM and ERAP2 using an in vitro transcription/
translation assay supplemented with dog pancreas RMs (ER vesi-
cles) [22]. EpCAM was expressed as a single protein product of
the molecular weight �40 kDa when transcribed/translated
in vitro from the pGEM1-EpCAM plasmid (Fig. 3D). When supple-
mented with RMs the single EpCAM protein product migrated in
the SDS–PAGE as four products, probably due to signal peptide
cleavage by signal peptidase (SPase) [28,29] and N-linked glycosyl-
ation (N74, N111 and N198) by the oligosaccharyl transferase
(OST) enzyme (Fig. 3A, D, Fig. S1) [24,30]. The glycosylation effi-
ciency and the number of glycosylation sites of EpCAM were con-
firmed using endoglycosidase H treatment of the translated
product. Additionally, the size of the cleaved and un-glycosylated
product of EpCAM was determined to the size around 35 kDa
(Fig. S4). ERAP2 was detected at 100 kDa when expressed in vitro
(Fig. 3D). In the presence of ER vesicles an additional weak product
appeared at 110–120 kDa (Fig. 3D) that may be due to glycosyla-
tion of some of the ten potential N-linked glycosylation sites
(N85, N103, N119, N219, N294, N405, N431, N650, N714 and
N879) located in the C-terminal, luminal part of the protein
(Fig. 3B, Fig. S2). ERAP2 seems not to be cleaved by SPase, but gly-
cosylated by the OST complex.
4. Discussion

In this study we show for the first time an association between
the breast cancer stem cell and adhesion molecule EpCAM and the
proteolytic enzyme ERAP2. The observation was made in the epi-
thelial breast cancer cell lines ZR-75-1 and MCF-7, known to ex-
press a large amount of EpCAM. We first hypothesized that
EpCAM is a candidate for proteolytic cleavage by ERAP2. Enzymatic
analysis performed by others showed that ERAP2 preferentially
hydrolyzes the basic residues arginine and lysine [17]. We
searched the entire EpCAM protein amino acid sequence, and no-
ticed that there are many hypothetical sites for proteolytic cleav-
age by ERAP2, and postulate that ERAP2 might act on these
residues to trim the EpCAM N-terminal extracellular domain. Since
ERAP2 is localized in the cytosol and ER with its major C-terminal
part and active site in the ER lumen (Fig. S2) and the latter commu-
nicates with the cell membrane there is at least a hypothetical pos-
sibility of EpCAM proteolytic cleavage by ERAP2. Such a transient
cytoplasmic/ER and plasma membrane co-localization of the two
proteins in EpCAM+ cells is supported by the double immunofluo-
rescence staining (Fig. 2A, B) and by the fact that both are N-gly-
cosylated proteins. Although ERAPs normally reside in the ER and
their function is to trim short peptides for antigen presentation,
ERAP1 has been reported to facilitate cleavage of cytokine recep-
tors and to co-localize with TNFRI [31] ([16] and references
therein).

For protein stability and stable interactions to occur between
proteins, adequate glycosylation may be essential. In an analysis
of glycosylation sites in EpCAM, Chong and Speicher showed that
there are N-linked but not O-linked carbohydrate groups [26]. Oth-
ers reported that glycosylation of N198 is essential for protein sta-
bility [27]. We therefore confirmed that both EpCAM and ERAP2
are glycosylated proteins and processed in ER. To address in vitro
whether EpCAM or ERAP2 are substrates for the OST complex
and/or the SPase enzyme, we took advantage of an in vitro expres-
sion system supplemented with dog pancreas RMs. Expression of
both EpCAM and ERAP2 in the absence and presence of micro-
somes resulted in one main product for both EpCAM and ERAP2
(of �40 kDa respectively �100 kDa molecular weight and addi-
tional larger bands for both proteins) (Fig. 3D). In the case of Ep-
CAM, the most likely explanation for the appearance of three
distinct protein products in the microsomes is that those are co-
translational modifications due to differential N-glycosylation. To
finally confirm this, the EpCAM protein was expressed using RMs
and treated with endoglycosidase H. Our results show that the pro-
tein was N-linked glycosylated and the molecular size of the un-
glycosylated, SPase cleaved EpCAM was confirmed to be around
35 kDa (Fig. S4).

We further treated EpCAM+ breast cancer cells with tunicamy-
cin and saw that the major 40 kDa protein present in human cells
is a glycosylated form that decreases upon tunicamycin treatment
to around 35 kDa (Fig. 3C). This is similar to the 35 kDa non-glycos-
ylated, cleaved form of EpCAM in the microsomes (Fig. S4). In other
experiments we observed a 35 kDa form in the membrane fraction
of untreated MCF-7 cells (Fig. S5). Our conclusion is therefore that
the N-terminal signal peptide is cleaved off during processing of
EpCAM in both microsomes and human cells, and that 35 kDa is
the normal size of non-glycosylated EpCAM, in keeping with a re-
port by Munz et al. [27] (see Supplementary Discussion).

An unexpected finding was that of a unique smaller sized Ep-
CAM protein �30 kDa generated after tunicamycin treatment, pos-
sibly indicating that proteolytic processing is enhanced in the non-
glycosylated protein (Fig. 3C). A proteolytic cleavage site in EpEx
that cleaves off an N-terminal 6 kDa fragment has been reported.
This fragment is still attached to the rest of EpEx via disulphide
bridges and comprises the binding sites of most EpCAM antibodies
available [5]. Involvement of such a cleavage site may explain why
the EpCAM+ cell pool, measured by FACS was unchanged after
tunicamycin treatment (Fig. S3).

In summary, the association and co-localization of ERAP2 and
EpCAM at the surface of breast cancer cells is a unique and novel
finding that provides new ideas on EpCAM processing and on
how antigen presentation may be regulated in cancer. The pres-
ence of EpCAM in the plasma membrane of carcinoma cells may
help localize the associated ERAP2 molecule near the surface of
these cells. Peptides, properly trimmed by ERAP1 and ERAP2 are
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required for MHC class I molecules to appear at the cell surface for
antigen presentation [16], and EpCAM can be expressed in antigen
presenting cells [32]. Indeed, previously published data provide
support for ERAP2 gene expression and its clinical significance in
breast cancer (see Supplementary Discussion).
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