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EpCAM [epithelial cell adhesion molecule; CD326 (cluster of differentiation 326)] is highly expressed on epithelium-
derived tumours and can play a role in cell proliferation. Recently, RIP (regulated intramembrane proteolysis) has
been implicated as the trigger for EpCAM-mediated proliferative signalling. However, RIP does not explain all EpCAM-
derived protein fragments. To shed light on how proteolytic cleavage is involved in EpCAM signalling, we characterized
the protein biochemically using antibodies binding to three different EpCAM domains. Using a newly generated
anti-EpCAM antibody, we find that EpCAM can be cleaved at multiple positions within its ectodomain in addition to
described peptides, revealing that EpCAM is processed via distinct proteolytic pathways. Here, we report on four new
peptides, but also discuss the previously described cleavage products to provide a comprehensive picture of EpCAM
cleavage at multiple positions. The complex regulation of EpCAM might not only result in the absence of full-length
EpCAM, but the newly formed EpCAM-derived proteins may have their own signalling properties.
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INTRODUCTION

EpCAM |[epithelial cell adhesion molecule; CD326 (cluster of
differentiation 326); Figure 1] is a transmembrane glycoprotein
that plays a role in balancing cell proliferation and differenti-
ation. In healthy tissue, high EpCAM levels are associated with
proliferation during morphogenesis [1], tissue regeneration [2,3]
and stem cell maintenance [4]. High EpCAM expression has
been found to promote tumour progression in epithelial cancer,
and often corresponds to a poor prognosis [2,5-7]. In contrast
with high EpCAM levels, absence of EpCAM because of gene
mutations results in CTE (congenital tufting enteropathy), a rare
disease causing severe diarrhea in newborns due to abnormal
development of the intestinal epithelium [8]. How EpCAM is
functionally involved in development and tumour biology is still
not completely understood. Because of its tumour-specific over-
expression, EpCAM has been explored as a prognostic/diagnostic

marker and anti-cancer target since the 1970s [5]. However, parts
of the protein might be absent during diagnosis, since EpCAM is
subject to limited proteolysis by a variety of enzymes.

During the synthesis, EpCAM’s signal peptide for proper ER
(endoplasmic reticulum) targeting is removed [9-11] (Figure 1,
arrow 1). Furthermore, EpCAM can be cleaved between two ar-
ginine residues within its ectodomain [10,12,13] (Figure 1, arrow
2). Although this cleavage site was detected soon after EpCAM’s
discovery, the functional consequence is still unknown. More re-
cently, EpCAM-mediated proliferative signalling has been pro-
posed to be activated by RIP (regulated intramembrane proteo-
lysis) [14], an evolutionarily conserved mechanism combining
regulated ectodomain shedding with the consecutive release of
the ICD (intracellular domain) from transmembrane proteins
[15]. Generally, RIP can (i) activate signalling events triggered
by the shed ectodomain (e.g. as soluble growth factors) and/or
the ICD (e.g. as cytosolic signalling molecules or nuclear tran-
scription cofactors); and (ii) lead to degradation, thus functional

Abbreviations used: ADAM, a disintegrin and metalloprotease; APR amyloid precursor protein; CAM, cell adhesion molecule; CD326, cluster of differentiation 326; CTE, congenital
tufting enteropathy; CTF, C-terminal fragment; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; DMEM, Dulbecco’s modified Eagle’s medium; ECD, extracellular
domain; EGFR enhanced green fluorescent protein; EpCAM, epithelial cell adhesion molecule; EpEX, EpCAM cleaved extracellular domain; EpICD, EpCAM cleaved intracellular domain;
ER, endoplasmic reticulum; FCS, foetal calf serum; GFR, green fluorescent protein; HEK-293T cells, human embryonic kidney cells; ICD, intracellular domain; MW, molecular mass; NTF,
N-terminal fragment; PNGase F, peptide N-glycosidase F; RIR regulated intramembrane proteolysis; TEM, tetraspanin-enriched microdomain; TNFa, tumour necrosis factor «; TY,
thyroglobulin.
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EpCAM amino acid sequence and post-translational modification

Arrow 1: signal peptide cleavage site; arrow 2: N-terminal cleavage site between Arg-80/Arg-81. EpCAM motif 1 (green):
six-cysteine motif with a unique disulfide linkage pattern [11]; TY type-1 repeat (motif 2, purple): second cysteine-rich
domain, displaying sequence homology to a TY type-1A repeat, a domain exhibiting protease inhibitor activity. Approximate
regions of the epitopes recognized by monoclonal antibodies MOC31 and 311-1K2 and the polyclonal rabbit antibody
P6052, recognizing EpCAM’s ICD, are indicated. See Table 1 for the defined epitope location.

inactivation, of transmembrane proteins (Lichtenthaler et al. [16]
and references therein). The best-studied substrates for RIP are
Notch, EGF (epidermal growth factor), TNFa (tumour necrosis
factor ) and APP (amyloid precursor protein) (reviewed in [17]).
In addition, several CAMs (cell adhesion molecules) have been
identified as substrates, e.g. epithelial E-cadherin, neuronal N-
cadherin, CD44 and L1-CAM (reviewed in [18]). ADAMI17 [a
disintegrin and metalloprotease 17; also known as TACE (TNF«
converting enzyme)] is the metalloprotease that has been repor-
ted to initiate EpCAM cleavage at the extracellular site, resulting
in shedding of its ectodomain EpEX (EpCAM cleaved extra-

cellular domain). Subsequently, an additional cleavage by a y-
secretase with PS-2 (presenilin-2) as the active subunit causes
the release of EpICD (EpCAM cleaved ICD). EpICD may in-
teract with (co)transcription factors in the nucleus, altering gene
transcription [14].

Here, we address where and when EpCAM is proteolytically
cleaved, and discuss how the different proteolytic steps may be
implicated in EpCAM’s function. Owing to EpCAM’s discovery
in a screen for tumour-specific cell surface proteins, the majority
of available antibodies are directed against EpCAM’s N-terminal
extracellular domain. To distinguish between this domain and the

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.
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short cytoplasmic tail, we first made an antibody directed against
EpCAM’s C-terminal domain. While characterizing EpCAM bio-
chemically using three different antibodies recognizing distinct
domains, we found four novel C-terminal proteolytic fragments.
We conclude that EpCAM is proteolytically processed by an ad-
ditional pathway, thus highlighting the importance of proteolysis
in the regulation of EpCAM signalling. Whether the novel cleav-
age sites only lead to functional down-regulation of EpCAM or
may serve additional functions remains to be established.

EXPERIMENTAL

Cell culture and transfection

HEK-293T cells (human embryonic kidney cells; ATCC) were
cultured in DMEM (Dulbecco’s modified Eagle’s medium; 1 g/l
glucose) supplemented with 5 % (v/v) FCS (foetal calf serum) and
penicillin (100 units/ml)/streptomycin (1 mg/ml). Human epi-
thelial colon carcinoma cell lines HT29, CaCo2 and HCT116,
human keratinocyte cell line HaCaT and epidermoid carcinoma
cell line A431, human hepatoma cell line HepG2, human breast
cancer cell line MCF7, human ovarian cancer cell line OVCAR-
3 (all ATCC), and head and neck carcinoma cell lines FaDu,
SCC23 and SCC32 (kind gift from E. Schuuring, UMCG) were
cultured in DMEM (4.5 g/l glucose) supplemented with 10 %
(v/v) ECS, 1x MEM non-essential amino acids (Invitrogen) and
penicillin (100 units/ml)/streptomycin (1 mg/ml). Cells were cul-
tured at 37°C in a humidified incubator in the presence of 5%
(v/v) CO,. Media and supplementation were obtained from PAA.
HEK-293T cells were transfected with FuGene6 (Roche) accord-
ing to the manufacturer’s protocol.

Plasmids

Human EpCAM cDNA (a gift from V. Cirulli, Department
of Medicine, University of Washington, Seattle, WA, U.S.A.)
[19] was subcloned into pcDNA3.1. Using this as template, the
C66Y mutation was introduced (G>A substitution) [19a] by
QuikChange® Mutagenesis (Stratagene). Plasmids were verified
by sequencing. Either the non-tagged versions were used, or the
C-terminal EGFP [enhanced GFP (green fluorescent protein)]-
tagged versions with the linker ‘RSAAAT’. The ER-marker ER-
superluc-EGF P (calnexin pre-sequence) has been described [20].

Antibodies and reagents

For detection of EpCAM, we used mouse monoclonal antibodies
MOC31, binding EpCAM motif 1, and 311-1K2, binding within
the cysteine-free motif (hybridomas kindly provided by L.E.M.H.
de Leij, UMCG) [21]. EpCAM CTE-mutant W143_T164del
[8] is not recognized by antibody 311-1K2, revealing its bind-
ing site (see Table 1). Furthermore, rabbit polyclonal antibody
P6052, raised against EpCAM’s intracellular domain (immuni-
zing peptide: CEIKEMGEMHRELNA) was designed in our

Original Paper

Table 1 Recoghnition of EpCAM domains by the antibodies used
in the present study

Region of binding

Antibody Domain/motif (amino acids, aa)
MOC31 Extracellular domain/EpCAM 27-59 [22]
motif 1
311-1K2 Extracellular domain/ 143-164
cysteine-free region
P6052 Intracellular domain 301-314

laboratory and generated by BioGenes (Germany). Beta-Tubulin
antibody (B512), DAPT {N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester} and PNGase F (peptide
N-glycosidase F) were obtained from Sigma-Aldrich.

Western blot

SDS/PAGE and Western blot procedures were conducted accord-
ing to the standard protocols (equipment from BioRad; Milli-
pore), using 10 or 15 % gels. Cells were plated in 6-well plates
and grown until confluency. If indicated, cells were incubated
with DMSO [0.1% (v/v)] or 10 uM DAPT for 24 h. Cells were
lysed using either reducing [1% (v/v) B-mercaptoethanol] or
non-reducing Laemmli sample buffer (62.5 mmol/l Tris/HCI;
20 g/1 SDS; 100 ml/1 glycerol; bromophenol blue; pH 6.8). Fol-
lowing incubation with the primary and an HRP (horseradish
peroxidase)-conjugated secondary antibody, proteins were detec-
ted by enhanced chemiluminescence (antibodies, ECL detection
kit, film: GE Healthcare).

Medium concentration

Confluent cells were incubated for 24 h in medium with 0.1 %
(v/v) FCS to enable Western blot analysis after concentration of
the supernatant. First, the medium was centrifuged for 15 min
at room temperature (20°C) and 4500 g to pellet dead cells and
cell debris. The filtered medium (0.2 ©m; Whatman) was con-
centrated using Amicon Ultra-4 centrifugal concentration filter
tubes (Millipore) with a 10 kDa MW (molecular mass) cut-off.
The final concentrate was diluted with 5 x Laemmli sample buffer
(non-reducing), denatured at 95 °C for 5-10 min, and analysed by
Western blot. To separate microvesicles and soluble proteins, the
medium was cleared by centrifugation and filtering and subjected
to ultracentrifugation at 100000 g for 1 h at 4°C. The resulting
pellet was dissolved in 1.2x non-reducing Laemmli sample buf-
fer and the supernatant was concentrated as described above.

Immunofluorescent staining

HEK-293T cells, co-transfected with ER-GFP (green fluorescent
protein) and either wtEpCAM or EpCAM-C66Y for at least 24 h,
were fixed with 10 % (v/v) formalin [equals 4 % (v/v) formalde-
hyde; Sigma-Aldrich] for 30 min and permeabilized with 0.1 %
(v/v) Triton X-100 (Merck)/1 % (w/v) BSA/PBS for 15 min. Fol-
lowing blocking with 1% (w/v) BSA/PBS for 15 min, primary
antibody MOC31 and Alexa Fluor® 568-conjugated secondary

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.
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Figure 2 EpCAM is cleaved in the N-terminal region

Lysates of HEK-293T cells transfected with EpCAM (A) and various cancer cell lines expressing EpCAM endogenously
(B) were analysed by Western blot using an antibody binding to EpCAM’s ectodomain (cysteine-free region; 311-1K2).
Arg-80/Arg-81 cleavage (red arrow) is apparent under reducing (R) but not under non-reducing conditions (NR). Lysate of
non-transfected HEK-293T cells serves as an antibody specificity control.

antibody (Invitrogen, The Netherlands), diluted in 1% (w/v)
BSA/PBS, were applied for 1h each and cells were mounted
with Vectashield (Vector). All steps of the immunostaining pro-
cedure were conducted at room temperature. Fluorescent images
were acquired using a Leica SP2 AOBS confocal microscope
(Leica Microsystems).

RESULTS

In addition to newly discovered polypeptides, we provide a com-
plete overview of all EpCAM fragments, including the NTFs
(N-terminal fragments) that have been reported previously.

Signal peptide

We did not detect EpCAM with the signal peptide (cleavage at
aa 23), which will be removed during EpCAM translation by a
signal peptidase in the ER lumen [23], and therefore will never
be part of full-length EpCAM after translation is completed.

N-terminal cleavage

Another cleavage site at the N-terminus of EpCAM is between
Arg-80/Arg-81, originally identified by Thampoe and Ng [12];
and Schon et al. [10,12,13]. Following cleavage, the domains
predictably will stay bound together by the disulphide bridge

in EpCAM’s TY (thyroglobulin)-like motif (Figures 1 and 2),
which will be broken under reducing conditions. When EpCAM
is subjected to reduction, Arg-80/Arg-81 cleavage is detected
in EpCAM-expressing HEK-293T cells using antibody 311-1K2
(Figure 2A). Similarly, the cleavage occurs in numerous cancer
cell lines expressing EpCAM endogenously (Figure 2B). The
cleaved NTF has a predicted MW of 6 kDa (non-glycosylated).
Based on the size difference between non-cleaved EpCAM and
the remaining 32 kDa part on Western blots, the glycosylated
cleaved fragment has a size of 10 kDa (Figure 3). Notably, only
a fraction of total EpCAM is cleaved, and the ratio of cleaved to
non-cleaved protein varies between cell lines (Figure 2) as well
as between experiments (results not shown).

EpCAM ectodomain shedding

To determine whether EpCAM undergoes RIP (Maetzel et al.
[14]), resulting in shedding of its ectodomain (EpEX) and re-
lease of the cytoplasmic peptide (EpICD) [14], we analysed cell
lysates and cell-free medium. Using antibodies directed against
EpCAM’s ECD (extracellular domain; antibody 311-1K2) or ICD
(antibody P6052), the full-length protein is detected in cell lys-
ates of the colon carcinoma cell line HT29 (Figure 4A, LYS). In
the concentrated cell-free medium, only the antibody binding to
EpCAM'’s ectodomain, but not the one directed against the ICD,
detects cleaved EpEX (Figure 4A, MED), demonstrating that
the intracellular domain is absent. Based on analysis of Western
blots, EpEX has a MW of 35 kDa (Figure 3). Notably, full-length

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.
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Figure 3 Sizes of EpCAM-derived fragments

MW of EpCAM and its fragments deduced from Western blots (using ImagelJ) or predicted with and without N-glycosylation
(2 kDa per glycosylation site). aa, amino acids. *Without signal peptide; tcalculated by the difference between full-length
EpCAM and EpCAMAGKD; Fcomplete extracellular domain; ||if cleaved after aa 152; {if cleaved after aa 198.

EpCAM is detectable in the cell-free medium, possibly as part
of microvesicles, which are secreted by cells and only will be
pelleted after ultracentrifugation [24] (Figure 4B). The levels of
EpCAM on microvesicles or the amount of vesicles, respectively,
as well as the amount of EpEX in the medium depends on the
cell line (Figure 4C). Whereas all cell lines release EpCAM-
containing microvesicles, the level of EpEX is near the detection
limit in most cell lines.

EpICD cleavage

Following ectodomain shedding, EpCAM may be cleaved within
the transmembrane domain, releasing a soluble cytoplasmic pep-
tide (EpICD). Detection of EpICD is impeded by its predicted
size of only 2-3 kDa. To visualize EpICD, we used an EpCAM—
EGFP fusion protein to increase the MW by 26 kDa. Indeed,
in cells expressing EpDCAM-EGFP, several protein fragments
are recognized by the antibody binding EpCAM’s ICD (P6052;
Figure 4D). The lowest three bands with masses of 27-29 kDa
correspond to EpICD-EGFP; the 32 kDa fragment to the interme-
diate cleavage product, consisting of EpCAM’s transmembrane
domain and ICD only. To address which protease is respons-
ible for the intramembranous cleavage, cells were treated with
y-secretase inhibitor DAPT. Treatment resulted in an increase
of the intermediate cleavage product and decrease of the 29 kDa
EpICD-EGFP band (Figure 4D, DAPT versus DMSO), pointing
to y-secretase involvement in the second cleavage step of RIP.

Novel detected proteolytic peptides

Our new antibody directed against EpCAM’s ICD detected sev-
eral novel proteolytic fragments: (i) a 20 kDa fragment [CTF20
(C-terminal fragment of 20 kDa); Figure SA], and (ii) fragments
ranging from 12 to 15 kDa [CTFs12-15: C-terminal fragments
of 1215 kDa; Figure 5A and Figure 3; see Supplementary Fig-
ure S1 for more cell lines (http://www.bioscirep.org/bsr/033/

bsr033e030add.htm)]. These CTFs are not recognized by the
antibody against EpCAM’s ECD (311-1K2; Figure 5A, anti-
ECD), but can also be detected with the anti-ICD antibody E144
[commercially available; Supplementary Figure S2 (http://www.
bioscirep.org/bsr/033/bsr033e030add.htm)]. To rule out that the
CTFs did not arise due to trypsinization when passaging the cells,
we detached cells using EDTA for several weeks, showing that the
CTFs are not aresult of trypsinization (Figure 5B). As the size dif-
fers from the fragments discussed before, CTFs are distinct from
those generated by RIP (Figure 3). The low levels of CTF20 in
comparison with CTFs12-15 in all cell lines might indicate that
the two cleavage events occur sequentially (Figure 5D). Incub-
ation of cells with DAPT leads to increased CTFs12-15 levels
(Figure 5C), most prominently seen in HEK-293T cells, and to a
lesser extent in HT29 cells, suggesting that these fragments can
be further processed by a y-secretase (Figure 5D).

The trigger of proteolysis remains unclear for most of the
fragments. For activation of EpCAM signalling by RIP, cell-cell
contact, or binding of EpEX as a ligand, has been suggested to be
the initial trigger [25]. We addressed whether the CTFs arise upon
cell—cell contact formation during cell growth (Figure 6A). One
day after plating, single cells or small cell clusters were present,
whereas at day 5 cells were grown to confluency (Figure 6B).
In all cell lines tested, the levels of CTFs did not change in
a cell-density-dependent manner (Figure 6A). To test whether
EpCAM needs to be present at the cell surface to allow CTF
generation, we used an EpCAM point mutant (C66T) that causes
CTE [8]. EpCAM-C66Y (Figure 6C) does not reach the cell
surface because it is retained in the ER [19a]. Interestingly, ER
retention leads to a reduction, but not a complete absence of CTFs
(Figure 6D), indicating that cleavage of the new CTFs occurs
during synthesis in the Golgi apparatus or in the ER lumen.

The exact cleavage positions would help to reveal respons-
ible proteases and the functional consequences of EpCAM
proteolysis. However, MS did not reveal conclusive results be-
cause the purity of the isolated protein was below the required

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
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Figure 4 EpCAM undergoes RIP

.
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-

(A-D) Size determination of EpCAM by Western blot. (A) Lysates (LYS) and concentrated medium (MED) from HT29 cells
were analysed with antibodies against EpCAM’s ECD or ICD as indicated. (B) HT29 lysate, concentrated medium before and
after ultracentrifugation (100 000 g for 1 h), and the pelleted fraction resulting from ultracentrifugation were immunoblotted
against EpCAM’s ectodomain (311-1K2). (C) Distinct ratios of EpEX and EpCAM on microvesicles in different cell lines as
indicated. (D) HEK-293T cells expressing EpCAM-EGFP were incubated with DMSO (0.1 %) or 10 «M DAPT for 24 h, lysed,
and immunoblotted against EpCAM’s ICD (P6052). TMD, transmembrane domain.

threshold (results not shown). An alternative approach to narrow
down the estimated cleavage sites giving rise to CTFs was per-
formed by deglycosylation using PNGase F (Figure 6E). Since
EpCAM contains three N-glycosylation sites (Figure 1), PNGase
F treatment resulted in a shift of the full-length EpCAM from 39
to 35 kDa (Figure 6E, upper arrow; Figure 3). Moreover, a shift
of CTF20 down to 18 kDa is visible (Figure 6E, lower arrow).
Deglycosylation did not affect any of the CTFs12-15 bands.
Thus, CTFs12-15 are generated C-terminally of EpCAM’s third
glycosylation site at aa 198 (Figures 1 and 7B).

DISCUSSION

Originally discovered as a protein overexpressed in epithelial
cancers, and therefore used as a surface tumour marker, we show
that EpCAM can have different faces at the extracellular site.
The different cleavage events in EpCAM’s ectodomain may lead
to loss of its detection in EpCAM-based diagnostic tests. Ep-
CAM’s diverse C-terminal fragments, which may have their own
signalling properties, may therefore often remain undetected. Be-
low, we discuss how proteolysis of EpCAM, including the newly
identified cleavage sites presented in this study, might affect Ep-
CAM’s function.

N-terminal cleavage at position Arg-80/Arg-81

Soon after EpCAM’s discovery, the cleavage at position Arg-
80/Arg-81 was identified [10,12,13]. In all cell-lines tested we
find that this cleavage partially occurs, resulting in a 6 kDa NTF
that remains bound to the protein backbone by the first disulf-
ide bond within the TY-like domain. Most likely, the cleavage
will lead to structural changes in the ectodomain, which may
influence the homophilic binding properties or recognition of
EpCAM by other proteins, e.g. proteases. Alternatively, EpCAM
might be synthesized in a zymogen form (inactive precursor)
[26], which is converted to its active form by this proteolytic
action [12,13]. Notably, only a certain percentage of EpCAM
undergoes cleavage, which could be due to the subcellular local-
ization of responsible proteases. The presence of predominantly
non-cleaved EpCAM in all cell lines tested might reflect that Ep-
CAM needs to be exposed at the cell surface to be available for
proteases.

Both serine and cysteine proteases are able to conduct the
Arg-80/Arg-81 cleavage [13]. It has been suggested that EpCAM
might be able to affect certain cysteine proteases, the cathepsins,
via its conserved TY domain [5]. TY type-1A domains have
been shown to inhibit certain cathepsins, which can be local-
ized in lysosomes and in the extracellular space [27], by binding
their active site cleft [28]. Cathepsins can promote migration and
invasion of tumour cells by enhancing extracellular matrix de-
gradation [27,29]. EpCAM has been proposed to function as a

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
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Figure 5

EpCAM is processed via an alternative proteolytic pathway

Blots were probed against EpCAM’s cytoplasmic domain (ICD; antibody P6052), unless noted otherwise. (A) Lysates of
HT29 cells or HEK-293T cells transfected with empty vector (EV) or EpCAM. Note that the protein fragments are not
recognized by the antibody against the ECD (first lane, MOC31). (B) HT29 cells, passaged with trypsin versus EDTA
for several weeks and analysed under reducing conditions. (C) HEK-293T cells were transfected as indicated and HT29
cells were treated with DMSO (0.1%) or 10 uM DAPT for 24 h. Lysate of non-transfected HEK-293T cells serves as
antibody-specificity control (lane was spiked with MW marker). (D) Schematic representation of EpCAM’s cleavage. Orange

arrow, EpICD cleavage. Antibody-binding sites are indicated.

membrane-bound protease inhibitor, possibly protecting tumour
cells from their own secreted cathepsins during tumour progres-
sion [5]. Cells could thus benefit from EpCAM overexpression
either because of enhanced inhibition of cathepsins via the TY do-
main, but also because EpCAM may serve as a ‘decoy’ cathepsin
substrate (Arg-80/Arg-81). Notably, cleavage within EpCAM’s
ectodomain by RIP or the newly identified proteolysis events
results in truncation of the TY-domain, which would impair a
protective role of EpCAM. Whether non-cleaved EpCAM is able
to bind or inhibit cathepsins or serves as a substrate remains to
be established.

EpCAM is subject to RIP

RIP of EpCAM has been reported to induce downstream sig-
nalling [14]. Since we find EpCAM’s ectodomain EpEX derived
from various cancer cell lines, RIP seemingly is a general phe-
nomenon in vitro. By measuring the size, we predict that the
cleavage site generating EpEX is close to the plasma membrane.
Our results are concordant with the findings of Maetzel et al. [14]
and confirm that a y-secretase is involved in the second step of
EpCAM RIP. Notably, in our Western blots we detect multiple
intracellular peptides generated by intramembrane cleavage. y-
secretases are able to cleave the same substrate at multiple sites
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Alternative cleavage is independent from cell-cell contacts and EpCAM’s subcellular localization

(A) HT29, HaCaT and CaCo2 cells were lysed after 1, 3 or 5days of culture and analysed by Western blot, using
P6052 antibody against EpCAM’s ICD. n-fold values represent intensities of the 12 kDa EpCAM band normalized against
tubulin (Tub). (B) Brightfield images of cells used in (A). (C) HEK-293T cells co-transfected with ER-EGFP and wtEpCAM or
EpCAM-C66Y immunostained with MOC31 and fluorescently conjugated secondary antibody. Confocal images are shown.
(D) Cells expressing wtEpCAM or EpCAM-C66Y analysed by Western blotting using P6052. (E) Cell lysates treated with a
deglycosylase (5 units of PNGase F for 18 h), and immunoblotted with P6052.

[30]; however, only the 29 kDa fragment decreased in response
to inhibition with DAPT (Figure 4D), suggesting that other in-
tramembranously cleaving proteases [30] might be involved.

Ex vivo, EpEX has been reported to be present in the serum
of cancer patients [31-33]; however, the detection methods did
not distinguish between full-length EpCAM and cleaved EpEX.
Since EpCAM is present on microvesicles, conclusions about
the in vivo occurrence and relevance of EpEX shedding can-
not be made. As yet, only a few studies have used antibodies
against EpCAM’s intracellular domain in cancer tissue, showing
that nuclear or cytoplasmic staining is exclusively detectable in
tumours, but not in normal tissue [14,34,35]. In thyroid cancer,
abundant nuclear and cytoplasmic staining has been represented
as a prognostic marker for poor prognosis and tumour aggress-
iveness [34]. However, based on our own immunostaining data,

we cannot exclude artifacts due to lack of antibody specificity in
cancer tissues (results not shown). Using fluorescent proteins as
well as immunostaining in vitro, we could not detect EpCAM’s
intracellular domain in the nuclei of cancer cell lines [36].

EpCAM is cleaved via an additional pathway

We generated an antibody directed against EpCAM’s cytoplas-
mic tail that, for the first time, identified novel CTFs in multiple
cell lines. Commonly, only antibodies recognizing EpCAM’s
ectodomain have been used, including to visualize EpCAM frag-
ments [12,13]. Hence, CTFs lacking extracellular epitopes due
to cleavage would have been missed. The corresponding NTFs
cannot be detected in cell lysates, indicating that these fragments
are either degraded or secreted into the medium.

(© 2013 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
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Figure 7 EpCAM is cleaved in multiple distinct ways
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(A) Cleavage by RIP comprises ectodomain shedding (1st step, red arrow) and intramembranous cleavage (2nd step,
orange arrow). (B) Alternative proteolysis presented here includes cleavage within EpCAM’s ectodomain (blue arrows),
followed by intramembrane cleavage (3rd step, orange arrow). In both (A) and (B), intramembrane cleavage involves a
y-secretase. Additionally, EpCAM may be cleaved at position Arg-80/Arg-81 in both pathways (grey dotted arrows).

The processing of EpCAM by RIP seems to occur exclus-
ively at the plasma membrane. Homophilic binding, either due to
cell—cell contact or EpEX as a ligand for non-cleaved EpCAM,
has been shown to be the initial trigger for RIP [14,25]. In con-
trast, cleavage of the new CTFs seems to be independent from
cell—cell contact and to occur both at the plasma membrane and
during protein synthesis: retention of a point mutant of EpCAM
in the ER, as determined by microscopy and FACS analysis [19a]
decreases cleavage, but does not prevent it. Alternatively, traces
of EpCAM that cannot be detected by microscopy or FACS ana-
lysis may reach the surface. Moreover, treatment with DAPT led
to an increase of CTFs12-15, indicating that these fragments
are intermediate cleavage products that are further processed by
intramembrane proteolysis. Therefore we hypothesize that Ep-
CAM can be processed in two distinct ways (see Figure 7): (1)
RIP, resulting in shedding of EpEX and the release of EpICD
(in agreement with [14]); and (2) consecutive cleavage at two
sites within the cysteine-poor motif in EpCAM’s ectodomain,
followed by intramembrane proteolysis, releasing EpICD.

Cross-talk between the two proteolytic pathways
EpCAM-induced proliferation has been shown to be dependent
on the cleaved intracellular domain EpICD, which may trans-

locate to the nucleus, inducing target genes [14]. Our experi-
ments show that the alternative proteolytic pathway is sensitive
to inhibition of y-secretases, pointing to generation of EpICD.
However, in contrast with the alternative (CTF) cleavage, RIP
also generates EpEX, which might function as a ligand for
non-cleaved EpDCAM [14]. This homophilic binding may induce
RIP and thereby a positive feedback-loop, contributing to loss
of proliferation control. In contrast, the CTF proteolytic path-
way seems to be constitutive and ligand-independent. Since RIP
has been found only to occur in tumour tissue [14,34,35], in
which ADAMs are up-regulated [37], the alternative proteolysis
could be involved in the regulation of EpCAM signalling in
healthy tissue, i.e. during development and maintenance. Not-
ably, although generating distinct extracellular fragments, both
proteolytic pathways will lead to loss of EpCAM-mediated cell—
cell adhesion. Ectodomain shedding of CAMs may represent an
important regulatory mechanism for cell adhesion and contact
inhibition [38].

Is EpCAM proteolysis regulated by its localization?
The best-studied protein processed via two competing RIP path-
ways is the APP [16]. Processing of APP by a B-secretase and
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y-secretase generates the Alzheimer’s disease-causing amyloid
B peptide (Ap), whereas cleavage by a-secretase ADAM10 pre-
vents its generation [16,39]. While processing of APP via the
B-secretase occurs in lipid rafts [40], ADAMI10 cleaves APP
in non-raft regions [41,42]. In addition to ADAM17, ADAM10
represents a candidate for EpCAM cleavage [14]. In fact, both
EpCAM and ADAMI10 have been found in TEMs (tetraspanin-
enriched microdomains), membrane microdomains distinct from
lipid rafts [43,44], which have been implicated in the regulation
of ADAMs [45-48]. The localization of EpCAM and its inter-
action with certain binding partners in TEMs have been found
to promote tumour progression in colon carcinoma cells [49].
Hence, localization of EpCAM and relevant proteases in distinct
membrane compartments may play a role in the regulation of
different cleavage pathways.

Additionally, tetraspanins have been identified as the major
components of exosomes, microvesicles released by cells into
the extracellular environment that can be taken up by other cells
via different mechanisms [50]. Exosomes can function as in-
tercellular communicators by transfering mRNA and microRNA
[50], and might influence the tumour microenvironment, promot-
ing tumour progression and metastasis [24,50,51]. Non-cleaved
EpCAM on microvesicles, likely exosomes, is present in the me-
dium of all cancer cell lines we tested. In ovarian carcinoma
patients, EpCAM has been found on exosomes derived from ma-
lignant ascites [24]. Shedding of EpCAM [51] as well as L1-CAM
and CD44 has been shown to occur on exosomes, conducted by
ADAMI10 in the latter cases [52]. Hence exosomes may enable
long-distance transport of non-cleaved proteins which can fur-
ther be cleaved or act as ligands, thereby inducing downstream
signalling events or interfering with cell-cell adhesion [18]. In
general, EpCAM’s spatiotemporal localization within cells, on
the cell surface or on exosomes, may be decisive for the distinct
proteolytic cleavage events.

Concluding remarks

EpCAM-mediated proliferative signalling has been linked to pro-
teolytic cleavage. In this study, we uncovered novel EpCAM-
derived polypeptides, and provide a confirmation of previously
reported EpCAM fragments. EpCAM proteolysis might be cru-
cial in the regulation of EpCAM’s multiple functions, including
cell—cell adhesion and cell proliferation. Additionally, cleavage
of EpCAM via two distinct pathways may account for the loss
of proliferation control in cancer in contrast with normal tis-
sue. Unraveling the identity of responsible proteases and how
the different cleavage events and derived peptides are involved
in EpCAM signalling will aid in the understanding of EpCAM’s
role in health and disease.
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Figure S1 Novel C-terminal EpCAM fragments can be detected in various cell lines
Lysates of different cancer cell lines as indicated were immunoblotted with antibody P6052 against EpCAM’s ICD. CTFs
are present in all cell lines that express EpCAM.
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Figure S2 Specificity of antibody P6052 for EpCAM and EpCAM CTFs
(A) EpCAM and CTFs are detected in immunoblots of lysates of HEK-293T cells, transfected with empty vector (lanes
1, 7, 8), EpCAM (lanes 2, 5, 9) or EpCAM-GFP (lanes 4, 11). Lanes 1, 7, 8 show the molecular mass marker. (B) (i)
Antibody P6052 is specific for EpCAM. Note the absence of staining in EpCAM-negative cells and the shift of EpCAM’s
molecular mass when tagged with GFR (ii) Peptide competition abolishes immunostaining. Prior blotting, antibody P6052
was incubated with 10 ug/ml peptide for 15 min. (iii) Antibodies P6052 and E144 (Abcam) show the same staining pattern.
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