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Cancer-associated mutations reveal a novel
role for EpCAM as an inhibitor of cathepsin-
L and tumor cell invasion
Narendra V. Sankpal1* , Taylor C. Brown1,2, Timothy P. Fleming3, John M. Herndon1, Anusha A. Amaravati1,
Allison N. Loynd1 and William E. Gillanders1,2*

Abstract

Background: EpCAM (Epithelial cell adhesion molecule) is often dysregulated in epithelial cancers. Prior studies
implicate EpCAM in the regulation of oncogenic signaling pathways and epithelial-to-mesenchymal transition. It
was recently demonstrated that EpCAM contains a thyroglobulin type-1 (TY-1) domain. Multiple proteins with TY-1
domains are known to inhibit cathepsin-L (CTSL), a cysteine protease that promotes tumor cell invasion and
metastasis. Analysis of human cancer sequencing studies reveals that somatic EpCAM mutations are present in up
to 5.1% of tested tumors.

Methods: The Catalogue of Somatic Mutations in Cancer (COSMIC) database was queried to tabulate the position
and amino acid changes of cancer associated EpCAM mutations. To determine how EpCAM mutations affect cancer
biology we studied C66Y, a damaging TY-1 domain mutation identified in liver cancer, as well as 13 other cancer-
associated EpCAM mutations. In vitro and in vivo models were used to determine the effect of wild type (WT) and
mutant EpCAM on CTSL activity and invasion. Immunoprecipitation and localization studies tested EpCAM and CTSL
protein binding and determined compartmental expression patterns of EpCAM mutants.

Results: We demonstrate that WT EpCAM, but not C66Y EpCAM, inhibits CTSL activity in vitro, and the TY-1 domain
of EpCAM is responsible for this inhibition. WT EpCAM, but not C66Y EpCAM, inhibits tumor cell invasion in vitro
and lung metastases in vivo. In an extended panel of human cancer cell lines, EpCAM expression is inversely
correlated with CTSL activity. Previous studies have demonstrated that EpCAM germline mutations can prevent
EpCAM from being expressed at the cell surface. We demonstrate that C66Y and multiple other EpCAM cancer-
associated mutations prevent surface expression of EpCAM. Cancer-associated mutations that prevent EpCAM cell
surface expression abrogate the ability of EpCAM to inhibit CTSL activity and tumor cell invasion.

Conclusions: These studies reveal a novel role for EpCAM as a CTSL inhibitor, confirm the functional relevance of
multiple cancer-associated EpCAM mutations, and suggest a therapeutic vulnerability in cancers harboring EpCAM
mutations.

Keywords: Cathepsin-L, EpCAM, Thyroglobulin-type-1 domain, Protease inhibitor, Invasion, TCGA

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: sankpaln@wustl.edu; gillandersw@wustl.edu
1Department of Surgery, Washington University School of Medicine, 660
South Euclid Avenue, Campus Box 8109, Saint Louis, MO 63110, USA
Full list of author information is available at the end of the article

Sankpal et al. BMC Cancer          (2021) 21:541 
https://doi.org/10.1186/s12885-021-08239-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-021-08239-z&domain=pdf
http://orcid.org/0000-0001-6987-8143
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:sankpaln@wustl.edu
mailto:gillandersw@wustl.edu


Background
Epithelial cell adhesion molecule (EpCAM) is a trans-
membrane glycoprotein that is expressed at the basolat-
eral membrane of human epithelial tissues [1]. EpCAM
is also highly overexpressed in many human epithelial
cancers including colorectal, breast, gastric, prostate,
ovarian, and lung cancer [2, 3]. EpCAM was the first hu-
man tumor-associated antigen to be identified using
monoclonal antibodies [4] and has been the target of
monoclonal antibody therapy in colorectal cancer [5, 6].
The monoclonal antibody Catumaxomab, which targets
EpCAM and causes an anti-cancer immune response,
has been approved for the treatment of malignant ascites
in Europe [7]. Despite these developments, further re-
search is needed to improve our understanding of
EpCAM’s role in epithelial cancers and its potential as a
therapeutic target. Recently, we and others have demon-
strated that overexpressed EpCAM modulates oncogenic
signaling pathways including ERK [8], NF-κβ [9], AP-1
[10], NF-κβ [9] and Wnt/β-catenin [11–13] pathways.
EpCAM expression can differentially regulate oncogenic
signaling pathways and invasion depending on the can-
cer type [14]. These studies suggest that the precise role
of EpCAM in cancer biology remains to be elucidated.
At the structural level, EpCAM contains a well charac-

terized thyroglobulin-type-1 (TY-1) domain [15]. The
EpCAM TY-1 domain is located between amino acids
63 and 135 in the extracellular region (Fig. 1). There are
17 proteins with TY-1 domains in the human genome
(Fig. S1A). TY-1 domains are characterized by a unique
sequence motif of 60–80 residues containing six con-
served cysteine residues, forming three disulfide bonds

(Fig. S1B) [16]. TY-1 domains are conserved in a num-
ber of species, and multiple proteins with TY-1 domains
function as cathepsin family protease inhibitors [17],
(Table S1). Proteins with TY-1 domains have been
shown to inhibit cathepsin-L (CTSL), a protease impli-
cated in tumor invasion [18, 19].
CTSL is frequently overexpressed in many cancers,

and CTSL expression has been associated with higher
histologic tumor grade and metastatic potential [20].
CTSL is secreted by tumor cells [21, 22] and is capable
of degrading extracellular matrix proteins and promot-
ing tumor cell invasion [23–25]. Because of its frequent
overexpression and prominent role in metastasis, CTSL
inhibitors have been the focus of multiple preclinical in-
vestigations. CTSL inhibition has demonstrated promis-
ing results [20]. Interestingly, both EpCAM [26, 27] and
CTSL [28, 29] are known to be secreted into the tumor
microenvironment and are present in the serum of hu-
man cancer patients. To date, the potential impact of
EpCAM on CTSL activity has not been studied.
The Cancer Genome Atlas (TCGA) and other high

throughput cancer sequencing studies have dramatically
improved our understanding of the genetic basis of can-
cer. Functional analyses of specific cancer-associated
mutations have provided critical insights into how mu-
tated proteins contribute to the biology of cancer, and
how to best target these proteins. To date, over 130 cod-
ing, cancer-associated mutations in the EpCAM gene
have been identified (Fig. 1). Studies reveal that somatic
mutations in EpCAM are present in up to 5.1% of some
tested cancer cohorts, including squamous and melan-
oma skin cancers. EpCAM mutations have also been
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Fig. 1 Cancer-associated EpCAM mutations. Histogram (top) shows location and frequency of EpCAM cancer-associated mutations as reported in
COSMIC (https://cancer.sanger.ac.uk/cosmic). Protein schematic (bottom) indicates EpCAM protein structure. EpCAM is a type-1 transmembrane
protein with a signal peptide (SP, green), an N-terminal domain (ND, blue), a thyroglobulin type-1 domain (TY-1, red), a C domain (CD, tan), a
transmembrane domain (TM, gray), and an intracellular domain (EpIC, purple). Domain positions noted as reported by Pavsic et al. [10]. The
EpCAM C66Y mutation in the TY-1 domain is predicted to be highly damaging by Polyphen2 (http://genetics.bwh.harvard.edu/pph2/)
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observed in metastatic lesions and other cancers at a fre-
quency of 1–2% (Fig. S1C). No reports to date have in-
vestigated the potential role of EpCAM mutations in
human cancer, although germline mutations in EpCAM
impact cellular localization and are associated with con-
genital tufting enteropathy and Lynch syndrome [30,
31]. In the current report we demonstrate for the first
time that secreted wild type (WT) EpCAM inhibits
extracellular CTSL activity. More importantly, we dem-
onstrate that EpCAM cancer-associated mutations alter
EpCAM cellular function and localization, abrogate the
ability of EpCAM to inhibit CTSL activity, and impact
CTSL-driven cancer cell invasion.

Methods
EpCAM mutation analysis
To determine the position, amino acid change, and oc-
currences of somatic EpCAM coding mutations in can-
cer, we queried the Catalogue of Somatic Mutations in
Cancer (COSMIC) publicly available database (https://
cancer.sanger.ac.uk/cosmic) at Sanger Institute [32] and
tabulated reported mutations. To determine the fre-
quency of EpCAM mutations in tested cancer cohorts,
we analyzed 178 non-redundant datasets including 47,
005 samples in the cBioPortal for Cancer Genomics [33].
Cell line mutations in EpCAM were analyzed from the
Cancer Cell Line Encyclopedia (CCLE) publicly available
database at the Broad Institute (https ://portals .
broadinstitute.org/ccle). The potential impact of muta-
tions of interest on EpCAM protein structure and func-
tion was analyzed in silico using PolyPhen-2 [34].

Cell lines
All cell lines were obtained from the American Type
Culture Collection (ATCC, Rockville, MD) and used at a
low passage number with the exception of WHIM-3.
WHIM-3 is a breast cancer cell line isolated from a
patient-derived xenograft. WHIM-3 was provided by the
patient derived xenograft (PDX) core at Washington
University of School of Medicine (WUSM). All cell lines
were maintained in RPMI or DMEM supplemented with
10% FBS and antibiotics (GIBCO BRL, Grand Island,
NY). All cell lines were tested for mycoplasma and
maintained in ciprofloxacin (10 μg/mL media).

Recombinant proteins
Recombinant EpCAM-Fc (Gln24-Lys265-IgG1Pro100-
Lys300, carrier free) and recombinant CTSL (Glu113-
Val333) were purchased from R&D Systems (Minneap-
olis, MN). Recombinant EpCAM-Fc was reconstituted as
recommended by manufacturer and stored at -80 °C in
aliquots.

RNA interference
Lentiviral-mediated RNA interference was performed as
previously described [8]. shRNA sequences targeting
murine cathepsin-L were provided by the McDonnell
Genome Institute at Washington University in St Louis.
Specific sequences used for RNA interference are
detailed in Table S2.

Plasmid constructs and site directed mutagenesis
The full-length open reading frame of EpCAM was amp-
lified from the MCF-10A mammary epithelial cell line.
The nucleotide sequence was confirmed with NCBI ref-
erence sequence NM_002354. The DNA sequence was
subcloned into both pcDNA3 (HindIII-XbaI restriction
sites) and the retroviral vector pBABE (BamHI-SalI re-
striction after mutating BamHI sites). EpCAM deletion
mutants were generated by PCR amplification and
cloned as c-terminal 3X Flag tag fusion protein as shown
in Fig. 3e. C66Y EpCAM and other EpCAM cancer-
associated mutation constructs were generated using
synthetic gene fragments from Integrated DNA Tech-
nologies (IDT, Coralville, IA). For example, C66Y
EpCAM was generated as a G-block fragment (197G >
A; substitution position 197, G➞A). Other mutations
were generated based on tumor DNA mutation informa-
tion available at COSMIC [32] or cBioPortal [33] data-
bases. For EpCAM-GFP fusion constructs generation,
EpCAM cDNA was amplified from pCDNA3 vector and
subcloned at the N-terminal EGFP of Lentiviral vector
pLL3.7 at NheI and AgeI restriction sites.

Retroviral and Lentiviral transduction
Phoenix-ECO packaging cells were transfected when
nearly confluent with 2.5 μg of pBABE-Puro-EpCAM
using FuGENE-HD (Promega, Madison, WI). Forty eight
hours after transfection viral supernatants were col-
lected, filtered through 0.45 μm filters, and then added
to B16-F10, A549 and other cells in media containing
8 μg/mL protamine sulfate. After two successive retro-
viral infections, cells were grown for 48 h and selected in
puromycin for 2 weeks. Lentiviral vector pLL3.7 was ob-
tained from addgene (Plasmid#11795). EpCAM-EGFP
fused DNA was transiently transfected in HEK-293 T
cells using FuGENE6 or stably transduced as described
before [8].

Flow cytometry
EpCAM expression levels were measured by flow cytom-
etry using PE-labeled EpCAM antibody. Expression was
quantified as mean fluorescence intensity (MFI) using a
FACScan flow cytometer and FlowJo 10.7.1 software
(BD Biosciences, San Jose, CA).
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Cathepsin-L activity assay
Cells were suspended in ice-cold lysis buffer (400 mM
sodium phosphate buffer, pH 6.0, 75 mM NaCl, 4 mM
EDTA, and 0.25% Triton X-100) and incubated on ice
for 30 min. Lysates were centrifuged at 15,000 rpm for
20min at 4 °C. Protein concentration was determined by
the BCA protein assay kit (Pierce, Rockford, IL). CTSL
activity was measured by fluorometric assay [35]. Briefly,
10 μg of total cell lysate was diluted in 100 μL of 0.34M
sodium acetate buffer, pH 5.5, containing 2 mM EDTA,
and 4mM dithiothreitol (DTT). To discriminate be-
tween CTSL and cathepsin-B activities, a selective
cathepsin-B inhibitor, CA074 (Sigma), was added at a
final concentration of 5 μM and pre-incubated for 15
min at 37 °C. Fluorogenic substrate Z-Phe-Arg-AMC
(Sigma) was added to a final concentration of 5 μM and
samples were incubated for an additional 30–60min at
37 °C. Fluorescence of the degradation product, 7-
amino-4-methylcoumarin (7-AMC), was measured at an
excitation wavelength of 370 nm and an emission
wavelength of 460 nm, using a spectrometer (BioTeK).
Cysteine protease inhibitor L-trans-epoxy-succinyl-leu-
cylamido-(4-guanidino)-butane (E64, Sigma) was used as
a CTSL inhibitor at 50 μM concentration.

Protein immunoblots
Cells were washed with ice-cold PBS and lysed in RIPA
cell lysis buffer with a protease inhibitor cocktail
(Cat#9806, Cell Signaling Technology, Danvers, MA).
Protein concentrations were determined by BCA protein
assay (Cat#23227, Pierce, Rockford, IL). Approximately
20–30 μg of protein was subjected to SDS-PAGE
(NuPAGE, Life Technologies), and transferred by elec-
trophoresis to a PVDF membrane. EpCAM (C-10
cat#25308) and actin-HRP (C4, Cat#sc-47,778) anti-
bodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). CTSL antibody (Cat#ab6314) was ob-
tained from AbCAM (Cambridge, MA). Signal detection
was performed using the SuperSignal West Pico chemi-
luminescent immunodetection system (Cat#34580,
Thermo Scientific, Rockford, IL). To quantify band dens-
ity, immunoblots were developed on film, scanned, and
pixels in each band were measured using Image J
software.

Immunoprecipitation
For protein extraction, cells were scraped in PBS supple-
mented with 1 mM Na3VO4, centrifuged and re-
suspended in lysis buffer (20 mM Tris, pH 7.4, 150 mM
NaCl, 0.25% NP-40, 0.2% Triton-X, 1 mM Na3VO4, and
1mM PMSF). Five hundred μg of protein was precleared
with 50 μl Protein A/G-Agarose (sc-2003, Santa Cruz
Biotechnology, Santa Cruz, CA) for 30 min. Precleared
lysates were then incubated for 1 h using 2 μg of specific

antibodies or control IgG at 4 °C with 25 μl of Protein
A/G)-Agarose. The immunobeads were washed 3 times
in lysis buffer and then eluted in 50 μL of 2× reducing
sample buffer, boiled, and proceeded for
immunoblotting.

Immunofluorescence and confocal microscopy
Lentivirus transduced MDCK or transiently transfected
HEK-293 T cells with EpCAM-EGFP constructs were
lightly trypsinized after 48 h and plated on a glass bot-
tom 35mm dish with serum-free Opti-MEM media
(ThermoFisher Scientific, Grand Island, New York).
Cells were visualized and captured with a fluorescence
microscope (EVOS digital inverted microscope at 20X or
40X magnifications). Duplicate cell culture was used for
data measurements on a Zeiss LSM 880 microscope
equipped with the AiryScan detector, an Argon laser
(Melles-Griot) for 488 nm excitation and a Zeiss Plan-
Apochromat 63 × 1.4 NA DIC M27 Oil objective. The
microscope is equipped with temperature and CO2 con-
trols that were kept at 37 °C and 5%, respectively.

EpCAM ELISA
Transiently transfected HEK-293 T or tumor cell lines
were plated in 6-well plate overnight and cultured in
serum free Opti-MEM media (Cat# 11058021, Thermo-
Fisher Scientific, Grand Island, New York). After 48 h,
conditioned media was used as a source of secreted/sol-
uble EpCAM. Human EpCAM DuoSet ELISA kit
(Cat#DY960) was used from R&D Systems Inc., Minne-
apolis, MN as recommended.

Invasion assays
Cells (4 × 104) were added to Matrigel transwell invasion
chambers or control transwell chambers (BD Biosci-
ences, San Jose, CA) and incubated for 24–72 h with
chemoattractant media (Clonetics, Walkersville, MD)
supplemented with growth factors. Cells invading
through the Matrigel or control membranes were fixed
using 70% ethanol, stained with 0.1% crystal violet, and
photographed in four fields to cover the entire area.
Cells were counted from all fields by a scientist blinded
to the experimental conditions.

Animal experiments
Tumor cell expansion for cathepsin-L activity assays
were done by xenografting stable lines in 4–6 weeks old
female NOD-SCID gamma (NSG) IL2Rgammanull mice
(The Jackson Laboratory, Bar Harbor, Maine). Tumor
cells were transduced with pBABE-puro retroviruses to
express EpCAM or GFP/empty vector as described earl-
ier. Cells were re-suspended in DMEM, 1 × 107 per
100 μL. Before tumor cell injection, the mice were anes-
thetized with 2.5–4% isoflurane under continuous
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infusion via a nose mask. Cells were injected subcutane-
ously then allowed to expand in mice for 2–3 weeks.
Two mice were used per cell line to establish cell lines.
When the tumor growth reached 0.5–1 cm3, tumors
were removed aseptically, minced, filtered and plated in
appropriate growth media. After 2 days, tumor cells were
selected in puromycin containing media for 1 week.
These lines were used within 5–8 passages for CTSL ac-
tivity assay experiments.

Tumor challenge/lung metastasis assay
Six to ten weeks old female C57BL/6 mice were pur-
chased from Charles River Laboratories (Wilmington,
MA) and were used for all lung metastasis experi-
ments. Mice were housed at an institutional animal
facility. B16-F10 cells (5 × 104) were re-suspended in
200 μL PBS. For tail vein injections, mice were immo-
bilized in a rodent holder and kept under heating
lamp for 1 min to dilate blood vessels. Two hundred
μL cell suspensions were injected via tail vein into
mice using hypodermic syringes. Animals were moni-
tored weekly. Five mice per group were used in indi-
vidual studies, and each study was repeated at least
three times. Three weeks following tumor challenge,
the mice were euthanized by CO2 asphyxiation or
cervical dislocation according to the approved IACUC
protocol. Lung nodules were photographed and
counted using a dissecting microscope.

Statistical analysis
Numerical data are presented as the mean values ± the
standard deviation. Statistical significance was evaluated
using the Student’s t test. A p-value < 0.05 was consid-
ered to be statistically significant. GraphPad PRISM
(GraphPad Software Inc., La Jolla, CA) was used for stat-
istical analysis of all experiments.

Results
Somatic EpCAM mutations are present in a significant
number of human cancers
To analyze somatic EpCAM mutations in human can-
cers, we queried the COSMIC database as well as 178
non-redundant datasets including 47,005 samples in the
cBioPortal for Cancer Genomics [32, 33]. We identified
115 unique somatic/missense coding EpCAM mutations
(Fig. 1). Depending on the dataset and cancer type,
EpCAM mutations are present at a frequency between 0
to 5.13% in human cancers (Fig. S1C). Cell line muta-
tions of EpCAM were also analyzed from the CCLE
database. We found 33 mutations, including silent,
frame shift, and missense mutations (Fig. S1D). We
identified multiple cancer-associated mutations which
may affect the overall structure and function of EpCAM.
C66Y EpCAM is an exemplary TY-1 domain EpCAM

cancer-associated mutation identified in a liver cancer
specimen. The cysteine residue is part of a critical disul-
fide bond, and the C66Y mutation is likely to extensively
perturb EpCAM structure [15] and thereby disrupt func-
tion of the EpCAM TY-1 domain (Fig. 1). Analysis by
PolyPhen-2 [34] predicts the C66Y mutation to have a
highly damaging effect (data not shown) on protein
structure and function. We demonstrate below that the
C66Y mutation also impacts EpCAM cellular
localization as well.

WT, but not C66Y EpCAM, inhibits tumor cell invasion
in vitro and in vivo
EpCAM has been implicated in the regulation of cancer
invasion. To investigate the role of cancer-associated
EpCAM mutations, we initially focused on C66Y. We
expressed WT, or C66Y EpCAM, in the human WHIM-
3 breast and murine PyMT BO-1 mammary cancer cell
lines. Both cell lines have minimal to null endogenous
EpCAM expression and an invasive, mesenchymal
phenotype with high CTSL activity. Cells were trans-
duced with retroviruses expressing either GFP (control),
WT EpCAM, or C66Y EpCAM. Total protein and cell
surface expression levels were confirmed by immunoblot
and flow cytometry. Total WT and C66Y expression
levels were similar, but the C66Y mutant is not
expressed on the cell surface (Fig. S2 A-C). Expression
of WT EpCAM decreased in vitro invasion in both cell
lines approximately 70% compared to cells expressing
C66Y EpCAM or GFP (Fig. 2a, b). To extend these find-
ings, we transduced WT or C66Y EpCAM in B16-F10
cells and performed both in vitro and in vivo studies.
B16-F10 has minimal to null EpCAM expression (Fig.
2b), is known to be highly invasive, and is dependent on
CTSL activity for migration and invasion [36]. Specific
ablation of CTSL altered morphology, decreased B16-
F10 invasion in vitro, confirming that this cell line is
dependent on CTSL for invasion (Fig. S3A-C). We trans-
duced B16-F10 cells with WT or C66Y EpCAM and se-
lected stable clones of the cell lines. We confirmed that
expression of WT or C66Y EpCAM was comparable in
these cell lines by protein immunoblot (Fig. 2b and S2A,
C right panel). Expression of WT, but not C66Y
EpCAM, significantly decreased B16-F10 tumor cell in-
vasion in vitro (Fig. 2b, right panel), and the number of
lung cancer metastases following tumor challenge
in vivo (Fig. 2c, Fig. S3D). CTSL promotes tumor cell in-
vasion and metastasis by degradation of the interstitial
matrix and basement membranes. C66Y EpCAM failed
to suppress CTSL-mediated lung metastasis in vivo (Fig.
2c). These results suggest that EpCAM expression has
the potential to regulate cathepsin-L mediated invasion
in the B16-F10 cell line.

Sankpal et al. BMC Cancer          (2021) 21:541 Page 5 of 13



WT, but not C66Y EpCAM, inhibits CTSL activity
Based on the known role of TY-1 domains in the regula-
tion of CTSL (Fig. S1A, B, Table S1), we tested the hy-
pothesis that EpCAM can inhibit CTSL. First, we
measured EpCAM expression and CTSL activity in a
panel of cell lines. EpCAM expression was assessed by
flow cytometry, and CTSL activity was assessed using a
fluorescent substrate. We observed a striking inverse
correlation between EpCAM expression and CTSL activ-
ity (Fig. 3a & b). As previously discussed, EpCAM [26,
27] and CTSL [28, 29] are both secreted into the extra-
cellular space where they likely come in contact in the
tumor microenvironment. To determine if soluble
EpCAM can inhibit CTSL activity, we incubated recom-
binant EpCAM-Fc with tumor derived (see methods)
SKOV3 cell lysates as a source of CTSL (SKOV3 cells
have the highest CTSL activity (Fig. 3a) in the panel of

tested cell lines). Recombinant EpCAM-Fc decreased
CTSL activity in a dose dependent manner, and at 10
ng/mL, CTSL activity was suppressed approximately
60% (Fig. 3c). We also tested the ability of cancer cell
lines transduced with EpCAM to inhibit CTSL. In cell
line A549, which has minimal endogenous EpCAM ex-
pression (Fig. 3a), WT, but not C66Y EpCAM was able
to significantly inhibit CTSL activity (Fig. 3d). To evalu-
ate the potential role of the EpCAM TY-1 domain in the
inhibition of CTSL, we generated EpCAM deletion mu-
tants (Fig. 3e). Stably transduced A549 cell lines with
EpCAM deletion mutants shows roughly equivalent ex-
pression of wildtype EpCAM and EpCAM truncation
mutants with C-terminal Flag Tag. The EpCAM 265
truncation mutant, which lacks the transmembrane do-
main, is secreted into the supernatant (Fig. S4A). Stable
A549 cells were further cultured in serum-free Opti-

Fig. 2 Wild type, but not C66Y EpCAM, inhibits tumor cell invasion in vitro and in vivo. a WHIM-3 and PyMT BO-1 breast cancer cell lines were
transduced with GFP, wild type EpCAM, or C66Y EpCAM. Invasion was assessed in vitro using Matrigel chambers. b B16-F10 cells were transduced
with GFP, wild type EpCAM, or C66Y (EpCAM colony 1 and 2). Protein expression is shown by immunoblot (left). Invasion (right) was assessed
in vitro using Matrigel chambers. c B16-F10 cells were transduced with GFP, wild type EpCAM, or C66Y EpCAM. Transduced cells were injected
into animals by tail vein, and the lungs were harvested 2 weeks later. Representative lungs samples are shown (left). Lung metastases were
counted using a dissecting microscope by two independent researchers (right). All experiments were performed at least three times. Full-length
blots are presented in Supplementary Fig. 5
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MEM media for 24 h and assayed for CTSL activity.
Only EpCAM deletion mutants with intact TY-1 do-
mains (EpCAM 314,288,265) were capable of inhibiting
CTSL activity (Fig. 3f). As previously reported [15] and
shown here, the cysteine at residue 66 forms a critical
disulfide bond in the EpCAM TY-1 domain. The C66Y
mutation likely impacts protein structure and CTSL in-
hibition. Taken together, these studies confirm that
EpCAM is capable of inhibiting CTSL activity, presum-
ably via the TY-1 domain.

WT EpCAM physically interacts with CTSL
The ability of TY-1 domain proteins to inhibit CTSL ac-
tivity typically depends on a physical interaction between
the TY-1 domain protein and CTSL. To determine if
EpCAM can physically interact with CTSL, we per-
formed immunoprecipitation and protein immunoblot

assays. We used the MDA-MB-468 breast cancer cell
line, which expresses moderate amounts of both EpCAM
and CTSL (Fig. 3a). MDA-MB-468 cell lysates were in-
cubated with IgG, anti-EpCAM, or anti-CTSL anti-
bodies, and immunoprecipitated proteins were
immunoblotted for EpCAM or CTSL. EpCAM immuno-
precipitation pulls down CTSL (Fig. 4a and Fig. S5), and
CTSL immunoprecipitation pulls down EpCAM (Fig. 4b
and Fig. S5), demonstrating a physical interaction be-
tween these proteins.

Many cancer-associated mutations prevent EpCAM cell
surface expression and secretion and abrogate EpCAM’s
ability to inhibit CTSL
EpCAM is a type-I transmembrane glycoprotein, which
is predominantly localized on the cell surface. The extra-
cellular domain of EpCAM is secreted (and/or cleaved)

Fig. 3 Wild type, but not C66Y EpCAM, can inhibit CTSL activity. a, b EpCAM expression negatively correlates with CTSL activity in a panel of
cancer cell lines. EpCAM expression was measured by flow cytometry, and CTSL activity was measured using a fluorescent substrate. c
Recombinant EpCAM inhibits CTSL activity. Increasing doses of recombinant EpCAM were added to conditioned media from SKOV-3 cells (source
of CTSL). CTSL activity was measured after 30 min. d Wild type, but not C66Y EpCAM, inhibits CTSL activity. A549 cells were stably transduced
with GFP, wild type EpCAM or C66Y EpCAM. Endogenous CTSL activity was measured. e, f Wild type EpCAM and EpCAM deletion mutants
containing the TY-1 domain, can inhibit CTSL activity. A549 cells were stably transduced with the indicated EpCAM deletion mutants, and
endogenous CTSL activity was measured
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and is detectable in cell culture media and the serum
and ascites of cancer patients. Soluble/secreted EpCAM
(EpEX) is a 242 amino acid (aa) fragment lacking the
signal peptide (23 aa), transmembrane domain (23 aa),
and cytoplasmic tail (26 aa) [13]. CTSL, while typically
expressed in the endosome, has also been shown to be
secreted by tumor cells and potentiates invasion in mul-
tiple cancer types [37, 38]. A study of congenital tufting
enteropathy patients demonstrated that some EpCAM
germline mutations can alter cellular trafficking and
localization of EpCAM protein to the cell surface [30].
In that study, multiple germline EpCAM mutations pre-
vented EpCAM expression at the cell surface.
To investigate whether cancer-associated EpCAM mu-

tations affect its cellular localization, and/or its potential
to inhibit CTSL, we cloned multiple cancer-associated
EpCAM mutations in expression vectors alone, or fused
to GFP at the C-terminal, and tracked EpCAM
localization in vitro. Partial proteolysis of EpCAM is
known and is expected with the dominant EpEX protein
when transfected in HEK-293 T cells [39]. Immunoblot
analysis demonstrates that the majority of EpCAM mu-
tants are expressed at similar levels at WT EpCAM and
that the TY-1 domain of EpCAM remains intact when
secreted (Fig. S4B & C).
As shown in Fig. 5a, flow cytometry and confocal mi-

croscopy demonstrate that representative EpCAM-WT
and EpCAM-M115T localize to the cell surface of epi-
thelial MDCK cells, whereas EpCAM-C66Y and
EpCAM-L240A localize in the cytosolic compartments.
To verify that soluble EpCAM can inhibit CTSL activity,
HEK-293 T cells were then transfected with GFP-tagged
EpCAM mutants and cultured in serum free media.

After 48 h, conditioned media was collected to measure
soluble EpCAM levels by ELISA and/or to test the ability
of conditioned media to inhibit CTSL activity. As ex-
pected, EpCAM mutants that are not expressed at the
cell surface were not detected in culture media by ELISA
(Fig. 5b, right), and these conditioned medias could not
inhibit CTSL activity from SKOV3 media (Fig. 5c, right).
In contrast, WT EpCAM and EpCAM mutants
expressed at the cell surface were readily detected in cul-
ture media (Fig. 5b, left), and conditioned media robustly
inhibited CTSL activity (Fig. 5c, left). Together, these re-
sults demonstrate that secreted EpCAM inhibits secreted
CTSL activity, while cancer-associated EpCAM muta-
tions that prevent cell surface expression also prevent
the ability to inhibit CTSL activity.
To confirm and extend these findings, we tested A549

lung cancer cells under multiple conditions. CTSL activ-
ity is required for A549 invasion [40] and at baseline
A549 cells are less invasive compared to other CTSL-
secreting cells. Addition of CTSL-rich SKOV3 condi-
tioned media enhanced A549 invasion 3-fold, and this
was abrogated by the CTSL inhibitor E64 (Fig. 5d, last 2
bar graphs). This confirms previous reports that CTSL
contributes to A549 invasion. To assess the effect of
cancer-associated EpCAM mutations on A549 invasion,
A549 cells were plated on Matrigel transwell invasion
chambers for 2 h followed by the addition of conditioned
media from transfected HEK-293 T cells expressing WT
or mutant EpCAM. After 30 min, CTSL-rich SKOV3
conditioned media was added and invasion was moni-
tored over 24 h. As expected, WT and cancer-associated
EpCAM mutants expressed at the cell surface sup-
pressed invasion, while cancer-associated EpCAM

Fig. 4 Wild type EpCAM physically interacts with CTSL. a MDA-MB-468 cell lysates were immunoprecipitated with EpCAM (clone C-10) or control
(IgG) antibody as described in methods section. EpCAM immunoprecipitation pulls down CTSL. b Cell lysates were immunoprecipitated with
CTSL or control (IgG) antibody. CTSL immunoprecipitation pulls down EpCAM. Full length blots are presented in Supplementary Fig. 5
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Fig. 5 Cancer associated EpCAM mutations prevents EpCAM-CTSL localization, interaction and Cathepsin L mediated invasion. a MDCK cells were
transduced with WT, M115T, C66Y, and L240A EpCAM and surface expression was analyzed by flow cytometry or confocal microscopy,
respectively. b GFP-tagged EpCAM mutants were transfected in 12 well culture plates into HEK-293 T cells. 500uL of Opti-mem media was added
to harvest secreted EpCAM in conditioned media after 48 h and assayed by ELISA to measure soluble EpCAM. c After 48 h of culturing, 1-mL of
conditioned media was collected from 6-well SKOV3 culture as a source of soluble CTSL. Conditioned media from transformed HEK-293 T cells
was used as a source of soluble EpCAM. CTSL activity was determined as discussed in methods. CTSL activity for secreted/cell surface EpCAM was
normalized with EpCAM whole cell extracts blot as shown in supplementary Fig. S4B. A5-CM (A549 conditioned media serves as a control). d
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tabulated to measure invasion
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mutants with no expression at the cell surface did not
affect invasion. Together, our findings suggest that sol-
uble/secreted EpCAM can suppress extracellular CTSL
protease activity via its TY-1 domain, while cancer-
associated EpCAM mutants that are not expressed on
the cell surface do not retain this function.

Discussion
EpCAM is overexpressed in many epithelial cancers, and
plays a complex role in cancer biology, stimulating or
inhibiting diverse cancer signaling pathways depending
on the cancer type [8–10]. There are 17 proteins with
TY-1 domains in the human genome (Fig. S1A). TY-1
domains are dependent on three conserved disulfide
bonds (Fig. S1B), creating a structure that can function
as a cathepsin family protease inhibitor [41, 42]. In stud-
ies performed here, we demonstrate that WT EpCAM
has the ability to inhibit CTSL, and that this inhibition is
dependent on the intact TY-1 domain of EpCAM. C66Y
is a cancer-associated EpCAM mutation that disrupts an
important disulfide bond in the EpCAM TY-1 domain.
The findings reported here provide important insights
into the biology of this and other cancer-associated
EpCAM mutations.
Cathepsin proteases play a key role in tissue remodel-

ing, tumor invasion, and metastasis. CTSL promotes
tumor cell invasion and metastasis by degradation of the
interstitial matrix and basement membranes [43]. Ca-
thepsin protease activity is frequently dysregulated dur-
ing neoplastic transformation, and increased activity
within the tumor microenvironment leads to cancer pro-
gression, proliferation, metastasis, and drug resistance.
CTSL is a powerful lysosomal cysteine proteinase, and
CTSL expression and activity is markedly increased in
advanced cancers [44]. Forced expression of CTSL is as-
sociated with increased migration, invasion, and chemo-
therapy resistance [36, 45, 46], and inhibition of CTSL
activity decreased tumor growth and invasion [47]. As
such, a role for WT EpCAM in the regulation of CTSL
in normal epithelia and/or cancer (as demonstrated
here) is consistent with the known roles for EpCAM in
the regulation of both epithelial-to-mesenchymal transi-
tion (EMT) and tumor cell invasion.
EpCAM mutations have been identified in many hu-

man epithelial cancer types. In the present study we fo-
cused on C66Y EpCAM, a mutation resulting in a
profound structural and functional alteration in the
EpCAM TY-1 domain. We expect other cysteine muta-
tions such as C135G in the TY-1 domain will disrupt
EpCAM structure and interaction with CTSL. We also
studied 13 other cancer-associated EpCAM mutations
and discovered that approximately 50% of these muta-
tions prevented EpCAM cell surface expression. In
addition to these nonsynonymous mutations, EpCAM

expression is often silenced in cancer cells by promoter
methylation, histone modification, and/or aberrant tran-
scription factor signaling [48]. EpCAM is silenced in
various cancer types [49, 50], and silencing may exceed
the observed rate of mutations. Our data suggest that
EpCAM gene silencing is likely associated with increased
CTSL activity. Therefore, EpCAM gene silencing may
represent an additional therapeutic opportunity to target
CTSL, although further studies would be needed.
A previous report showed preferential accumulation of

EpCAM C66Y mutant in the endoplasmic reticulum
[30]. We show a similar pattern here (Fig. 5a). Unlike
C66Y, the L240A mutant does not concentrate in the
endoplasmic reticulum (ER), but is expressed diffusely in
the cytoplasm (Fig. 5a). It has been suggested that the
C66Y mutant may cause aberrant EpCAM dimerization,
protein misfolding, and ER retention [30, 51]. A L240A
mutation would not affect disulfide bond formation,
which is critical to EpCAM structure, and may have
minimal impact on protein folding. L240A is located
near the transmembrane domain (Fig. 1) and could
affect EpCAM membrane anchoring and cell surface
expression.
Based on a detailed crystal structure analysis, the first

loop of the EpCAM TY-1 domain interacts with the C-
terminal domain of adjacent EpCAM to form EpCAM
cis-dimers [15]. This suggests that the EpCAM TY-1 do-
main may not be available to inhibit CTSL activity when
dimerized on the cell surface due to steric hindrances.
However, EpCAM is frequently present as a monomer
under different experimental conditions [15, 52–54], and
EpCAM is known to be cleaved and secreted by cancer
cells as shown by us (Fig. 5) and by others [13]. We
demonstrate here that soluble EpCAM inhibits CTSL ac-
tivity in a dose dependent manner (Fig. 3c) and that this
inhibitory effect is abrogated by deletion of the TY-1 do-
main of EpCAM (Fig. 3e). These findings are consistent
with other studies demonstrating that thyroglobulin do-
mains in other proteins can inhibit cathepsins (Table
S1). Together, these results suggest that EpCAM likely
inhibits CTSL in a soluble and/or monomeric state.
These studies reveal a novel role for EpCAM in the

regulation of CTSL, but also have potential therapeutic
implications as well. Cancers harboring cancer-
associated EpCAM mutations and/or EpCAM silencing
may have increased CTSL activity. While many cancers
demonstrate overexpression of CTSL, it is unclear if this
directly corresponds to increased CTSL and metastatic
activity. Laboratory techniques have been developed that
measure cathepsin activity in tissue specimens, but
greater specificity is needed for CTSL [55], and these are
not routinely performed. EpCAM mutations could po-
tentially serve as a biomarker of increased CTSL activity
in the tumor microenvironment and identify patients
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that would benefit from protease inhibitors targeting
CTSL. Initial clinical trials of protease inhibitors (pre-
dominantly matrix metalloprotease inhibitors) showed
limited efficacy due to off target activity causing signifi-
cant drug toxicity [20]. However, more recent preclinical
studies have identified and tested multiple different types
of cathepsin inhibitors that have been shown to specific-
ally target cathepsin subtypes with less toxicity [56].
Taken together, our findings and these recent preclinical
studies suggest that CTSL inhibition in cancers harbor-
ing EpCAM mutations may prove to be an effective
strategy.

Conclusions
Our study demonstrates a molecular mechanism of
tumor progression in EpCAM mutated tumor cells.
CTSL is often overexpressed or activated in advanced
epithelial cancers. To date, 115 coding, somatic EpCAM
mutations have been reported and deposited in public
databases [32, 33]. Our study demonstrates that some of
these mutations drive EpCAM accumulation in cytosol
compartments and prevent membrane expression. TY-1
domain mutations also disrupted CTSL binding. In an
era where genomic testing is being increasingly used to
drive biomarker-driven therapeutic decisions in patient
care, additional study is required to understand the role
of EpCAM mutations in cancer biology, and the poten-
tial to target these mutations with existing and/or novel
therapies.
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