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Background: EpCAM is important for intestinal epithelial integrity and is also involved in tumorigenesis.
Results: EpCAM interacts with claudin-7 and claudin-1, protects them from lysosomal degradation, and alters their intercel-
lular distribution.
Conclusion: EpCAMmodifies tight junction composition and function by regulating amounts and locations of claudins.
Significance: Effects of EpCAM on epithelial physiology and tumorigenicity may be mediated via modulation of claudins and
tight junctions.

Epithelial cell adhesion molecule (EpCAM) (CD326) is a sur-
face glycoprotein expressed by invasive carcinomas and some
epithelia. Herein, we report that EpCAM regulates the compo-
sition and function of tight junctions (TJ). EpCAMaccumulated
on the lateral interfaces of human colon carcinoma and normal
intestinal epithelial cells but did not co-localize with TJ. Knock-
down of EpCAM in T84 and Caco-2 cells using shRNAs led to
changes in morphology and adhesiveness. TJ formed readily
after EpCAM knockdown; the acquisition of trans-epithelial
electroresistance was enhanced, and TJ showed increased resis-
tance to disruption by calcium chelation. Preparative immuno-
precipitation demonstrated that EpCAM bound tightly to clau-
din-7. Co-immunoprecipitation documented associations of
EpCAMwith claudin-7 and claudin-1 but not claudin-2 or clau-
din-4. Claudin-1 associated with claudin-7 in co-transfection
experiments, and claudin-7 was required for association of clau-
din-1 with EpCAM. EpCAM knockdown resulted in decreases in
claudin-7 and claudin-1proteins thatwere reversedwith lysosome
inhibitors. Immunofluorescence microscopy revealed that clau-
din-7 and claudin-1 continually trafficked into lysosomes.
Although EpCAM knockdown decreased claudin-1 and claudin-7
protein levels overall, accumulations of claudin-1 and claudin-7 in
TJ increased. Physical interactions between EpCAM and claudins
were required for claudin stabilization.These findings suggest that
EpCAMmodulates adhesion and TJ function by regulating intra-
cellular localization and degradation of selected claudins.

Epithelial cell adhesion molecule (EpCAM),2 also known as
CD326, TACSTD1, and TROP-1, is a type I transmembrane

glycoprotein that was first identified as a tumor-associated
antigen (1). EpCAM is highly expressed by many carcinomas,
and its possible involvement in tumor development, progres-
sion, and metastasis has been extensively studied. The thera-
peutic potential of anti-EpCAMantibodies is also being actively
explored (2). In some settings, EpCAM has pro-oncogenic
activity, promoting cell proliferation, motility, carcinogenesis,
and metastasis. A recent report links pro-oncogenic effects of
EpCAM to sequential proteolysis that releases a soluble intra-
cellular fragment that enhances TCF/LEF1-dependent signal-
ing, thereby promoting expression of downstream cell cycle
regulators, including c-Myc (3). In contrast, in other tumors
EpCAM appears to suppress cancer progression (2, 4). Mecha-
nisms responsible for the divergent activities of EpCAM in dif-
ferent contexts have not yet been elucidated.
EpCAM is also widely expressed by developing epithelia in

normal individuals, and high levels persist in some epithelia in
adults (e.g. in the gastrointestinal tract). Although EpCAM has
been less extensively studied in normal tissues and nontrans-
formed cells than in cancer, there are indications that EpCAM
influences epithelial homeostasis. Expression of EpCAM pro-
motes aggregation of fibroblasts in suspension, suggesting that
EpCAM can function as an intercellular adhesionmolecule (5).
It has been reported that EpCAM forms multimers within the
plasma membrane and that adhesive interactions are homo-
philic and end-to-end. Binding of the short intracellular C ter-
minus of EpCAM to the cytoskeleton is prerequisite for inter-
cellular adhesion (6, 7).
In vivo studies also suggest a role for EpCAM in intercellular

adhesion in epithelia. Zebrafish embryos with nullmutations in
EpCAM displayed defective epithelial morphogenesis with
attenuated epiboly involving cells of the enveloping layer of
primordial epidermis (8). In Xenopus, ectopic EpCAM expres-
sion induced tissue mixing during gastrulation (9). In humans,
EpCAM mutations cause congenital tufting enteropathy, a rare
diarrheal syndrome that results from severe intestinal epithelial
dysplasia and loss of epithelial integrity (10). Finally, very recent
studies indicate that EpCAMmutations in mice also cause major
perturbations in intestinal epithelial homeostasis (11, 12).
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The formation of apical junctional complexes (AJC) involv-
ing adjacent cells is required for the establishment and mainte-
nance of normal epithelial structure and function. Typical AJC
are composed of tight junctions (TJ) and adherens junctions,
and AJC may also include gap junctions and desmosomes (13).
TJ represent the most apical components of AJC, forming belt-
like structures that encircle individual cells and closely approx-
imate adjacent cells to each other. TJ comprise the principal
components of the paracellular diffusion barrier that deter-
mines bidirectional epithelial permeability of small molecules
and water, and TJ also restrict apical-basolateral diffusion of
membrane components maintaining the structural and func-
tional polarity of individual epithelial cells (14). Abrogation of
barrier function in epithelia that interface with the environ-
ment is associated with a variety of gastrointestinal, renal, and
cutaneous diseases (15).
TJ are composed of several transmembrane and membrane-

associated proteins, including the tetraspan transmembrane
proteins occludin and one ormore of more than 20 structurally
related claudins. These transmembrane proteins interact with
each other and with additional membrane and nonmembrane
proteins, including intracellular zonula occludens (ZO-1 and
ZO-2) and other PDZ domain-containing proteins (16).
Despite their elaborate morphology and substantial structural
organization, AJC are highly dynamic with regard to composi-
tion and function (17). AJC (including TJ) are remodeled in
physiological and pathological circumstances such as organo-
genesis and the epithelial-mesenchymal transition associated
with cancer progression (18, 19). AJC composition may also be
routinely adjusted to adapt to continuously changing microen-
vironments associated with different developmental stages,
metabolic stress, and/or epithelial injury (20).
Many details regarding regulation of AJC composition and

function remain to be determined. Recognizing that EpCAM
has been implicated in intercellular adhesion in multiple set-
tings and that EpCAM mutations disrupt intestinal epithelial
homeostasis, we predicted that exploring EpCAM function in
vitro in intestinal epithelial cells (IEC) with well characterized
intercellular adhesive properties would be informative. Studies
described herein reveal that EpCAM regulates TJ formation,
stability, composition, and function in human colon cancer
cells (T84 and Caco-2 cells) by interacting with several compo-
nents of AJC, notably claudin-7 and claudin-1. Association of
EpCAMwith claudin-7 and claudin-1 promotes claudin stabil-
ity and accumulation and influences claudin distribution in
these polarized epithelial cells with functional consequences.

EXPERIMENTAL PROCEDURES

Cell Lines—T84 cells were kindly provided byDr. AsmaNus-
rat (Emory University), and Caco-2 cells were obtained from
Drs. Toni Antalis and Marguerite Buzza (University of Mary-
land). T84 cells were cultured in DMEM/F-12 supplemented
with 6% fetal bovine serum (FBS), 15 mM HEPES (pH 7.4), 100
units/ml penicillin, and 100 mg/ml streptomycin. Caco-2 cells
were grown in DMEM containing 10% FBS, 15 mMHEPES (pH
7.4), nonessential amino acids, 100 units/ml penicillin, and 100
mg/ml streptomycin. COS-7 cells were from American Type
Culture Collection (Manassas, VA).

Antibodies—Polyclonal anti-EpCAM antibodies (Ab) used
for Western blotting were raised in rabbits by immunization
with a fusion protein composed of the extracellular domain of
mouse EpCAM fused in-framewith the Fc portion fromhuman
IgG1 and used after affinity purification to eliminate reactivity
with human IgG and enrich reactivity with EpCAM. Mouse
monoclonal anti-EpCAMAb (mAb, clones EBA-1 and 323/A3,
used for immunoprecipitation and immunostaining) and anti-
ubiquitin (P4D1) mAb were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA), and rabbit anti-EpCAM (1141-1)
mAb used for immunostaining was from Epitomics (Burlin-
game, CA). Anti-occludin, anti-ZO-1, anti-claudin-1, -2, -4, -5,
and -7, and mouse anti-E-cadherin mAb were from Invitrogen.
Rat anti-CD26 mAb was purchased from Bender MedSystems;
mouse anti-Lamp1 (H4A3) and mouse anti-�-catenin were
from BD Biosciences (San Jose, CA), mouse anti-�-actin mAb
and rabbit anti-myosin IIA were from Sigma, and rat anti-HA
Ab was from Roche Applied Science. Mouse anti-desmoglein 2
mAb was a gift from Dr. Nusrat (Emory University), and rabbit
anti-Na/K-ATPase Ab was kindly provided by Dr. Haruo
Homareda (Kyorin University, Japan).
Construction of EpCAM shRNA-containing and Gene Expres-

sion Vectors—Two plasmids containing shRNA oligonucleo-
tides targeting the EpCAM sequences (CTACAAGCTGGC-
CGTAAAC (EpCAM shRNA 1) and GGACGAAGACATCT-
TTGAA (EpCAM shRNA 2)) were constructed. Corresponding
synthetic oligonucleotides were annealed and cloned into pSUPER.
retro.puro vector (OligoEngine, Seattle) at BglII and XhoI sites.
The resulting plasmids were verified by restriction enzyme di-
gestion and DNA sequencing. pcDNA3-EpCAMHA-encoding
plasmids were produced by cloning sequence-verified PCR fr-
agments of human EpCAMHA into pcDNA3 (Invitrogen) that
had been digested with BamHI and XhoI. Sequence-verified
claudin-7HA PCR fragments were cloned into pcDNA3 at
BamHI and EcoRI sites to produce pcDNA3-claudin-7HA.
pTRIP-claudin-1 was kindly provided by Dr. Charles Rice (Ro-
ckefeller University). EpCAMmutations of interest were intro-
duced into cDNA using a QuikChange kit (Stratagene, La Jolla,
CA) following the manufacturer’s instructions.
Cell Transfection, Virus Infection, and Derivation of Stable

Cell Lines—pSUPER.retro.puro or pSUPER.retro.puro plas-
mids containing EpCAM shRNA 1 or 2 were transfected into
Phoenix-Ampho cells (from Dr. Gary Nolan, Stanford Univer-
sity) using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s instructions. Retrovirus-containing supernatants
were collected and used to infect T84 orCaco-2 cells. Following
selection with puromycin for 10–14 days, stable EpCAM
shRNA transductants were pooled and analyzed for EpCAM
expression by immunoblotting. Single cell suspensions were
prepared from pooled T84/EpCAM shRNA 2 and Caco-2/
EpCAM shRNA 2 cells and replated at limiting dilutions to
allow identification of single colonies to grow. Clones were iso-
lated, expanded, and analyzed for EpCAM expression by flow
cytometry. Clone 3 T84/shEpCAM 2 cells that exhibited dra-
matically reduced EpCAM expression were transiently trans-
fected with pcDNA3 or pcDNA3 containing EpCAMHA or
EpCAMmutHA (EpCAM(A279IG283I)HA) by electropora-
tion (Gene Pulser, Bio-Rad) at 350 V for 20 s. pcDNA3 and
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pcDNA3 plasmids containing EpCAMHA or EpCAMmutHA
were transfected into a clone of Caco-2/shEpCAM 2 cells that
exhibited low EpCAM levels using Lipofectamine 2000. Plas-
mid-expressing cells were selected with 700 �g/ml G418 for 14
days and expanded, and cells that expressed high levels of
EpCAM (comparable with levels in unmanipulated Caco-2
cells) were isolated via preparative flow cytometry.
Inhibition of Claudin Expression with siRNAs—Double-

stranded RNA oligonucleotides containing claudin-1 siRNA
that corresponded to a previously described sequence (21) were
synthesized by Thermo Scientific Dharmacon (Lafayette, CO).
Claudin-7 siRNA was purchased from Invitrogen. T84 or
Caco-2 cells were transfected with claudin-7 siRNA with or
without claudin-1 siRNA or negative control siRNA duplexes
using electroporation (Gene Pulser, Bio-Rad) at 320V (for T84)
or 280V (for Caco-2) for 20 s. Transfected cells were plated into
10-cm dishes, incubated for 24 h, and re-plated into Transwell
chambers for monitoring TEER or as sources of cell lysates for
monitoring protein levels by Western blotting.
Quantitative RT-PCR—Total RNA was prepared using

RNeasy kits (Qiagen) and reverse-transcribed with SuperScript
III First-Strand Synthesis System for RT-PCR (Invitrogen). Quan-
titative RT-PCRwas performed using the following primers: clau-
din-7 (forward, 5�-TTTTCATCGTGGCAGGTCTTG-3�; re-
verse, 5�-CTTGCTCTCATTCCCAGGACAG-3�); claudin-1
(forward, 5�-TTGGTCAGGCTCTCTTCACTGG-3�; reverse,
5�-CTTGCTCTCATTCCCAGGACAG-3�), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (forward, 5�-AC-
AACTTTGGTATCGTGGAAGGAC-3�; reverse, 5�-AGGGA-
TGATGTTCTGGAGAGCC-3�). PCR products were generated
using a CFX96 real time PCR detection system (Bio-Rad) and
quantified using SYBR Green PCRMaster Mix (Applied Biosyst-
ems) in conjunction with CFXManagerTM software version 1.5.
Flow Cytometry—T84 and Caco-2 cells were immunostained

with mouse anti-EpCAM mAb, followed by FITC-conjugated
anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA).
Analytical flow cytometry was performed with a FACSCalibur
(BD Biosciences), and flow cytometry sorting utilized a
FACSAria II (BD Biosciences).
Cell Proliferation—T84 or Caco-2 cells were introduced into

96-well plates (3� 103 cells/well) and cultured at 37 °C for various
periods. Premixed WST-1 cell proliferation reagent (Clontech)
was added, and incubationswere continued for 1.5 h. Proliferation
was assessed by measuring A450 in each well using an ELISA
reader.A450 was directly proportional to viable cell number.
Cell Migration—Cell migration was evaluated using an in vitro

wound healing assay. EpCAMknockdown or control Caco-2 cells
(4.0� 104) were plated into each well of 6-well culture plates that
contained defect-creating ibidi inserts (Applied Biophysics Inc.,
Troy, NY). After overnight incubation, inserts were removed;
media were replaced with low serum (0.1% FBS) or 10% FBS-con-
taining media, and incubations were continued for an additional
24 h. Phase contrast images of “wounds” that were created by
removing the inserts were acquired at identical locations at the
beginning and conclusion of the assay, and residual wound areas
were quantified using ImageJ.

Preparation of Epithelial Cell Monolayers and Measurement
of Trans-epithelial Electrical Resistance—To establish polar-
ized IECmonolayers, T84 cells or Caco-2 cells (6� 105 and 3�
105 cells per well, respectively) were plated into Transwell
chamberswith 12-mmdiameter polycarbonate filterswith pore
sizes of 0.4 �m (Corning-Costar, Cambridge, MA). T84 and
Caco-2 cells were cultured for 8–10 days or 21–28 days, respec-
tively, with media changes every other day. TEER was moni-
tored with an EVOM II electrovoltohmeter (World Precision
Instruments, Sarasota, FL) and is expressed as megohms�cm2.
Immunoblotting, Immunoprecipitation, and Co-immunopre-

cipitation—Cells were lysed with Triton X-100 lysis buffer or
RIPA lysis buffer as indicated and normalized for protein con-
tent using a Bradford protein assay (Bio-Rad) (22). EpCAM lev-
els were assessed by immunoblotting with rabbit anti-EpCAM
polyclonal Ab. To detect and quantify claudin-7 ubiquitination,
cells were lysed in RIPA buffer, and the resulting cell lysates
were normalized for protein concentration and immunopre-
cipitated with anti-claudin-7 prior to blotting with anti-ubiqui-
tin Ab. Protein associationswere assessed via co-immunoprecipi-
tation of proteins from Triton X-100 lysates as described
previously (22). ForWesternblotting, proteins in immunoprecipi-
tates or cell lysates were resolved by SDS-PAGE and transferred
onto nitrocellulosemembranes that were subsequently incubated
with the indicated Ab. Proteins of interest were visualized using
horseradish peroxidase-conjugated secondary Ab (GE Health-
care) and enhanced chemiluminescence (Pierce).
Identification of EpCAM-associated Proteins via Mass

Spectrometry—EpCAM-containing immunoprecipitates were
resolved using SDS-PAGE and stained with colloidal Coomas-
sie Blue (Invitrogen). After de-staining, protein bands were
excised from gels, and protein characterization was performed by
ProtTech, Inc. (Norristown, PA) using NanoLC-MS/MS peptide
sequencing technology. Briefly, proteins from the gel bands were
digested withmodified sequencing grade trypsin (Promega,Mad-
ison,WI), and the resulting peptidemixture was subjected to tan-
demmass spectrometry to allow peptide sequencing. An ion trap
mass spectrometer (Thermo, Palo Alto, CA) coupled with a high
performance liquid chromatography system running a 75-�m
inner diameter C18 column was used. MS/MS spectra were used
to search recent nonredundant protein data bases from
GenBankTM using ProtQuest software suite from ProtTech.
Immunofluorescence Microscopy and Image Analysis—Cells

grown on coverslips were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100 before immunostaining,
whereas cells grown on Transwell filters were fixed with cold
acetone/ethanol (3:1) or coldmethanol. After blocking with 1%
BSA, cells were stained with the indicated primary Ab or con-
trol IgG, followed by Alexa 488- or Alexa 568-conjugated sec-
ondary Ab (Invitrogen). Frozen sections of human small intes-
tine were fixed with cold acetone/ethanol (3:1). After blocking
with 3%drymilk (Bio-Rad), including 5%normal donkey serum
or 5% normal goat serum (as appropriate) for 1 h at room tem-
perature, sections were stained with the Ab of interest followed
by Alexa 488- or Alexa 568-conjugated secondary Abs (Invitro-
gen). Stained cells or tissue sections were mounted in ProLong
Gold antifade reagent containing 4,6-diamidino-2-phenyl-
indole (DAPI) (Invitrogen) prior to visualization with an
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LSM510 confocal laser-scanning microscope (Zeiss) and anal-
ysis with LSM Image Browser 4.0. Quantification of co-localiza-
tion of claudin-7 or claudin-1 with ZO-1 was accomplished using
AIM software (Zeiss), and the results are presented as co-localiza-
tion coefficients (claudin-associated pixels/ZO-1-associated pix-
els normalized to pixels above background; value � 1 indicates
complete co-localization). TJ stability after calcium depletion was
assessed by quantitative image analysis usingAngioTool (23). The
complexity of the network of TJ, as revealed by staining with an
anti-occludin antibody,was evaluated by assessing the total length
of thenetworkand thenumberof junctions (locationswheremore
than two segments of the network converge) per field.
Statistics—Probability values were calculated using the Stu-

dent’s t test.

RESULTS

EpCAM Localizes to the Lateral Interfaces of Polarized Epi-
thelial Cells—Because EpCAM is expressed at high levels in
intestinal epithelia and is important for intestinal epithelia
architecture and function, we studied the human colon cancer
cell lines T84 and Caco-2 to determine whether EpCAM regu-
lated AJC composition or function. T84 and Caco-2 cells are
useful tools for investigating intercellular adhesion and epithe-
lial polarity because they retain characteristics of normal
enterocytes and readily form monolayers that develop TEER.
We first assessed EpCAM expression and localization in rela-
tionship to TJ structures that are key determinants of epithelial
polarity. Consistent with previous reports (24), flow cytometry
confirmed that T84 cells and Caco-2 cells expressed high levels
of EpCAM on cell surfaces (data not shown). Characterization
of EpCAM expression and localization in subconfluent T84
cells using confocal immunofluorescence microscopy revealed
EpCAM on cell surfaces and in punctate intracellular accumu-
lations as well (Fig. 1A). Confocal scanning coupled with image

integration indicated that EpCAM localized to the lateral inter-
faces of polarized T84 cells in post-confluent monolayers char-
acterized by robust formation of TJ manifesting as well as
defined occludin and ZO-1-containing networks (Fig. 1, B and
C). We observed that EpCAM was present below TJ and that
EpCAM and TJ protein staining did not appear to co-localize.
Importantly, analogous results were obtained in studies of
EpCAM and TJ protein distribution in human small intestinal
epithelial cells in vivo (Fig. 1D).
Previous studies suggested that EpCAM regulated cadherin-

mediated intercellular adhesion (25), and our initial experiments
indicated that EpCAM and E-cadherin both accumulated on lat-
eral interfacesof IEC.However, confocalmicroscopy revealed that
these two proteins did not precisely co-localize in T84 cell mono-
layers (supplemental Fig. 1A). Co-immunoprecipitation studies
also did not indicate that EpCAM and E-cadherin were tightly
associated in T84 cells (supplemental Fig. 1B).
Reductions in EpCAM Expression Change Intestinal Epithe-

lial CellMorphology and Physiology—Weutilized two different
shRNAs to inhibit EpCAM expression by T84 and Caco-2 cells
to begin to assess the functional significance of EpCAMexpres-
sion by IEC.Western blotting revealed that shEpCAM2 reduced
EpCAMexpressionmore efficiently than shEpCAM1 inbothT84
andCaco-2 cells (Fig. 2A). Unmanipulated subconfluent T84 cells
formed tight dome-shaped colonies that exhibited compaction
(apparent loss of intercellular borders). Although transduction
withcontrol retrovirusdidnot alter colonymorphology, introduc-
tion of shEpCAM 1, and especially shEpCAM 2, caused modest
flattening of colonies that were composed of cells whose borders
could be discerned (Fig. 2B), consistent with the concept that
EpCAM influences intercellular adhesion.
Because several prior reports related EpCAM expression to

proliferation and migration (3, 26, 27), we measured these

FIGURE 1. EpCAM localizes to lateral interfaces of human intestinal epithelial cells below tight junctions. A, human carcinoma (T84) cells growing as
colonies on coverslips were stained with anti-EpCAM and examined using confocal laser immunofluorescence microscopy. B and C, post-confluent T84 cell
monolayers growing on membranes in Transwell chambers were fixed, and double-stained with anti-EpCAM and anti-occludin (B, XZ image) or anti-EpCAM
and anti-ZO-1 (C, three-dimensional image). D, lightly fixed frozen sections of human small intestine were stained with anti-EpCAM and anti-occludin and
analyzed via confocal microscopy. Scale bars, 10 �m (A–C), or 20 �m (D).
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parameters in control andEpCAMknockdownT84 andCaco-2
cells. Somewhat surprisingly, in both cell lines, knockdown of
EpCAM expression led to 10–20% increases in cell prolifera-
tion that were inversely correlatedwith EpCAM levels (Fig. 2,C
and D). These results are consistent with a report indicating
that overexpression of EpCAM in invasive colon cancer cell
lines down-regulated cell proliferation (28). T84 cells did not
migrate appreciably, independent of levels of EpCAM (data not
shown). Characterization of Caco-2 cell migration in an in vitro
woundhealing assay conducted in low serum-containingmedia
that mitigated effects of EpCAM on cell proliferation (supple-
mental Fig. 2A) revealed that EpCAM reduction did not appre-
ciably alter “wound healing” (Fig. 2E).
EpCAM Regulates Tight Junction Function—To additionally

explore the role of EpCAM in intercellular adhesion, we char-

acterized TJ structure and function in control and EpCAM
knockdownT84 andCaco-2 cells. Confocal lasermicroscopy of
post-confluent T84monolayers demonstrated continuous net-
works of ZO-1-containing TJ that were well defined in both
EpCAM knockdown and control vector-transduced cells (data
not shown, also see Fig. 9D). Barrier function of TJ can be quan-
tified bymeasuring TEER. Thus, wemade serial measurements
of TEER exhibited by monolayers of T84 and Caco-2 cells
expressing usual or reduced levels of EpCAM. As reported pre-
viously, T84 monolayers acquired higher levels of TEER than
Caco-2 monolayers and also acquired TEER more quickly (29,
30). Reductions of EpCAM led to significant alterations in
TEER acquisition in both cell lines. InT84monolayers, EpCAM
reduction causedTEER to increasemore rapidly than in control
cells, but maximal levels of TEER exhibited by monolayers of

FIGURE 2. Reduction of EpCAM expression changes the morphology and physiology of colon cancer cells. T84 and Caco-2 cells were infected with retroviruses
expressing control or EpCAM shRNAs, and stable transductants were selected using puromycin. A, cell lysates from transduced T84 (upper panel) or Caco-2 (lower
panel) cells were assessed for EpCAM content using Western blotting. B, phase contrast images reveal morphologies of unmanipulated as well as control vector- or
EpCAM shRNA-transduced T84 cells. Cells were plated in 10-cm dishes and cultured for 6 days prior to imaging. C and D, control vector- or EpCAM shRNA-transduced
T84 (C) or Caco-2 (D) cells were assessed for proliferative activity using the WST-1 assay. Bars represent daily A450 determinants (means � S.D.) for each cell line
normalized to the day 1 A450 for that cell line. E, abilities of control vector-transduced and EpCAM shRNA 2-expressing Caco-2 cells to migrate were studied using a
wound healing assay. Defects in monolayers were created by adding cells into 6-well plates containing inserts in each well. After incubation for 24 h in medium
containing 0.1% FBS, inserts were removed, and phase contrast photomicrographs were obtained at the indicated times. Representative images from n � 3 experi-
ments are shown. Residual wound areas (means � S.E.) after 16 h were determined using ImageJ. Scale bars, 200 �m. *, p � 0.05; **, p � 0.01.
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T84 cells with normal and reduced levels of EpCAM were not
different (Fig. 3A). Rates of TEER acquisition in post-confluent
monolayers did not correlate with increases in cell numbers

(supplemental Fig. 2B), suggesting that this difference is not
due to altered cell proliferation. Interestingly, EpCAM reduc-
tion in Caco-2 cells resulted in acquisition of maximal TEER

FIGURE 3. Regulation of TEER and tight junction stability by EpCAM. A and B, monolayers of control vector- or EpCAM shRNA-transduced T84 (A) or Caco-2 (B) cells
were cultured in Transwells, and TEERs were determined daily for T84 or every other day for Caco-2 cells. Mean TEERs � S.E. are depicted. Representative results from
one of three experiments are shown. C, T84 cell monolayers were grown and monitored for acquisition of TEER. Maximal TEERs were obtained after 9 days of
incubation, and monolayers were subsequently incubated in EGTA-containing (calcium-depleted) or regular medium for 40 min, fixed, and stained with anti-occludin.
D, digital images corresponding to 10 random fields of anti-occludin-stained retrovirus-transduced T84 monolayers that had been calcium-depleted were subjected
to quantitative analysis using AngioTool. Aggregate lengths of tight junction networks and numbers of network junctions per field (means � S.E.) are shown.
Representative results from one of three experiments are presented. Scale bars, 10 �m (C, upper panel) or 20 �m (C, lower panel). *, p � 0.05; **, p � 0.01.
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that wasmore than 2-fold higher than inmonolayers composed
of cells with high levels of EpCAM (Fig. 3B).
We also determined the impact of calcium depletion on TJ

integrity. Control vector- and shEpCAM-treatedT84 cells were
allowed to form monolayers with maximal TEER; extracellular
calcium was removed via exposure to EGTA (31), and TJ were
visualized via occludin staining of fixed cell monolayers 40 min
later. TJ were significantly more resistant to disruption by cal-
cium depletion after EpCAM knockdown, and the degree of
resistance was inversely proportional to the levels of EpCAM
that were expressed (Fig. 3,C andD). In aggregate, these results
suggest that EpCAM regulates TJ formation, maintenance, and
function.
It has been reported that EpCAMmodulates adhesionmedi-

ated by E-cadherin (25), a critical component of adherens junc-
tions in epithelia. Adherens junctions are also required for TJ
formation (32). Thus, we compared E-cadherin as well as
�-catenin expression and localization in T84 cells expressing
the usual high levels of EpCAM and EpCAM knockdown cells.

We also examined desmoglein 2 expression and localization
as a surrogate for desmosomes. Immunofluorescence stain-
ing of control and EpCAM knockdown T84 cell monolayers
indicated that reduction in EpCAM expression did not
change E-cadherin and �-catenin expression or localization
(Fig. 4, A and B). This is consistent with the results of co-lo-
calization studies and reciprocal co-immunoprecipitation
experiments described above (see supplemental Fig. 1).
EpCAM knockdown also did not lead to obvious alterations
in desmoglein 2 expression or distribution (Fig. 4C). We also
examined the distributions of cell surface proteins that are
indicative of intestinal epithelial cell polarity. EpCAM
knockdown did not change in expression or distribution of
CD26 (on apical membrane surfaces), Na/K-ATPase (on
basolateral surfaces) (Fig. 4D), or the subapical localizations
myosin IIA (Fig. 4E). We conclude that effects of EpCAM on
TJ are selective, do not cause gross abnormalities in cell
polarity, and are not secondary to changes in E-cadherin
expression or disruption of microfilament networks.

FIGURE 4. EpCAM depletion does not markedly alter the distribution of adherens junction- or desmosome-associated proteins or epithelial polarity.
Stable control vector- or shEpCAM 2-transduced T84 cells were grown in Transwells for 8 –10 days to allow development of maximal TEER and then fixed and
stained for ZO-1 and E-cadherin (E-cad) (A), occludin (Occl) and �-catenin (�-cat) (B), ZO-1 and desmoglein 2 (Dsg2) (C), for Na/K-ATPase (red) and CD26 (green)
(D), or for myosin IIA (red) and EpCAM (green) (E). Results shown are representative of those observed in three experiments. Scale bars, 10 �m (A–C, left panels,
and D and E, XZ images), or 20 �m (right panels, XY images).
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EpCAM Interacts with Claudin-7 and Claudin-1—To gain
insights intomechanisms by which EpCAMmight influence TJ
function and IEC physiology, we characterized proteins that
associated with EpCAM. To accomplish this, we carried out

preparative immunoprecipitation of detergent-solubilized con-
trol and EpCAMknockdownT84 cell lysates with anti-EpCAM
mAb in the absence of cross-linking reagents and identified
SDS-PAGE-resolved proteins that were more abundant in
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immunoprecipitates using specific mAb and control cells. We
also screened for proteins that were less abundant in immuno-
precipitates from EpCAM knockdown cells. Differentially rep-
resented proteins were eluted from gels, and peptides gener-
ated by exhaustive trypsinization were characterized by mass
spectrometry. As anticipated, anti-EpCAM mAb precipitated
43- and 37-kDa species that corresponded to EpCAM (Fig. 5A).
Strikingly, there was a single �20-kDa band in EpCAM immu-
noprecipitates from vector-transduced cells that was markedly
less abundant in immunoprecipitates from T84 cells with
reducedEpCAMexpression (seeasterisk in Fig. 5A).Mass spec-
trometry indicated that this 20-kDa protein corresponded to
claudin-7.
To confirm that EpCAM associated with claudin-7 in T84

cells, we prepared immunoprecipitates with anti-EpCAMmAb
and probed for claudin-7 in immunoprecipitates by Western
blotting. Claudin-7was readily detected in anti-EpCAM immu-
noprecipitates but not in those prepared with control IgG (Fig.
5B). Because the claudin family is composed of �25 members,
we also determined whether EpCAM associated with other
claudin-7-related proteins. In addition to claudin-7, EpCAM
co-immunoprecipitated with closely related claudin-1 (33), but
not claudin-2, claudin-4 or the unrelated TJ protein occludin
(Fig. 5B). We subsequently determined that Caco-2 cells also
expressed claudin-7 and claudin-1 (supplemental Fig. 3) and
that EpCAM also associated with these proteins in Caco-2 cells
(Fig. 5C). Note, however, that EpCAM and claudin-7 were
muchmore abundant in T84 cells than in Caco-2 cells (supple-
mental Fig. 3). We also assessed EpCAM-claudin-7/claudin-1
interactions in subconfluent (Fig. 5D) and polarized T84 (Fig.
5E) andCaco-2 (Fig. 5F) cellmonolayers using confocalmicros-
copy. EpCAM co-localized with claudin-7 and claudin-1 in all
of these settings. Interestingly, results obtainedwith subconflu-
ent T84 cells suggested that EpCAM and claudin-7 were asso-
ciated in intracellular compartments as well as on cell surfaces
(Fig. 5D).
Claudin-7 Associates with Claudin-1 and Facilitates Incor-

poration of Claudin-1 into EpCAM-containing Complexes—
Claudin-7 and claudin-1 are closely related (�50%homologous
at the amino acid level (33)), suggesting that they might be
similar with regard to their ability to interact with EpCAM.
Although both claudin-7 and claudin-1 co-immunoprecipitate
with EpCAM, preferential association of EpCAM with clau-
din-7 as compared with claudin-1 (Fig. 5, B, 2nd and 4th lanes,
and C, 2nd and 5th lanes) suggested that EpCAM-claudin-7
associations were of higher avidity than EpCAM-claudin-1
associations. These results are consistent with the observation
that mass spectrometry only identified claudin-7 in EpCAM
immunoprecipitates (Fig. 5A). Because claudin familymembers
can interact with each other, it was possible that claudin-7 and

claudin-1 might interact with each other and that EpCAM-
claudin-1 associations might be mediated by claudin-7. To
assess this possibility, we examined EpCAM-claudin-1 associ-
ation in T84 cells with reduced claudin-7 levels. As shown in
Fig. 6A, the presence of claudin-1 in EpCAM immunoprecipi-
tates was markedly decreased after claudin-7 knockdown with
specific siRNA. This suggested that claudin-1 might bind to
claudin-7 that, in turn, interacted with EpCAM. Consistent
with this conclusion, claudin-7 in T84 cell lysates co-immuno-
precipitated with claudin-1 (Fig. 6B). Because claudin-1 and
claudin-7 are homologous, it was important to exclude anti-
body cross-reactivity as a confounder in these experiments. To
address this, HA-tagged claudin-7 and nontagged claudin-1
were ectopically expressed in EpCAM-negative (data not
shown) COS-7 fibroblasts, and detergent lysates were immuno-
precipitated with anti-HA antibodies. We observed claudin-1 to
claudin-7 co-immunoprecipitation and confirmed that anti-clau-

FIGURE 5. EpCAM interacts with claudin-7 and claudin-1. A, control vector-transduced or EpCAM knockdown T84 cells were solubilized in Triton X-100-
containing buffer, and lysates were immunoprecipitated (IP) with control IgG or anti-EpCAM Ab. Immunoprecipitates were resolved via SDS-PAGE, and gels
were stained with Coomassie Blue. Differentially represented bands/proteins were characterized using mass spectrometry. B and C, immunoprecipitates from
vector-transduced or EpCAM knockdown T84 cells (B) or Caco-2 cells (C) acquired as in A were fractionated using SDS-PAGE and immunoblotted with
anti-claudin-7, -1, -2 or -4 or anti-occludin Abs. D–F, co-localization of EpCAM with claudin-7 and claudin-1 detected using confocal scanning laser microscopy.
D, T84 cells were grown on coverslips for 2 days, fixed with paraformaldehyde, and permeabilized with 0.5% Triton X-100. E, T84 monolayers were cultured on
Transwell filters for 8 days, fixed with cold acetone/ethanol (3:1), and stained with anti-EpCAM and anti-claudin-7 Abs. A mid-level optical section (below TJ) is
displayed. F, Caco-2 monolayers were grown on Transwell filters for 23 days, fixed with cold methanol, and stained for EpCAM and claudin-1. A mid-level optical
section (below TJ) is displayed. Scale bars, 20 �m.

FIGURE 6. Claudin-7 mediates EpCAM-claudin-1 interactions by associat-
ing with claudin-1. A, T84 cells transfected with negative control (siNeg) or
claudin-7 siRNA (siC7) were solubilized, and cell lysates were immunoprecipi-
tated (IP) with control IgG or anti-EpCAM Ab as in Fig. 5A. Immunoprecipitates
and cell lysates were fractionated using SDS-PAGE and immunoblotted with
anti-claudin-1, anti-claudin-7, or anti-EpCAM. B, anti-claudin-1 immunopre-
cipitates of T84 cell lysates acquired as in A were fractionated using SDS-PAGE
and immunoblotted with anti-claudin-7 or anti-claudin-1. C, COS-7 cells were
co-transfected with pTRIP-claudin-1 and pcDNA3-claudin-7HA or control
empty vectors (Vec) using Lipofectamine. Cells were lysed in Triton X-100-
containing buffer 24 h after transfection, and cell lysates were immunopre-
cipitated with anti-HA antibody. SDS-PAGE-resolved immunoprecipitates
were blotted with anti-claudin-1 or anti-claudin-7.
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din-1 and anti-claudin-7 antibodies were not cross-reactive in
Western blots (Fig. 6C). The simplest (but not exclusive) explana-
tion for this result is that claudin-1 and claudin-7 interact directly.
EpCAMProtects Claudin-7 andClaudin-1 fromDegradation

in Lysosomes—While conducting the immunoprecipitation
and Western blotting experiments described above, we
observed that claudin-7 and claudin-1 levels were selectively
and dramatically decreased inTritonX-100 lysates fromT84 cells
(Fig. 7A) andRIPAbuffer lysates fromT84 (Fig. 7B, left panel) and
Caco-2 (Fig. 7B, right panel) cells that had been treated with
viruses encoding two different EpCAM shRNAs. Note that the
amounts of claudin-7 and claudin-1 in virus-treated cells were
directly proportional to the amounts of EpCAMthatwere present

and that levels of claudin-2, claudin-4, occludin, ZO-1, and E-cad-
herin did not correlate with EpCAM levels.
To address the possibility that these results reflected differ-

ential solubilization of junction-associated proteins, we lysed
T84 cells directly in SDS sample buffer followed by boiling.
Claudin-1 and especially claudin-7 levels were also decreased in
EpCAM knockdown lysates prepared with SDS sample buffer
(data not shown).We also sought to determinewhether claudin
down-regulation could be attributed to changes in mRNA lev-
els, and we performed real time RT-PCR experiments. Clau-
din-7 and claudin-1 mRNA levels were not decreased in T84
EpCAM knockdown cells (Fig. 7C). Thus, decreases in claudin
levels that were associated with reductions in EpCAM expres-

FIGURE 7. EpCAM protects claudin-7 and claudin-1 from degradation via a lysosome-dependent pathway. A, shVector- or shEpCAM-transduced T84 cells were
lysed in Triton X-100-containing buffer, and normalized amounts of solubilized proteins were quantified by immunoblotting (IB). B, shVector- or shEpCAM-transduced
T84 cells or Caco-2 cells were lysed with RIPA buffer, and supernatants were cleared via centrifugation at 12,000 � g for 15 min. Normalized amounts of cell lysate
proteins were resolved using SDS-PAGE and immunoblotted for the indicated proteins. �-Actin was used as a loading control. C, T84 cell total RNA was analyzed for
claudin-7 and claudin-1 mRNA content using real time RT-PCR. Claudin mRNA levels in each sample are expressed relative to GAPDH mRNA levels and were normal-
ized such that expression levels in control (vector-transduced) cells � 1. D and E, T84 cells were plated for 40 h and subsequently treated with the lysosome inhibitor
chloroquine for 24 h (D) or the proteasome inhibitor lactacystin for 20 h (E) (or appropriate diluent controls) at the indicated concentrations, and RIPA buffer lysates
were prepared. Cell lysates were normalized for protein concentrations; lysate proteins were resolved via SDS-PAGE, and EpCAM, claudin-7, and claudin-1 were
detected via immunoblotting. �-Actin was used as a loading control. F, vector-transduced control and EpCAM shRNA 2-expressing T84 cells were treated with, or
without, 100 �M chloroquine for 24 h and lysed with RIPA buffer. Cell lysates were normalized for protein concentrations and immunoprecipitated with anti-claudin-7
antibody. Immunoprecipitates were blotted with anti-ubiquitin (Ub) and anti-claudin-7.
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sion reflect post-transcriptional, and probably post-transla-
tional, alterations.
Having observed that EpCAM and claudin-7 and claudin-1

co-localized in intracellular vesicular compartments as well as
on cell surfaces (Fig. 5D), we reasoned that EpCAMmight reg-
ulate claudin levels by influencing susceptibility to lysosomal
degradation, and we hypothesized that inhibition of lysosomal
enzymes might rescue expression of claudins in EpCAM
knockdown cells. Indeed, exposure of T84 cells to increasing
concentrations of chloroquine resulted in almost complete res-
toration of claudin-7 and claudin-1 levels without dramatic
changes in EpCAM expression (Fig. 7D). We also explored the
possible role of ubiquitination and proteosomal degradation in
regulation of claudin stability by treating T84 cells with control
or shEpCAM-encoding viruses and increasing concentrations
of lactacystin (Fig. 7E) or MG132 (data not shown). Inhibition
of proteosomes also led to increased accumulation of claudin-7
and claudin-1 in EpCAM knockdown cells, but the changes
observed were less marked than with chloroquine. That there
may be a relationship between ubiquitination and lysosomal
degradation is suggested by the observations that ubiquitiny-
lated claudin-7 can be detected in T84 cells with reduced levels
of EpCAM and that treatment with EpCAM knockdown cells
with chloroquine led to marked accumulation of this species
(Fig. 7F).
Based on these results and the observation of punctate intra-

cellular staining of EpCAM by ourselves and others (34), we
sought to determinewhether claudin-7, claudin-1, and EpCAM
turnover occurred via lysosomes, and whether EpCAM might
protect claudin-7 and claudin-1 from lysosomal degradation.
To accomplish this, we localized claudin-7 (or claudin-1) and
Lamp1, a late endosome/lysosome marker, in Caco-2 cells
using confocal laser microscopy. In addition to cell surface
expression, we observed similar punctate intracellular staining
of claudin-7 and claudin-1 in subconfluent cells that co-local-
ized with Lamp1 (Fig. 8 and supplemental Fig. 5). As reported
previously (34), EpCAM also exhibited strong perinuclear
staining in nonconfluent Caco-2 cells, and much of this co-lo-
calized with claudin-1 (supplemental Fig. 4). Co-staining with
Lamp1 revealed that EpCAM was indeed present in lysosomal
compartments (Fig. 8B). Immunofluorescence microscopy
indicated that EpCAMknockdown led to dramatic decreases in
cytoplasmic claudin-7 and claudin-1. Chloroquine treatment
resulted in accumulation of claudin-7 and claudin-1 in lyso-
somes in EpCAM knockdown cells as in vector-transduced
cells (Fig. 8 and supplemental Fig. 5). In aggregate, these results
strongly suggest that, in Caco-2 cells, claudin-7 and claudin-1
are continually transported into and degraded in lysosomes and
indicate that EpCAM may enhance claudin-7 and claudin-1
stability by sequestering these proteins.
EpCAM Regulates Tight Junction Composition—TJ proper-

ties are determined, in part, by TJ composition. Although
understanding is incomplete, TJ function can be influenced by
incorporation of different claudin family members into TJ.
Thus, both levels of expression and distribution of claudins in
relationship to AJC may be important. To determine whether
EpCAM regulated claudin distribution in IEC, we analyzed
post-confluent T84 monolayers that had acquired maximal

TEER using confocal lasermicroscopy. XZ projections revealed
that whereas claudin-7 and claudin-1 were distributed over
much of the lateral interfaces of control virus-treated T84 cells
in regions below TJ, the small amount of claudin-7 and clau-
din-1 that remained in EpCAM knockdown T84 cells was pref-
erentially TJ-associated (Fig. 9, A, B, and E). Importantly,
EpCAM knockdown did not result in obvious redistribution of
claudin-4 and claudin-5 (Fig. 9C). The enhanced incorporation
of claudin-7 and claudin-1 into TJ in EpCAM knockdown T84
cells was confirmed by co-localization of the claudins with TJ-
associated ZO-1 visualized in XY projections of corresponding
T84 monolayers (Fig. 9D), and similar observations were made

FIGURE 8. Intracellular claudin-7, claudin-1, and EpCAM localize to endo-
somal/lysosomal compartments. A and B, Caco-2 cells grown on chamber
slides were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and co-stained for claudin-1 and Lamp1 (A) or EpCAM and Lamp1 (B).
C, stable shVector- or shEpCAM-transduced Caco-2 cells were treated with or
without 100 �M chloroquine for 24 h and fixed with 4% paraformaldehyde.
Fixed cells were permeabilized with 0.5% Triton and co-stained with anti-
claudin-7 and anti-Lamp1. Stained cells were imaged using confocal laser
immunofluorescence microscopy. Scale bars, 50 �m.
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in Caco-2 monolayers that exhibited maximal TEER (Fig. 9F).
We conclude that EpCAMknockdownpromotes accumulation
of claudin-7 and claudin-1 in TJ.
EpCAM-induced Changes in TJ Function Are Dependent on

Claudin-7 and Claudin-1—We sought to determine whether
regulation of claudin-7 and claudin-1 dynamics by EpCAMwas
related to physical interactions of EpCAM with these proteins
and to determine whether EpCAM acted via these claudins to
regulate TJ function. Previous studies demonstrated that bind-
ing of rat EpCAM to claudin-7 could be attenuated bymutating
two amino acids in the EpCAM transmembrane domain (35).

We prepared cDNAs encoding the corresponding human pro-
tein, and we tested the ability of C-terminal HA-tagged wild
type and mutant (A279IG283I) EpCAM to associate with clau-
din-7 and claudin-1. Expression plasmids encoding the relevant
proteins or control plasmids were transiently introduced into
T84 cells; lysates were prepared; EpCAM was immunoprecipi-
tated with anti-HA Ab, and immunoprecipitates were assessed
for claudin content via Western blotting. Claudin-7 and clau-
din-1 co-immunoprecipitated with wild type EpCAM, whereas
neither claudin co-immunoprecipitated with the mutant (Fig.
10A).

FIGURE 9. Reduction of EpCAM levels promotes accumulation of claudin-7 and claudin-1 in tight junctions. A and B, shVector- or shEpCAM-transduced
T84 cell monolayers were grown in Transwells for 9 days to allow acquisition of maximal TEER, fixed with cold acetone/ethanol (3:1), stained for EpCAM and
claudin-7 (A), ZO-1 and claudin-1 (B), or claudin-4 and claudin-5 (C) and analyzed using confocal microscopy (XZ images). D, ZO-1 and claudin-7 distributions
were assessed in T84 cells using an analogous approach (en face images). Each panel depicts representative data from three to four experiments. Scale bars, 10
�m (A–C) or 20 �m (D). E, shVector- or shEpCAM-transduced T84 cell monolayers grown in Transwells were fixed and stained for ZO-1 and claudin-1 or claudin-7
as in B and D. Ten randomly selected XZ images as shown in B corresponding to each condition were analyzed to determine co-localization of claudin-7 (upper
panel) or claudin-1 (lower panel) with ZO-1 signals. Co-localization coefficients were shown. **, p � 0.01. F, Caco-2 cell monolayers with maximal TEER acquired
after culturing for 23 days were fixed with cold methanol and then stained for claudin-1 and ZO-1 (en face images). Representative data from one of three
experiments are shown. Scale bar, 10 �m.
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To determine whether the ability of EpCAM to associate
with claudins was linked to claudin stabilization, we attempted
to rescue claudin expression in EpCAM knockdown cells with
HA-tagged wild type and mutant EpCAM. Transient transfec-
tion of EpCAM knockdown T84 cells with plasmids encoding
HA-tagged wild type EpCAM increased claudin-7 levels,
whereas expression of mutant EpCAM was less effective (Fig.
10B). Technical difficulties (including low transfection efficien-
cies) precluded the use of T84 cells in efforts to prepare stable
transfectants and also limited the success of experiments with
Caco-2 cells. Nonetheless, transfection of Caco-2 cells that
expressed very low levels of EpCAM with plasmids encoding

wild type or mutant EpCAM followed by isolation of G418-
resistant cells and enrichment of cells expressing EpCAMusing
preparative flow cytometry resulted in mixtures of cells in
which claudin expression and distribution could be assessed at
the single cell level. Introduction of wild type HA-tagged
EpCAM led to dramatic recovery of claudin-1 expression
exclusively in EpCAM-expressing cells, and EpCAM and clau-
din-1 co-localized in these cells (Fig. 10C). Expression of similar
levels ofmutant EpCAMdid not result in accumulation of clau-
din-1 to the same extent. The ability of EpCAMmutHA to sta-
bilize claudin-7 and claudin-1 to some extent (Fig. 10, B and C)
suggests that this protein retains some claudin-binding activity

FIGURE 10. Regulation of claudin levels by EpCAM requires physical interactions involving EpCAM and claudins, and claudin redistribution is respon-
sible for the modulation of TJ function by EpCAM. A, T84 cell clone that had markedly reduced EpCAM expression after transduction with shEpCAM 2 was
transfected with pcDNA3 or pcDNA3 containing HA-tagged EpCAM or EpCAM(A279IG283I) (EpCAMmut) using electroporation. Cells were lysed in Triton
X-100-containing buffer 48 h after transfection, and cell lysates that had been normalized for protein content were immunoprecipitated with anti-HA antibody.
SDS-PAGE-resolved immunoprecipitates were blotted with anti-claudin-7, anti-claudin-1, and anti-EpCAM. B, cloned EpCAM knockdown T84 cells were
transfected as in A with pcDNA3 or pcDNA3 containing HA-tagged EpCAM or EpCAM(A279IG283I). Cell lysates normalized for protein content were obtained
48 h after transfection, and SDS-PAGE-resolved proteins were immunoblotted with anti-claudin-7 and anti-EpCAM. C, Caco-2 clone with dramatically reduced
EpCAM expression subsequent to transduction with shEpCAM 2 was transfected with pcDNA3 or plasmid encoding HA-tagged EpCAM or EpCAM(A279IG283I).
After selection with G418 for several weeks, cells with EpCAM expression comparable with the endogenous levels were isolated via preparative flow cytometry.
Sorted cells were plated into Transwells and cultured for 21 days and stained for HA (EpCAM) and claudin-1 after fixation with cold methanol. Scale bar, 10 �m.
D and E, stable shVector- or shEpCAM 2-transduced Caco-2 cells were transfected with control siRNA (siNeg) or claudin-7 siRNA and claudin-1 siRNA (siC7C1)
duplexes using electroporation. Twenty four h later, 5 � 105 cells were plated into Transwell chambers with 12-mm diameter polyester filters, and TEERs were
determined daily thereafter. RIPA buffer cell lysates were collected over the course of the experiment and examined for claudin-7 and claudin-1 expression
using Western blotting (D). Mean TEERs � S.E. are depicted (E). **, p � 0.01, compared with Caco-2/shEpCAM 2 cells transfected with siC7C1 or compared with
Caco-2/shVector cells transfected with siNeg. Representative results from one of three experiments are shown. Vec, vector.
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that is not evident in the immunoprecipitation experiments or
that additional mechanisms may also regulate stabilization of
claudins by EpCAM.
To assess the involvement of claudin-7 and claudin-1 in

EpCAM-induced alterations in TJ function, we transiently
decreased expression of these claudins in Caco-2 cells express-
ing usual and reduced levels of EpCAM. After verifying that
claudin-7 and claudin-1 siRNA decreased claudin-7 and clau-
din-1 expression inCaco-2 cells for at least 7 days (Fig. 10D), we
quantified TJ function by measuring TEER developed by
Caco-2 cells during a 1-week culture period. As expected,
knockdown of EpCAM expression in Caco-2monolayers led to
increased TEER (Fig. 10E). Increased acquisition of TEER by
Caco-2 monolayers with decreased EpCAM expression was
abrogated by treatment with siRNA directed against claudin-7
and claudin-1. Treatment of EpCAM-sufficient Caco-2 cells
with the same siRNA had no effect on TEER. These results are
consistent with the observation that claudin-7 and claudin-1
are not abundant in TJ in EpCAM-containing cell monolayers
(Fig. 9), and the concept that EpCAM-related changes in TJ
function result from increased accumulation of claudin-7 and
claudin-1 in TJ in the absence of EpCAM.

DISCUSSION

Although the acronymEpCAM(epithelial cell adhesionmol-
ecule) has gained wide acceptance, the extent to which and the
mechanism bywhich EpCAM influences intercellular adhesion
are incompletely understood. Initial studies indicated that
EpCAM promoted adhesion (6), but it was subsequently sug-
gested that EpCAMwas a negative modulator of cadherin-me-
diated interactions (25). In this study, we systematically
explored the relationship between EpCAM expression and
intercellular adhesion in two human colon cancer cell lines that
are frequently used to study AJCs and TJ. We showed that
EpCAM did not accumulate in TJ. Although EpCAM and
E-cadherin co-localized at lateral interfaces of polarized epithe-
lial cells, they did not bind tightly to each other, and EpCAM
and E-cadherin expression was not coordinately regulated.
However, EpCAM did physically associate with claudin-7 and
claudin-1, cell surface proteins that are important components
of TJ. The avidities of these interactions were sufficient to allow
wash-resistant co-immunoprecipitation in the absence of
cross-linking agents. We confirmed that EpCAM also associ-
ated with claudin-1 but not claudin-2 or claudin-4, and we
demonstrated that EpCAM-claudin-1 association was claudin-
7-dependent. EpCAM and claudin-7 bands in SDS gels of
resolved immunoprecipitates were of similar intensities and
additional specifically immunoprecipitated proteins were not
detected (Fig. 5A). These observations, coupledwith the finding
that claudin-7 and claudin-1 co-immunoprecipitated from
EpCAM-negative, claudin-expressing fibroblast lysates, sug-
gest that claudin-7 and claudin-1 bind to each other. Consistent
with this, these two closely related claudins are similarly distrib-
uted in subconfluent Caco-2 cells (Fig. 8 and supplemental Figs.
4 and 5) and they may act coordinately to regulate cell-cell
adhesion and TJ function.
Interaction of EpCAM with claudin-7 and claudin-1 in IEC

had several consequences. First, EpCAM-claudin-7/claudin-1

binding resulted in accumulation of these claudins at intercel-
lular interfaces in regions that were distinct fromTJ. Second, in
the absence of EpCAM, levels of cellular claudin-7 and clau-
din-1 decreased dramatically as these proteins were degraded
by lysosome-dependent and, to some extent, proteosome-de-
pendent mechanisms. Third, claudin-7 and claudin-1 that
remained in cells that did not express EpCAM preferentially
accumulated in TJ. Inhibition of claudin-7 and claudin-1
expression in Caco-2 cells with siRNA prevented claudin redis-
tribution in EpCAM knockdown cells and obviated the
increased TEER acquisition that otherwise occurred. Changes
inTJ function have previously been related to differential incor-
poration of individual claudin familymembers intoTJ (36).Our
results suggest that EpCAM is an important regulator of TJ
function that acts by sequestering claudin-7 and claudin-1 at
lateral interfaces of IEC in regions that are distinct from
TJ. Interestingly, claudin-7 also redistributed from basolateral
surfaces to TJ inHT-29 human colon carcinoma cells, although
its levels were reduced secondary to Sox-9 overexpression (37).
It is not known if EpCAM has a role in this modulation.
In addition to regulating epithelial permeability and polarity,

TJ likely constrainmovement of cells in epithelia. Physiological
processes, including epiboly (8), shedding of apoptotic cells
from tips of intestinal villi (38), and movement of leukocytes
within the epidermis (39) require that cells in epithelia change
positions with respect to each other in a carefully orchestrated
fashion without disrupting barrier function. This may involve
modulation of TJ composition and/or function, and EpCAM
may be an important contributor by attenuating TJ avidity.
Although EpCAM is expressed at high levels in only a few tis-
sues in adults, EpCAM is widely expressed in developing epi-
thelia during embryogenesis, and it has been suggested that
EpCAMplays an important role in organogenesis (40). EpCAM
is also abundant in a number of carcinomas, and EpCAM
expression has been correlated with increased cancer invasive-
ness and poor prognosis. Abrogation of TJ function appears to
be a prerequisite for metastasis (41), and EpCAMmay promote
metastasis by modulating TJ.
TJ are dynamic structures, and turnover and trafficking of

individual TJ components is regulated via different mecha-
nisms. Some TJ proteins (e.g. ZO-1 and occludin) rapidly
exchange between TJ and extra-junctional pools, whereas oth-
ers (e.g. claudins) donot (42). Recent studies demonstrated that,
at least in some cells, claudins (including claudin-1) are contin-
uously removed from cell surfaces via an endosomal sorting
complex required for a transport-dependent process after ubiq-
uitination by LNX1p80 (42, 43). Internalization into endo-
somes can lead to recycling to cell surfaces or ultimately to
lysosomal degradation. Importantly, intracellular claudin traf-
ficking is linked to regulation of TJ barrier strength and move-
ment of adjacent epithelial cells within cellular sheets (42, 44).
Herein, we demonstrate that claudin-7 and claudin-1 continu-
ally traffic into lysosomeswhere they are degraded.However, in
EpCAM-expressing cells, there is a pool of claudin molecules
on cell surfaces that is EpCAM-associated, protected from lys-
osomal degradation, and not available to be incorporated
into TJ.
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Several prior studies characterized EpCAM-associated pro-
teins. Co-immunoprecipitation experiments utilizing rat pan-
creatic adenocarcinoma cells and bifunctional cross-linking
reagents indicated that EpCAM and claudin-7 were physically
associated (45). Assessment of larger macromolecular com-
plexes in human colorectal cancer cells via differential ultracen-
trifugation revealed that EpCAM and claudin-7 were concen-
trated in tetraspanin-enriched microdomains that also
included CD9, CD81,�2-containing integrins, and CD44v (46).
EpCAMmay bind to CD9 and claudin-7 directly, and claudin-7
may also associate with �2 integrins and CD44v (47). Thus,
selected claudins may participate in the organization of subcel-
lular signaling platforms in addition to being essential compo-
nents of TJ. Whether or not these tetraspanin-enriched
microdomains correspond to the accumulations of EpCAM
and claudins that we visualized at lateral interfaces of IEC
remains to be determined.
It is striking that, in the presence of EpCAM, most claudin-7

and claudin-1 proteins are localized at lateral intercellular
interfaces distinctly below TJ that form in T84 and Caco-2 cell
monolayers. We (data not shown) and others (47, 48) have
observed that claudin-7 and claudin-1 are similarly localized in
murine IEC in situ. Little is known about the function of extra-
junctional claudins. The distinctive non-TJ localization of clau-
din-7 and claudin-1 in IEC in vitro and in vivo suggests that
studies of claudin function in the intestine may be particularly
informative. Indeed, a recent study revealed that claudin-7-de-
ficient mice display severe defects in intestinal mucosal archi-
tecture, without obvious disruption of TJ and epithelial polarity
(47), and it was suggested that claudin-7 regulation of intestinal
epithelial integrity was unrelated to effects on TJ (47).
Relevant to this study, two very recent reports describe new

lines of EpCAM nullmutantmice. Interestingly, in both papers,
EpCAM knock-out pups exhibited phenotypes that share fea-
tures with that seen in claudin-7 knock-out mice as well as
humans with congenital tufting enteropathy that is caused by
EpCAMmutations (11, 12). Lei et al. (11) attributed the pheno-
type of EpCAM knock-out mice to alterations of TJ and barrier
function that related to differential recruitment of claudins to
TJ, whereas Guerra et al. (12) ascribed the phenotype that they
observed to dysregulation of E-cadherin and/or �-catenin
localization or function. Well controlled in vitro studies are
important complements to those that are conducted using the
knock-out animals in which intestinal epithelial architecture is
seriously disrupted to differentiate changes in cellular physiol-
ogy that are causally linked to decreased EpCAM expression
from those that are indirectly related to epithelial homeostasis
or other alterations. Although our report of enhancement of
intestinal epithelial TJ function by EpCAM reduction appears
to not be in accord with the results of studies of EpCAM null
mice, it is consistent with in vivo observations regarding
zebrafish epiboly reported by Slanchev et al. (8).
In conclusion, demonstration that claudin stability in IEC is

determined by EpCAM expression that regulates susceptibility
of claudins to lysosomal degradation and influences TJ compo-
sition and function provides mechanistic insight into the phe-
notypes of EpCAM- and claudin-7-deficient mice and a rare
but devastating human disease. Our study has also identified a

valuable experimental platform that will facilitate future
investigations.
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