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Introduction
Truncating and selected missense mutations in EPCAM (encoding 
epithelial cell adhesion molecule [EpCAM; CD326]) cause a severe 
autosomal recessive childhood diarrheal syndrome termed congen-
ital tufting enteropathy (CTE) (1, 2). CTE is characterized by wide-
spread small intestinal epithelial dysplasia, and intestinal mucosal 
biopsies demonstrate distinctive “tufts” of epithelial cells at the tips 
of blunted villi (1, 3). EpCAM is a cell surface glycoprotein that is 
present in many developing epithelia, some adult epithelia (includ-
ing intestine), carcinomas, tumor-initiating cells, circulating tumor 
cells, and tissue and embryonic stem cells (4, 5). Although EpCAM 
was initially reported to mediate intercellular adhesion directly via 
homotypic interactions (6), subsequent studies have suggested that 
EpCAM modulates epithelial cell physiology via several seemingly 
nonoverlapping mechanisms (7–9). Definitive insights into EpCAM 
function may come from studies of patients and mice with mutant 
EPCAM alleles. Despite the wide tissue distribution of EpCAM, 
patients with CTE do not exhibit prominent extraintestinal fea-
tures (1). Mice with germline null mutations in Epcam develop the 
murine equivalent of CTE and die within 2 weeks after birth (10, 
11). Consistent with EpCAM’s claudin-stabilizing effects (12), intes-
tinal expression of selected claudins, including claudin-7, is mark-
edly decreased in mice and humans with EPCAM mutations (3, 
10). The strong similarities between the phenotypes of Epcam and 
Cldn7 knockout mice suggest that EpCAM-claudin interactions are 
extremely important in the intestine (8, 13, 14).

Recent studies of CTE patients revealed that a significant 
minority of individuals harbor mutations in SPINT2 and not in 
EPCAM (2). SPINT2 encodes a cell membrane–associated Kunitz 
type 2 serine protease inhibitor, HAI-2, that can regulate the activ-
ity of a variety of proteases (15). The cell surface serine protease 
matriptase is among the enzymes that can be inhibited by HAI-2 
indirectly, and possibly directly (15, 16). Matriptase is produced 
as a zymogen, and it becomes fully active only after processing by 
prostasin, another membrane-associated serine protease, or by 
matriptase itself (16–18). Both HAI-2 and the closely related pro-
tease inhibitor HAI-1 are regulators of the proteolytic cascade that 
includes prostasin and matriptase (16, 19, 20). Matriptase influenc-
es tight junction composition and regulates intestinal epithelial cell 
(IEC) monolayer permeability in vitro (21) and in vivo (22), and loss 
of matriptase in IECs promotes intestinal carcinogenesis in vivo (23, 
24). However, detailed mechanisms by which matriptase regulates 
intestinal epithelial physiology have not been elucidated, and it is 
not certain that previously identified matriptase substrates (uroki-
nase plasminogen activator [uPA], EGF receptor, protease-activated  
receptor-2 [PAR2], and HGF/scatter factor) are involved (21, 25).

We hypothesized that there might be a direct link between 
SPINT2 (HAI-2), matriptase, EpCAM, and claudin-7 that relates to 
IEC homeostasis and CTE. In the present study, we demonstrate 
that EpCAM is a physiologically relevant substrate of matriptase. 
We also determined that loss of HAI-2 in IECs results in matriptase 
activation that in turn leads to efficient but limited proteolysis of 
EpCAM at cell surfaces followed by lysosomal degradation of both 
EpCAM and claudin-7. This pathway is an important determinant 
of intestinal tissue and cell homeostasis, and it provides a frame-
work for understanding why mutations in any of 3 genes (SPINT2, 
EpCAM, and Cldn7) can cause CTE in humans and/or in mice.
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EpCAM associates with, and is a substrate of, the cell surface pro-
tease matriptase. Cleavage of EpCAM between Arg80 and Arg81 
suggested the action of a trypsin-like serine protease (28). Matrip-
tase is a cell surface serine protease that has been implicated in the 
regulation of epithelial cell physiology in several tissues, including 
the gastrointestinal tract (22, 29), and we postulated that EpCAM 
might be a matriptase substrate. Confocal immunofluorescence 
microscopy revealed that EpCAM and matriptase colocalized 
at lateral intercellular interfaces in Caco-2 and T84 monolay-
ers (Figure 2, A and B, and Supplemental Figure 1, A–C; supple-
mental material available online with this article; doi:10.1172/
JCI88428DS1) and in vertical sections of normal human ileum as 
well (Figure 2C). EpCAM, preferentially uncleaved EpCAM, also 
coimmunoprecipitated with matriptase when the proteins were 
coexpressed in HEK293 cells (Supplemental Figure 1D). Fur-
thermore, endogenous matriptase coimmunoprecipitated with 
EpCAM from lysates of Caco-2 cells that had been treated with the 
bifunctional cross-linking reagent dithiobis(succinimidyl propio-
nate) (DSP) before lysis (Figure 2D). Coimmunoprecipitation of 
matriptase and EpCAM from lysates of Caco-2 cells that had not 
been treated with DSP was inconsistent (data not shown).

The ability of matriptase to cleave EpCAM was tested directly by 
incubation of recombinant human matriptase catalytic domain with 
a fusion protein composed of the extracellular N-terminal portion 
of murine EpCAM and the Fc region of human IgG1 (EpCAM-Ig). 
Treatment of 61-kDa EpCAM-Ig with matriptase resulted in nearly 
quantitative conversion to a 55-kDa species (Figure 3, A and B), while 

Results
EpCAM undergoes limited proteolysis in IECs in vitro and in vivo. 
Anti-EpCAM immunoblots of lysates from human IEC cell 
lines regularly demonstrated doublets composed of 42-kDa 
and 36-kDa species when affinity-purified rabbit polyclonal 
antibodies that react with multiple epitopes in the extracellular 
domain (Figure 1A) or epitopes contained within a C-terminal 
peptide (Figure 1B) were used. Although EpCAM heterogeneity 
could reflect differential glycosylation, we hypothesized that 
the smaller species represented a 36-kDa proteolytic C-terminal 
fragment derived from full-length EpCAM as previously pro-
posed by Thampoe et al. (26). To test this, we carried out prepar-
ative immunoprecipitation of EpCAM from Caco-2 cell lysates, 
resolved immunoprecipitated proteins via gel electrophore-
sis, and attempted N-terminal sequencing of isolated 42-kDa 
(CE1) and 36-kDa (CE2) species (Figure 1C). We did not obtain 
useful sequence information from CE1, perhaps because of a 
blocked N-terminus (27). However, analysis of CE2 resulted in 
a peptide sequence corresponding to human EpCAM beginning 
with Arg81 (Figure 1D). To begin to assess the physiologic rele-
vance of this finding, we sought evidence of EpCAM cleavage 
in IEC organoids and in vivo. Although the predominant bands 
in immunoblots from organoids and tissues corresponded to 
full-length EpCAM, we consistently detected small amounts of 
36-kDa EpCAM fragments in lysates of murine small IEC organ-
oids (Figure 1E) as well as in lysates of ileum and colon tissues 
(Figure 1F) from 3 of 3 normal adult mice.

Figure 1. Multiple EpCAM species in IEC lysates reflect proteolytic processing. (A) Nonionic detergent lysates of Caco-2 and T84 cells were resolved via SDS-
PAGE and immunoblotted with polyclonal Ab raised against the entire EpCAM extracellular domain. Representative data from 1 of more than 5 experiments 
are shown. (B) Stable vector– or EpCAM shRNA–transduced Caco-2 cells were lysed, and SDS-PAGE–resolved proteins were immunoblotted with anti- 
EpCAM polyclonal Ab raised against a C-terminal peptide. Representative data from 1 of 3 experiments are shown. (C) RIPA buffer lysates of Caco-2 cells 
were immunoprecipitated with control IgG or anti-EpCAM mAb. Immunoprecipitates were fractionated using SDS-PAGE and stained with Coomassie blue. 
Representative data from 1 of 3 experiments are shown. Two EpCAM-reactive species (CE1 and CE2) were recovered, and N-terminal amino acid sequences 
were determined. H and L correspond to IgG heavy and light chains, respectively. (D) X represents an indeterminate amino acid; A/L indicates that both A 
and L were detected at this position. (E and F) RIPA lysates of small intestine organoids (E) and ileum and colon tissues (F) from three 8- to 10-week-old 
mice (C57BL/6; Charles River Laboratories) were resolved using reduced SDS-PAGE and immunoblotted with the anti-EpCAM polyclonal Ab used in A.
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matriptase might be linked to cell surface expression of EpCAM, 
association of EpCAM with claudin-7, and/or lysosomal degrada-
tion of EpCAM and/or claudin-7. Indeed, treatment of Caco-2 cells 
with the lysosomal enzyme inhibitor chloroquine for 20 hours 
resulted in preferential accumulation of the 36-kDa EpCAM frag-
ment (Figure 5A), suggesting that matriptase-cleaved EpCAM was 
preferentially targeted for lysosomal degradation.

To determine whether there was a relationship between sur-
face expression of EpCAM and matriptase cleavage, Caco-2 cells 
were labeled with the cell-impermeable biotinylating reagent 
sulfo-NHS-SS-biotin at 4°C and warmed to 37°C for varying peri-
ods, and biotin-modified proteins that had been internalized were 
enriched and characterized by immunoblotting with relevant anti-
bodies. Proteins that had been internalized were distinguishable 
from proteins that remained on cell surfaces because biotin resi-
dues on the latter were accessible and removable via treatment 
with the cell-impermeable reducing reagent MESNA. Treatment of 
Caco-2 cells with sulfo-NHS-SS-biotin at 4°C resulted in efficient 
labeling of 42-kDa and 36-kDa EpCAM, and biotin labeling was 
completely reversed via immediate MESNA treatment (Figure 5B), 
suggesting that both EpCAM species were present on IEC surfaces. 
Incubation of biotin-labeled Caco-2 cells at 37°C resulted in selec-
tive internalization of 36-kDa EpCAM, albeit at a somewhat slower 
rate than the transferrin receptor (Figure 5B).

The potential relationship between EpCAM/claudin-7 asso-
ciation and matriptase-mediated cleavage of EpCAM was tested 
by assessment of the ability of 42-kDa and 36-kDa EpCAM to 
coimmunoprecipitate with claudin-7. Claudin-7 was immunopre-
cipitated from Caco-2–nonionic detergent cell lysates from chlo-
roquine-treated and untreated cells, and EpCAM was detected by 

the Ala30-Gln289 catalytically active fragment of prostasin, anoth-
er cell surface protease implicated in intestinal epithelial physiology, 
was without effect, even at 200-fold higher concentrations (Figure 
3B). N-terminal amino acid sequencing of the purified 55-kDa frag-
ment (RE2, Figure 3C) confirmed that it corresponded to murine 
EpCAM-Ig that had been cleaved between Arg80 and Arg81 (Figure 
3D). Failure to obtain sequence information from full-length RE1 
again suggested the possibility of a blocked N-terminus. The ability 
of matriptase to initiate EpCAM cleavage in intact cells was initial-
ly assessed by cotransfection of HEK293 cells with fixed amounts 
of human EpCAM expression plasmid and varying amounts of 
human matriptase expression plasmids (Figure 4A). Whereas only 
42-kDa full-length EpCAM was detected in 293 cells transfected 
with EpCAM expression plasmid alone, introduction of increasing 
amounts of matriptase expression plasmid led to accumulation of 
increasing amounts of the 36-kDa EpCAM fragment.

The occurrence of EpCAM cleavage by matriptase in IECs was 
tested by modulating levels of matriptase in Caco-2 and T84 cells 
with siRNAs. Efficient downregulation of matriptase by siRNA-1 
led to complete inhibition of EpCAM cleavage (Figure 4, B and C), 
while siRNA-2 reduced matriptase expression and EpCAM cleavage 
less effectively. Strikingly, inhibition of EpCAM cleavage in IECs 
with matriptase siRNAs led to parallel increases in claudin-7 levels 
(Figure 4C and Supplemental Figure 2).

Cleavage of EpCAM by matriptase in IECs causes dissociation of 
EpCAM from claudin-7 and subsequent internalization and degrada-
tion in lysosomes. We have previously demonstrated that EpCAM 
associates with claudin-7 and that, in IECs, the expression of 
EpCAM prevents constitutive lysosomal degradation of clau-
din-7 (12). We hypothesized that limited proteolysis of EpCAM by 

Figure 2. Matriptase colocalizes and physically interacts with EpCAM in IECs. (A and B) Monolayers of T84 (A) or Caco-2 cells (B) were cultured in Transwells 
and stained for EpCAM (green) and matriptase (red). En face (A) and XZ (B) images from confocal immunofluorescence microscopy are shown. Scale bars: 
10 μm. (C) Frozen sections of human small intestine were stained with anti-EpCAM (green) and anti-matriptase (red) and analyzed via confocal microscopy. 
Scale bar: 20 μm. (D) Caco-2 cells were treated with cleavable cross-linking reagent (1 mM DSP) at room temperature for 30 minutes and lysed in 1% Triton 
X-100 lysis buffer. Cell lysates were immunoprecipitated with control IgG or anti-EpCAM mAb, and immunoprecipitates were resolved using SDS-PAGE under 
reducing conditions and immunoblotted with anti-matriptase and anti-EpCAM as indicated. Representative data from 1 of 3 experiments are shown in A–D.
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3). In contrast, reduction of SPINT2 expression with siRNA led 
to efficient matriptase activation, manifested as reduced cell- 
associated matriptase (16) and enhanced EpCAM cleavage in con-
junction with almost complete loss of claudin-7. Claudin-1 levels 
were also decreased secondary to HAI-2 knockdown at late time 
points (compare Supplemental Figure 3 with Figure 6C), while 
occludin levels were not altered. Similar effects of SPINT2 siRNAs 
on EpCAM and claudin-7 expression were obtained in correspond-
ing experiments with T84 cells (Figure 6D).

The involvement of lysosomal degradation in the pathway 
activated by loss of HAI-2 was confirmed using the lysosomal 
protease inhibitor chloroquine. Addition of 100 μM chloroquine 
to Caco-2 cells that had been transfected with SPINT2 siRNAs led 
to increased accumulation of 36-kDa EpCAM and effectively nor-
malized claudin-7 levels (Figure 6E). Chloroquine also increased 
levels of 36-kDa EpCAM in control siRNA– and matriptase siRNA–
treated cells. Occludin levels in Caco-2 cells were not altered in 
siRNA- and/or chloroquine-treated cells (Figure 6E).

HAI-2 proteins corresponding to those found in patients with CTE 
are ineffective inhibitors of matriptase-dependent EpCAM cleavage 
and fail to stabilize claudin-7 in IECs. Both nonsense and missense 
mutations in SPINT2 have been described in patients with CTE, 
and it has been demonstrated that missense mutant HAI-2 pro-
teins are less potent inhibitors than control HAI-2 proteins in cell-
free in vitro assays of matriptase activity (2, 31). To test the predic-
tion that HAI-2 mutant proteins in CTE patients are less effective 
inhibitors of the HAI-2/matriptase/EpCAM/claudin-7 pathway 
that we have described herein than control HAI-2 proteins, we car-
ried out several types of experiments.

In initial experiments, varying amounts of plasmids encoding 
control or mutant SPINT2 were cotransfected into 293 cells with 
fixed amounts of EpCAM- and matriptase-encoding plasmids. 
Although plasmids corresponding to SPINT2 Y163C inhibited 
EpCAM cleavage to some extent at the highest concentration test-
ed, SPINT2 Y163C plasmid (and corresponding HAI-2 protein) 
was less effective than comparable amounts of control SPINT2 
plasmid (and corresponding protein) (Figure 7A).

immunoblotting. Claudin-7 immunoprecipitates contained only 
full-length 42-kDa EpCAM even though cell lysates contained 
abundant amounts of EpCAM 36-kDa fragments (Figure 5C).

The cell surface protease inhibitor HAI-2 is a negative regulator 
of matriptase-mediated EpCAM cleavage and stabilizes claudin-7 
in IECs. Matriptase is synthesized as a zymogen that undergoes a 
spontaneous single internal cleavage as it is inserted into ER mem-
branes and traffics to cell surfaces (18). Additional proteolysis that 
results in release of matriptase extracellular domains from cell 
surfaces is required for complete activation of the enzyme (16, 18). 
The membrane protease prostasin and the membrane-bound ser-
ine protease inhibitors HAI-1 and HAI-2 have been implicated as an 
activator and as inhibitors, respectively, of the proteolytic cascade 
that includes matriptase (16, 18). Identification of mutations in 
SPINT2 (the gene encoding HAI-2) in patients with CTE, a disease 
also caused by EPCAM mutations (1, 2, 30), led us to speculate that 
HAI-2 might modulate matriptase-mediated EpCAM proteolysis.

Transfection of 293 cells with increasing amounts of plas-
mids encoding human HAI-2 in conjunction with fixed amounts 
of plasmids encoding EpCAM and matriptase resulted in a dose- 
dependent inhibition of EpCAM cleavage (Figure 6A). Introduc-
tion of HAI-2 also led to increased cell-associated matriptase, 
consistent with inhibition of matriptase activation by HAI-2. 
The possible involvement of HAI-2 as a regulator of matriptase- 
mediated EpCAM cleavage in IECs was then assessed using siR-
NAs. Introduction of several SPINT2 siRNAs into Caco-2 cells effi-
ciently reduced HAI-2 expression with a corresponding decrease 
in full-length EpCAM and increased accumulation of 36-kDa 
EpCAM fragments (Figure 6B). The observed decrease in cell- 
associated matriptase is consistent with enhancement of endoge-
nous matriptase activation in association with HAI-2 knockdown 
(16). The effects of activation of this proteolytic pathway on levels 
of tight junction–associated proteins were subsequently studied 
in Caco-2 cells and T84 cells. In Caco-2 cells (Figure 6C), inhi-
bition of matriptase expression by matriptase siRNA was asso-
ciated with decreased EpCAM cleavage and increased claudin-7 
accumulation, as expected (Figure 6C and Supplemental Figure 

Figure 3. Matriptase cleaves EpCAM. (A) Recombinant murine 
EpCAM-Ig was incubated with or without recombinant matriptase 
in “matriptase reaction buffer” at 37°C for 1 hour. Reactants were 
then resolved using SDS-PAGE and stained with Coomassie blue. 
(B) EpCAM-Ig was incubated with indicated amounts of recombi-
nant matriptase or recombinant prostasin in “prostasin reaction 
buffer” at 37°C for 1 hour. Reactants were resolved via SDS-PAGE 
and stained with Coomassie blue. (C) Recombinant EpCAM-Ig and 
recombinant matriptase were coincubated as in A, and residual 
proteins were resolved using SDS-PAGE, transferred onto a PVDF 
membrane, and stained with Coomassie blue. Representative 
data from 1 of 3 experiments are shown in A–C. (D) The N-terminal 
amino acid sequence of eluted RE2 was determined, and alignment 
of the N-terminal sequence of RE2 with that of murine EpCAM is 
depicted. X indicates an indeterminate amino acid.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 2 7jci.org   Volume 127   Number 2   February 2017

claudin-7. The relative inability of CTE-associated HAI-2 proteins 
(Y163C or G168S) to stabilize claudin-7 in IECs was also observed 
in experiments involving pools of stably transfected Caco-2 cells 
where levels of expression of claudin-7 and control or mutant HAI-
2 proteins were assessed simultaneously via confocal immunoflu-
orescence microscopy analysis of Transwell cell monolayers (Fig-
ure 7D and Supplemental Figure 4C).

Discussion
Congenital tufting enteropathy (CTE) features severe intestinal 
epithelial dysplasia with compromise of the intestinal epithelial 
barrier. Normal intestinal epithelial homeostasis requires careful-
ly choreographed continual remodeling of apical junctional com-
plexes that are composed of tight junctions, gap junctions, adher-
ens junctions, and desmosomes. Junctional complexes mediate 
adhesion of IECs to each other and maintain barrier function 
(32, 33). Previous studies have identified the cell surface protease 
matriptase as an important regulator of tight junction composition 
and function, but detailed molecular mechanisms that link matrip-
tase and tight junctions have not been delineated (21, 22). EpCAM 
also modulates tight junctions, albeit in a reciprocal fashion (10, 
12). Whereas inhibition of expression of matriptase in Caco-2 cell 
monolayers increased permeability and decreased transepithelial 
electrical resistance (TEER) (21), inhibition of EpCAM expression 
by Caco-2 cells enhanced TEER in conjunction with decreased 
claudin-7 expression (12). The observation that SPINT2, EPCAM, 
and Cldn7 mutations cause CTE in humans or equivalent pheno-
types in mice, and the known inverse relationship between matrip-
tase activity and expression of HAI-2, led us to explore the possi-
ble participation of these genes and corresponding proteins in a 
pathway that could regulate intestinal tissue and cell homeostasis.

Herein we demonstrate that EpCAM is one of a few physio-
logically relevant matriptase substrates that have been identified 
to date. Active matriptase, but not prostasin, introduced a single 
cleavage into EpCAM after Arg80 in solution and in cells. Label-
ing studies indicated that both full-length EpCAM and cleaved 
EpCAM were exposed on Caco-2 cell surfaces and that the 36-kDa 
EpCAM fragment was preferentially internalized and targeted for 

To study effects of HAI-2 and HAI-2 mutant proteins in cells 
expressing “physiologic” levels of matriptase and EpCAM, we pre-
pared stably transfected Caco-2 cells expressing control HAI-2  
or the patient-associated point mutant HAI-2 Y163C and then 
inhibited expression of HAI-2 that was encoded by the endogenous 
SPINT2 locus with siRNA complementary to untranslated sequences 
contained within mRNA derived from the endogenous locus but not 
in mRNA transcribed from the expression plasmid cDNA. The feasi-
bility of this approach is documented in Figure 7B and Supplemental 
Figure 4A, in which stably transfected G418-resistant pools or clones 
of Caco-2 cells were treated with SPINT2 siRNA and effects on 
HAI-2, EpCAM, and claudin-7 were assessed. Treatment of vector- 
transfected Caco-2 cells with SPINT2 siRNA inhibited endogenous 
HAI-2 expression, enhanced EpCAM cleavage, and destabilized 
claudin-7 in pooled cells (Figure 7B and Supplemental Figure 4A). In 
contrast, HAI-2 expression that was encoded by expression plasmids 
in pooled cells (Figure 7B) and each of several clones (Supplemen-
tal Figure 4A) was not inhibited by SPINT2 siRNA, EpCAM cleav-
age was not enhanced, and claudin-7 expression was maintained in 
Caco-2 cells transfected with these constructs.

We subsequently compared the ability of control and CTE 
patient–associated mutant HAI-2 proteins to modulate matrip-
tase-mediated EpCAM cleavage in analogous experiments. 
Clones of Caco-2 cells that had been stably transfected with 
control SPINT2 (WT1 and WT2) or SPINT2 Y163C (Y163C1 and 
Y163C2) were treated with SPINT2 siRNA, and effects on HAI-
2, EpCAM, claudin-7, and occludin were assessed via immuno-
blotting. Note that the levels of HAI-2 in the stable transfectants 
exceeded those present in vector-transfected Caco-2 cells and that 
levels of HAI-2 mutant proteins in transfectants exceeded those in 
cells transfected with control SPINT2 (Figure 7C and Supplemen-
tal Figure 4B). Consistent with Figure 7B and Supplemental Figure 
4A, knockdown of endogenous HAI-2 in Caco-2 cells transfected 
with control SPINT2 did not result in enhanced EpCAM cleavage 
or decreased claudin-7 expression. Despite being expressed at lev-
els equal to or exceeding those of corresponding control proteins, 
in the absence of endogenous HAI-2, HAI-2 Y163C failed to inhibit 
matriptase-mediated proteolysis of EpCAM and did not stabilize 

Figure 4. EpCAM is a matriptase substrate in cells, and matriptase regulates claudin-7 levels in IECs. (A) HEK293 cells were transiently transfected with a 
fixed amount of pcDNA3 encoding EpCAM and varied amounts of matriptase expression plasmid. After 48 hours, cell lysates were prepared, proteins were 
resolved by gel electrophoresis, and EpCAM and matriptase were detected via immunoblotting with anti-HA and anti-Flag mAb, respectively. (B and C) 
Caco-2 cells were transfected with control siRNA or matriptase siRNAs using electroporation. Cell lysates that had been normalized for total protein con-
centrations were resolved using SDS-PAGE and matriptase, and EpCAM and claudin-7 expression was assessed using Western blotting. The data shown 
are representative of 1 of 3 (A) or 4 (B and C) experiments.
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degradation (with claudin-7) in lysosomes. The existence of sig-
nificant amounts of 36-kDa EpCAM on IEC surfaces suggests that 
cleavage of EpCAM does not lead to rapid internalization, or per-
haps that cleaved EpCAM can be recycled from endosomes back to 
cell surfaces. Interestingly, coimmunoprecipitation revealed that 
claudin-7 exclusively associated with uncleaved EpCAM. We also 
showed that, in HEK293 and Caco-2 cells, control HAI-2 efficient-
ly inhibited matriptase-dependent EpCAM proteolysis while a 
CTE-associated HAI-2 point mutant protein did not. In aggregate, 
these observations indicate that HAI-2, matriptase, EpCAM, and 
claudin-7 are directly linked in a functionally important pathway. 
Normal intestinal homeostasis requires that matriptase activity be 
restrained by HAI-2, which in turn prevents excessive cleavage of 
EpCAM and inappropriate degradation of EpCAM and claudins 
(including claudin-7). The existence of this pathway also explains 
why mutations in any of SPINT2, EPCAM (Epcam), or Cld7 can 
cause CTE (Figure 8).

The EpCAM processing pathway that we have characterized 
appears to correspond to that predicted by others almost 30 years 
ago (26) and to be distinct from the regulated intramembrane pro-
teolysis of EpCAM associated with Notch-like signaling that was 
reported by Maetzel et al. (7). The latter investigators reported 
that the coordinate action of metalloproteases, β-secretases, and 
γ-secretases resulted in shedding of extracellular fragments of 
EpCAM (EpEX) and release of soluble transcription-modifying 
intracellular domains (EpICD) (7). It is also not obvious that our 
observations relate to the previously described ability of EpCAM 

to augment Wnt signaling by preventing degradation of Wnt core-
ceptors such as LPR5/6 (9). Perhaps these activities of EpCAM are 
germane to the biology of carcinomas and/or stem cells, while the 
HAI-2/matriptase/EpCAM/claudin-7 pathway that we have eluci-
dated is relevant primarily in differentiated epithelial cells in the 
context of intracellular adhesion.

An intersection of the HAI-2/matriptase/EpCAM/claudin-7 
pathway with the atypical PKC-modifying activity of EpCAM is pos-
sible. The intracellular domain of EpCAM is homologous to autoin-
hibitory pseudosubstrate domains of PKCs, and, in cells where atyp-
ical PKC and EpCAM are coexpressed, EpCAM can bind directly to, 
and inhibit the activity of, atypical PKC (8). If this mechanism is 
operative in intestinal epithelia, loss of EpCAM expression second-
ary to a SPINT2 or an EPCAM mutation would be predicted to lead 
to increased atypical PKC activity and, potentially, downstream 
effects on intercellular adhesion and/or cell migration. The obser-
vation that decreased expression of matriptase in Caco-2 cells, and 
hence reduced EpCAM cleavage and degradation, is associated with 
decreased atypical PKC activity (8) is consistent with this concept. 
In addition, Tsukita and colleagues have reported that conditional 
inactivation of Cldn7 in murine intestinal epithelia leads to down-
regulation of EpCAM expression via a posttranscriptional mecha-
nism (14). Thus, loss of EpCAM in this setting could also result in tis-
sue-specific activation of atypical PKC. Although it is clear that the 
HAI-2/matriptase/EpCAM/claudin-7 pathway is operative and rel-
evant in differentiated IECs, we have not addressed its importance 
in stem cells or tumor cells. In future studies, it will be interesting to 

Figure 5. Matriptase cleavage leads to dissociation of EpCAM and claudin-7 and targets EpCAM for internalization and lysosomal degradation. (A) Caco-2 
cells were treated with or without 100 μM chloroquine for 20 hours, and RIPA lysate proteins were resolved using SDS-PAGE and immunoblotted with 
anti-EpCAM. Band intensities corresponding to full-length EpCAM and matriptase-cleaved EpCAM were quantified and normalized to that corresponding to 
β-actin intensity in each condition. Paired ratios of band intensities after chloroquine treatment relative to nontreatment controls are depicted (n = 8). The 
2-tailed P value (*P < 0.0001) for the comparison of abundances of full-length EpCAM and cleaved EpCAM in chloroquine-treated and untreated cells was 
determined using a paired t test. (B) Caco-2 cells were labeled with sulfo-NHS-SS-biotin for 30 minutes at 4°C, followed by incubation at 37°C for the indi-
cated times to allow cell surface proteins to be internalized. Cell surface biotin was stripped via treatment with MESNA, cell lysates were prepared, and bio-
tin-labeled proteins were recovered as described in Methods. Proteins were resolved using SDS-PAGE and immunoblotted with anti-EpCAM or anti–trans-
ferrin receptor (TFR). Representative data from 1 of 3 experiments are shown. (C) Caco-2 cells treated with or without 100 μM chloroquine for 20 hours were 
lysed, protein concentrations were normalized, and immunoprecipitations were carried out with anti–claudin-7 Ab or IgG. Immunoprecipitates and lysate 
proteins were resolved with SDS-PAGE and immunoblotted with anti-EpCAM and anti–claudin-7. Representative data from 1 of 3 experiments are shown.
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Figure 6. HAI-2 prevents EpCAM cleavage and subsequent claudin degradation in lysosomes by inhibiting matriptase. (A) HEK293 cells were transiently 
transfected with fixed amounts of pcDNA3 encoding EpCAM and matriptase and varied amounts of SPINT2 expression plasmids as indicated. Proteins of 
interest were quantified in cell lysates via immunoblotting using relevant Ab. (B–D) Caco-2 cells (B and C) and T84 cells (D) were transfected with control 
siRNA, EpCAM siRNA, matriptase siRNA, or SPINT2 siRNAs via electroporation. Transfected cells were replated the next day and cultured for 2 more days. 
Cell lysate proteins were resolved using SDS-PAGE and immunoblotted with anti-matriptase, anti–HAI-2, anti-EpCAM, anti–claudin-7, anti–claudin-1, or 
anti-occludin as indicated. Claudin-7 and EpCAM band intensities in C were quantified and normalized to β-actin signals. Data are depicted as ratios (mean 
± SEM) relative to corresponding siControls (n = 5). A repeated-measures 2-ANOVA Dunnett’s method was used to calculate 2-tailed P values corrected for 
multiple comparisons to assess mean differences between groups (*P < 0.0001, **P < 0.005, ***P < 0.05). (E) Caco-2 cells were transfected with control 
siRNA, EpCAM siRNA, matriptase siRNA, or SPINT2 siRNA, and treated with or without 100 μM chloroquine for 20 hours. RIPA lysates were subjected to 
SDS-PAGE and analyzed for EpCAM, HAI-2, claudin-7, and occludin via Western blotting. β-Actin was used as a loading control. Representative data from 1 
of 3 (A, D, and E) or 1 of 5 (B and C) experiments are shown.
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brane domain and dissociation of claudin-7 from EpCAM. We also 
do not yet understand why cleavage of EpCAM after Arg80 targets 
EpCAM for internalization and lysosomal degradation along with 
EpCAM-associated claudin-7. We note with great interest that 
EpCAM is destabilized in the intestinal epithelium of Cldn7 condi-
tional knockout mice (14). In normal IECs, EpCAM and claudin-7 
apparently stabilize each other in a reciprocal relationship that 
requires additional characterization.

We propose that the HAI-2/matriptase/EpCAM/claudin-7 
pathway that we have elucidated is of fundamental importance 
for epithelial homeostasis. Although several of the proteins in 
this pathway are widely expressed, it is interesting to note that the 
predominant phenotypes of humans and mice with EPCAM and 
SPINT2 mutations are expressed in the gut. One possible explana-
tion for this observation is that proteolysis involving prostasin and 
matriptase may be regulated via tissue-specific mechanisms. For 
example, in skin matriptase appears to be an upstream activator of 
prostasin (18), whereas prostasin activates matriptase in the gastro-
intestinal tract (36). Another possibility is that intestinal epitheli-
um is one of only a few tissues where the EpCAM homolog TROP2 
is not coexpressed with EpCAM (40). If EpCAM and TROP2 are 
functionally redundant, intestinal epithelium would be expected 
to be particularly vulnerable to loss of EpCAM. Future studies will 
address the functional relationship of EpCAM and TROP2, and the 
participation of matriptase in the regulation of TROP2 function. We 
will also assess the degree to which the HAI-2/matriptase/EpCAM/
claudin-7 pathway is dysregulated in other pathologic settings that 
feature abnormal intestinal epithelial barrier function (such as 
inflammatory bowel disease) and in the setting of malignant trans-
formation as well. Should overactive matriptase be documented 
in any of these settings, it is conceivable that it could be targeted 
via systemically administered or topically applied small-molecule 
or peptide-containing enzyme inhibitors. An analogous approach 
might benefit CTE patients with SPINT2 mutations.

Methods
Cells. Caco-2 cells, T84 cells, and Caco-2 cells that are stable express-
ers of EpCAM shRNA have been described previously (12). Caco-2 
cells were grown in DMEM containing 10% FBS, 15 mM HEPES, and 
nonessential amino acids (pH 7.4). T84 cells were cultured in DMEM/

determine whether manipulation of this pathway in small intestinal 
epithelial organoids (34) and/or in stem cell–mimicking spheroids 
(35) results in a dramatic phenotype.

We have concluded that EpCAM is a matriptase substrate on 
the basis of our determination that (a) EpCAM and matriptase 
colocalize in IECs in vivo and in vitro; (b) EpCAM and matriptase 
coimmunoprecipitate from Caco-2 cells that have been treated 
with a protein cross-linking reagent and from 293 cells that over-
express EpCAM and matriptase; (c) EpCAM is cleaved in 293 
cells when it is cointroduced with matriptase; and (d) in solution, 
recombinant EpCAM is selectively and appropriately cleaved by 
recombinant matriptase and not recombinant prostasin (another 
cell surface serine protease). The latter observation is somewhat 
surprising and perhaps particularly meaningful because proteases 
can be promiscuous in cell-free in vitro assays.

We have not specifically addressed the mechanism of matrip-
tase activation in IECs in the absence of HAI-2, but this has been 
studied extensively by Bugge and colleagues (and others as well; 
refs. 16, 18, 20). In intestine, prostasin and matriptase form a 
reciprocal zymogen complex that results in formation of active 
matriptase and active prostasin (36). At baseline, the activity of 
the prostasin/matriptase complex is coordinately regulated by 
HAI-1 and HAI-2 (37). HAI-2 appears to directly inhibit active pros-
tasin, thereby preventing matriptase activation. In the absence of 
HAI-2, basal prostasin activity is sufficient to efficiently activate 
matriptase (16). Consequences of matriptase activation in IECs in 
the absence of HAI-2 include cleavage of EpCAM and lysosomal 
degradation of selected claudins, including claudin-7.

During the course of these studies, we observed that a sin-
gle cleavage in the N-terminus of EpCAM prevents tight associ-
ation of EpCAM with claudin-7. Although the direct interaction 
of EpCAM with claudin-7 has not been formally demonstrated, 
the relative paucity of other proteins in preparative anti-EpCAM 
immunoprecipitates from Caco-2 cells suggests that this is the 
case (12, 38). Previous studies have demonstrated that EpCAM– 
claudin-7 interactions are strongly influenced by amino acid sub-
stitutions at 2 positions within the EpCAM transmembrane domain 
(39). We have confirmed these results (12) but currently have no 
insights into mechanisms that might link N-terminal cleavage of 
EpCAM to conformational changes in the EpCAM transmem-

Figure 7. CTE-associated HAI-2 mutant proteins are less potent inhibitors of matriptase-mediated EpCAM cleavage and claudin degradation than wild-
type HAI-2. (A) HEK293 cells were transiently transfected with fixed amounts of pcDNA3 encoding EpCAM and matriptase and varied amounts of pcDNA3 
encoding wild-type or Y163C mutant SPINT2. After 48 hours, EpCAM, matriptase, and HAI-2 were detected by Western blotting. (B–D) Caco-2 cells were 
transfected with pcDNA3 or pcDNA3 encoding HA-tagged wild-type SPINT2, SPINT2 Y163C, or SPINT2 G168S and selected with G418 for 2 weeks. Surviving 
cells were pooled (B and D) or cloned (C), and HAI-2 expression was assessed via immunoblotting with anti-HA and anti-HAI-2. Pooled cells (B) or cloned 
cells (C) transfected with plasmids encoding wild-type HAI-2 or HAI-2 mutant proteins were transfected with control siRNA or SPINT2 siRNA (targeting the 
5′ untranslated region of SPINT2 mRNA). Cell lysates were harvested 72 hours later and immunoblotted with anti-EpCAM, anti-claudin-7, anti-occludin, 
anti-HA, anti-HAI-2, or anti–β-actin. Representative data from 1 of 3 experiments is shown in A and B. Band intensities corresponding to claudin-7 and 
EpCAM in (C) were quantified and normalized to β-actin. Data are depicted as mean ± SEM of ratios of signals corresponding to full-length EpCAM, cleaved 
EpCAM, and claudin-7 relative to those in control siRNA transfections (n = 4). P values of comparisons between wild-type HASPINT2 and HASPINT2 
Y163C transfected cells were determined as described in Supplemental Figure 4B. (D) Pooled Caco-2 cells transfected with vector, SPINT2, SPINT2 Y163C, 
or SPINT2 G168S plasmids were transiently transfected with control siRNA or SPINT2 siRNA. siRNA transfected cells were replated into Transwells the 
next day and cultured for 5 additional days to establish monolayers. Methanol-fixed monolayers were stained with anti-HA (green) or anti-claudin-7 (red) 
and analyzed using confocal microscopy. Scale bar: 20 μm. Representative images from 1 of 3 experiments are presented. For the experiment depicted, 10 
images of SPINT2 siRNA transfected wild-type HASPINT2, HASPINT2 Y163C, or HASPINT2 G168S expressing cells were subjected to quantitative analysis. 
Values depicted represent mean ± SEM of claudin-7 pixels/HA-HAI-2 pixels (n = 10, each image including at least 50 cells, for each experimental condition). 
Two-tailed P values for the comparisons between effects of individual mutant (Y163C or G168S) and wild-type constructs were calculated via 1-way ANOVA 
using Dunnett’s method (*P < 0.0001).
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HAI-2 Ab (HPA011101), mouse 
anti–β-actin mAb (clone AC-15), 
rabbit anti-actin polyclonal Ab 
(SAB4301137), and mouse anti-Flag 
mAb (clone M2) were obtained from 
Sigma-Aldrich, and rat anti-HA mAb 
(clone 3F10) was from Roche.

Gene expression plasmids. pcD-
NA3-HAEpCAM has been de scribed 
(12). Plasmids expressing human ma trip-
tase, Flag-tagged human matriptase, 
and Flag-tagged human HAI-2 were 
purchased from OriGene. HA-tagged 
SPINT2 cDNA was amplified by 
PCR using the reverse transcription 
products of Caco-2 total RNA as tem-
plates and cloned into pcDNA3 that 
had been digested with BamHI and 
XhoI. The resulting plasmid was veri-
fied by DNA sequencing. The SPINT2 
coding sequence in the plasmid was 
identical to the published corre-
sponding SPINT2 sequence (Gen-
Bank NM_021102). Mutations were 
introduced into the SPINT2 expres-
sion plasmid using a QuikChange Kit 
(Agilent Technologies) following the 
manufacturer’s instructions.

Treatment of EpCAM with prote-
ases. Catalytically active recombinant 
mouse matriptase and mouse pros-
tasin were purchased from R&D Sys-
tems. Recombinant mouse EpCAM-
hIgG protein was protein A-Sepharose 
(GE Healthcare) affinity-purified from 

medium that was conditioned by 293F cells transfected with a plasmid 
encoding the mouse EpCAM extracellular domain fused in frame with 
the Fc portion of human IgG1 using Turbofect (Life Technologies) (12). 
Recombinant EpCAM was incubated with recombinant matriptase in 
100 μl “matriptase reaction buffer” (50 mM Tris, pH 8.5, 100 mM 
NaCl) or with recombinant matriptase or prostasin in 100 μl “prosta-
sin reaction buffer” (50 mM Tris, 0.05% Brij 35, pH 9.5) at 37°C for 1 
hour as indicated. Enzymatic activities of recombinant matriptase and 
prostasin were verified using the fluorogenic peptide Boc-QAR-AMC 
and assay conditions recommended by the manufacturer.

Cell transfection and derivation of stable cell lines. Empty vectors 
or plasmids containing HA-tagged EpCAM, Flag-tagged matriptase, 
or Flag-tagged SPINT2 were introduced into 293 cells using Fugene 
6 (Promega) following the manufacturer’s instructions. pcDNA3 or 
pcDNA3 encoding SPINT2HA, SPINT2HA Y163C, or SPINT2HA 
G168S was transfected into Caco-2 cells using Lipofectamine 2000 
(Life Technologies). Plasmid-expressing cells were selected with 700 
μg/ml G418 for 14 days, and drug-resistant cells were pooled and ana-
lyzed for HAI-2 expression using immunoblotting. Selected individu-
al stable clones were isolated and expanded.

Inhibition of protein expression with siRNAs. Double-stranded 
RNA oligonucleotides containing matriptase siRNAs (siMatriptase-1, 

F12 supplemented with 6% FBS and 15 mM HEPES (pH 7.4). HEK293 
cells were from the American Type Culture Collection. To establish 
polarized IEC monolayers, T84 cells or Caco-2 cells (6 × 105 and 3 × 105 
cells per well, respectively) were plated into Transwells with 12-mm- 
diameter polycarbonate filters and pore sizes of 0.4 μm (Corning Costar). 
T84 and Caco-2 monolayers were cultured for 8–10 days or 21–25 days, 
respectively, with media changes every other day. Transepithelial electri-
cal resistance (TEER) was monitored with an EVOM2 Epithelial Voltohm-
meter (World Precision Instruments). Mouse small intestine organoids 
were generated using the method developed by Sato and Clevers (41).

Antibodies. Polyclonal rabbit anti-EpCAM Ab was generated by 
immunization of rabbits with recombinant protein composed of the 
extracellular domain of mouse EpCAM fused to the Fc region of human 
IgG as described previously (12). Mouse monoclonal anti-EpCAM Ab 
(clones EBA-1 and 323/A30) and goat anti–C-terminal EpCAM poly-
clonal Ab (sc-23788) were purchased from Santa Cruz Biotechnology. 
Anti–C-terminal EpCAM (PA5-19832), anti–claudin-1 (71-7800), anti–
claudin-7 (34-9100), anti-occludin (71-1500), and anti–transferrin  
receptor rabbit polyclonal Ab (13-6800) and mouse anti–claudin-7 
mAb (37-4800) were from Life Technologies. Rabbit anti-matriptase  
Ab (IM1014) was purchased from EMD Biosciences, and sheep 
anti-matriptase (AF3946) was from R&D Systems. Polyclonal anti–

Figure 8. A functional pathway linking HAI-2/SPINT2, matriptase, EpCAM, and claudin-7. EpCAM complex-
es with claudin-7 and colocalizes with matriptase on the lateral surfaces of polarized IECs. CTE-associated 
mutations in SPINT2 inactivate the matriptase inhibitor HAI-2. Unrestrained active matriptase then cleaves 
EpCAM, leading to dissociation of EpCAM and claudin-7 followed by internalization and lysosomal degrada-
tion of both EpCAM and claudin-7. The existence of this pathway explains why mutations in SPINT2, EPCAM, 
and CLD7 can cause very similar phenotypes.
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itor cocktail. Biotinylated proteins were collected by incubation with 
NeutrAvidin beads (Life Technologies), and beads were washed 5 times 
with 0.5% Triton X-100, 0.1% SDS, 50 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 1 mM EDTA. Affinity-purified biotinylated proteins were resolved 
using SDS-PAGE and analyzed using Western blotting.

Immunofluorescence microscopy and image analysis. IECs grown 
on Transwell filters were fixed with cold acetone/ethanol (3:1) or 
cold methanol for 10 minutes. After blocking with 1% BSA, cells 
were stained with the indicated primary Ab or control IgG, followed 
by Alexa Fluor 488– or Alexa Fluor 568–conjugated secondary Ab 
(Life Technologies). Frozen sections of human small intestine were 
fixed with cold methanol. After blocking with 3% dry milk (Bio-Rad 
Laboratories) including 5% normal donkey serum or 5% normal goat 
serum (as appropriate) for 1 hour at room temperature, sections were 
stained with Ab of interest followed by Alexa Fluor 488– or Alexa Flu-
or 568–conjugated secondary Ab. Stained cells or tissue sections were 
mounted in ProLong Gold antifade reagent containing DAPI (Life 
Technologies) before visualization with an LSM 780 confocal laser 
scanning microscope (Zeiss) and analysis with LSM Image Browser 
4.0. Image intensity quantification was performed using Zeiss ZEN 
2012 software. In these experiments, a blinded observer identified 
cells that expressed HA-HAI-2 and quantified levels of expression 
(pixels) corresponding to HA-HAI-2 and endogenous claudin-7 in 
HA-HAI-2–expressing cells. Calculation of ratios of claudin-7– and 
HA-HAI-2–specific immunofluorescence allowed objective com-
parisons of the abilities of wild-type and CTE-associated mutant 
HA-HAI-2 to stabilize claudin-7.

Statistics. As appropriate, raw data were transformed before anal-
ysis. The function that produced the best fit for the ANOVA model that 
was used in each circumstance was selected using Box-Cox power 
analysis. Dunnett’s test was used to calculate 2-tailed P values to ana-
lyze differences between groups as indicated. P values of 0.05 or less 
were considered significant. Averaged results of multiple experiments 
are presented as the arithmetic mean ± SEM.

Study approval. Mice were housed in a pathogen-free American 
Association for Laboratory Animal Care–accredited facility on the 
NIH campus in Bethesda, Maryland, USA. Animal studies were con-
ducted in accordance with guidelines established by Research Animal 
Resource Center, NIH, under the guise of protocols approved by the 
National Cancer Institute Animal Care and Use Committee. The use 
of anonymous discarded surgical specimens of human intestine was 
approved by the Office of Human Subjects Research Protection, NIH.
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