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NEW & NOTEWORTHY

We show that apical exposure of the intestinal epithelium to the
serine proteases trypsin and matriptase enhances barrier function in a manner that is dependent upon the mobilization of
occludin, but not upon the activation of protease-activated
receptor 2. Furthermore, while serine proteases enhance barrier function in intact epithelia, they do not enhance the
recovery of barriers disrupted by calcium chelation or cytokines. Proteases may be important regulators of epithelial
barrier in the gut.
BARRIER FUNCTION is the ability of the epithelial cells lining the
gastrointestinal (GI) tract to prevent harmful components of the
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lumen, such as pathogenic bacteria, from entering the underlying
tissue, while simultaneously maintaining the absorptive functions
of the gut. This fine balance is achieved by a variety of cells
including goblet, Paneth, and enterocytes through mucus secretion, antimicrobial peptides, and electrolytes and water. Another
important component of barrier function is the apical junctional
complex (AJC), consisting of adherens and tight junctions (TJs),
which form a physical barrier to the passage of material between
epithelial cells. The alteration of any one of these components
may result in a disruption of gut homeostasis.
The inflammatory bowel diseases (IBD), Crohn’s Disease (CD)
and ulcerative colitis (UC), are chronic, relapsing diseases of the
gastrointestinal tract, and are associated with changes in barrier
function. During active inflammation, patients with IBD display
increased permeability of the GI tract, and a reduction in barrier
function has been shown to predict disease relapse (43, 68).
First-degree relatives of patients with CD also display increased
intestinal permeability (5, 14, 22, 60), which suggests a genetic
component to the changes in barrier function. To complement
these observations, recent genomewide association studies
(GWAS) have identified several risk alleles that could be associated with UC related to changes in barrier function. These include
HNF4A, CDH1 (E-cadherin), LAMB1, and GNA12 (1, 13, 20).
However, the link between a change in barrier function and onset
of inflammation in susceptible individuals has not been fully
elucidated. Any additional information on how intestinal permeability is maintained and modulated may provide further avenues
of treatment of diseases characterized by reduced barrier function
such as IBDs.
The TJ is not a static structure in the cell, but undergoes
constant regulation in response to environmental and internal
signals. TJ proteins undergo constant exchange with intramembrane and cytoplasmic pools (64), and TJ protein binding and
association are modified through various kinases and phosphatases (15, 40). Cytokines, reactive oxygen species, and longterm calcium depletion induce the removal of TJ proteins from
the membrane in vesicles, resulting in a reduction in barrier
function (27, 59, 71, 76). During the formation of the
junction or as it recovers after injury, proteins are shuttled to
the membrane (69, 75). Increased levels of occludin, tricellulin, claudin-1 and claudin-4 at the tight junction are
correlated with increases in TER and a reduction in permeability to large molecules (18, 29, 41, 65). Conversely,
increased claudin-2, a cation-selective pore-forming claudin, is associated with decreased TER without increasing
permeability to large molecules (30). In this study, tight
junction protein interactions and their modification in re-
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dysfunction is a characteristic of the inflammatory bowel diseases (IBD),
Crohn’s disease and ulcerative colitis. Understanding how the tight
junction is modified to maintain barrier function may provide avenues for
treatment of IBD. We have previously shown that the apical addition of
serine proteases to intestinal epithelial cell lines causes a rapid and
sustained increase in transepithelial electrical resistance (TER), but the
mechanisms are unknown. We hypothesized that serine proteases increase barrier function through trafficking and insertion of tight junction
proteins into the membrane, and this could enhance recovery of a
disrupted monolayer after calcium switch or cytokine treatment. In the
canine epithelial cell line, SCBN, we showed that matriptase, an endogenous serine protease, could potently increase TER. Using detergent
solubility-based cell fractionation, we found that neither trypsin nor
matriptase treatment changed levels of tight junction proteins at the
membrane. In a fast calcium switch assay, serine proteases did not
enhance the rate of recovery of the junction. In addition, serine proteases
could not reverse barrier disruption induced by IFN␥ and TNF␣. We
knocked down occludin in our cells using siRNA and found this prevented the serine protease-induced increase in TER. Using fluorescence
recovery after photobleaching (FRAP), we found serine proteases induce
a greater mobile fraction of occludin in the membrane. These data suggest
that a functional tight junction is needed for serine proteases to have an
effect on TER, and that occludin is a crucial tight junction protein in this
mechanism.
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MATERIALS AND METHODS

Cell culture. The SCBN canine epithelial cell line was chosen for
these studies as they form tight polarized monolayers and, compared
with Caco-2 and T84 cells, respond to serine proteases with the
greatest TER change (66). Cells were obtained from Dr. André Buret
(Univ. of Calgary) (6). Cells between passages 15 and 45 were
maintained at 37°C in a humidified 5% CO2 incubator in DMEM High
Glucose with 5% FBS, 4 mM L-glutamine, 100 U/ml penicillin, 100
U/ml streptomycin, and 5 g/ml plasmocin (InvivoGen, San Diego,
CA). Cell culture reagents were purchased from Hyclone (Logan, UT)
unless otherwise stated. Media were changed on cells every other day.
Cells were checked periodically for mycoplasma contamination using
the PCR-based Venor GeM Mycoplasma detection kit (Sigma, St.
Louis, MO). Cells were passaged using 1X Trypsin-EDTA and plated
at 105 cell/well on Snapwell inserts or Transwells (1.12 cm2, 0.4 m

pore size, polycarbonate) (Corning, Corning, NY) unless otherwise
stated. Media was changed on plates every other day only in the
basolateral compartment, and the ability to completely hold back
media from the apical compartment was used as an indicator of tight
monolayer formation. Cells were used 5 days post plating.
Ussing chambers and protease treatment. Cells grown in Snapwells were mounted in modified Ussing chambers (Physiologic Instruments, San Diego, CA). Cells were bathed in pH 7.4 Krebs buffer
[115 mM NaCl, 2 mM KH2PO4, 2.4 mM MgCl2·6H2O, 25 mM
NaHCO3, 8 mM KCl, 1.25 mM CaCl2 (all from Sigma)] with 10 mM
mannitol (apical) or glucose (basolateral), maintained at 37°C, and
bubbled with 95% O2-5% CO2. Tissue was voltage clamped to 0 V
and TER measured every 20 s with a 5 mV potential difference using
Acquire and Analyze software (Physiologic Instruments). Cells were
treated apically with porcine pancreatic trypsin (Sigma) or the catalytic subunit of matriptase (generously provided by Dr. Richard
Leduc, Université de Sherbrooke). Proteolytic activity of matriptase
was determined using a protease activity assay with the fluorogenic
trypsin-like substrate glutamine-alanine-arginine (QAR)-AMC
(Bachem, Torrance, CA). Activity for matriptase was standardized to
trypsin biologically active units (BAU), as provided by the manufacturer. Cell viability was determined at the end of each experiment
through measurement of change in current induced by forskolin (Alfa
Aesar, Ward Hill, MA). PAR2 was activated on cells using the
synthetic peptide agonist 2fLIGRLO (5 mM) (provided by Dr. Morley
Hollenberg, synthesized at the Univ. of Calgary peptide facility).
Protein collection and fractionation. Cells transfected with siRNA
or treated with cytokines as described below were lysed with a buffer
containing 100 mM NaCl, 20 mM Tris-HCl, 1% Triton X-100, 0.5%
SDS, 1 mM EDTA, 2% Protease Inhibitor Cocktail, 1 M okadaic
acid, 1 mM PMSF, 1 mM Na3VO4, and 12.5 mM NaF. Lysates were
sonicated and centrifuged at 20,000 g at 4°C and the supernatant
collected. To perform the fractionation, SCBN cells grown on transwells were equilibrated in Krebs buffer at 37°C, pH 7.4 for 10 min
to mimic Ussing chamber conditions. Cells were then treated apically
with 135 BAU/ml trypsin or 1.5 BAU/ml matriptase for 15 min.
Fractionation was then carried out as follows, based on methods from
Swystun et al. (66) and Singh and Harris (65): Cells were washed with
PBS and a lysis buffer containing 10 mM HEPES (Hyclone), 1%
Triton X-100, 100 mM NaCl, 2 mM EDTA, 1 mM benzamidine HCl,
1 mM PMSF, 2% protease inhibitor cocktail, 12.5 mM NaF, 1 mM
Na3VO4, 1 M okadaic acid (EMD Millipore, Billerica, MA), 1 M
fostreicin (Santa-Cruz Biotechnology, Dallas, TX), and 55 U/ml
soybean trypsin inhibitor (SBTI) was added to the cells and scraped.
All components were purchased from Sigma unless otherwise specified. Cells were incubated on ice for 20 min with vortexing every 10
min, and centrifuged at 4°C for 20 min at 10,000 g. The supernatant
was removed and saved as the soluble fraction. The pellet was
resuspended in a lysis buffer containing all of the components as listed
above, except the Triton X-100 was replaced with 1% SDS. Pellet
suspensions were sonicated and centrifuged at 4°C for 20 min at
10,000 g. The supernatant was removed and saved as the insoluble
fraction.
Western blotting. Protein concentration of supernatants was determined using the DC Protein Assay (Bio-Rad Laboratories, Mississauga ON). SDS-PAGE was performed using 35 g of protein per
lane in a 12 well Bio-Rad Criterion Precast gradient gel (4 –12%), and
proteins were transferred to a nitrocellulose membrane. Membranes
were blocked with 5% milk in Tween-Tris buffered saline [TTBS0.1% Tween-20, 50 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl
(Sigma)] for 1 h at room temperature and incubated in primary
antibody at 4°C overnight. Fractionated samples were blotted using
primary antibodies for ZO-1 [Invitrogen (Carlsbad, CA) 339100],
occludin (Invitrogen 331500), claudin-1 (Invitrogen 51–9000), claudin-2 (Invitrogen 51– 6100), claudin-4 (Invitrogen 32–9400), tricellulin (Invitrogen 700191), JAM-A (Invitrogen 36 –1700), ␤-actin
(Sigma A5441), GAPDH (Santa Cruz sc-59540), caveolin-1 (Cell
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sponse to stimuli have been determined through various
methods including immunoprecipitation, fractionation, and
fluorescence recovery after photobleaching (FRAP).
The GI tract is exposed to a variety of serine proteases that
aid in digestion, cell turnover, and immune cell functions.
During inflammation the GI tract is exposed to increased levels
of serine proteases (3), likely released from recruited immune
cells such as neutrophils, and circulating proteases from leaky
vasculature. It has been shown that transmigrating neutrophils
reduce barrier function in epithelia (12). Activation of protease-activated receptor 2 (PAR2) has also been shown to alter
barrier function and to induce acute intestinal inflammation in
mice (10, 11), and PAR2 knockout mice are protected against
models of colitis (24). This evidence points toward a detrimental role of proteases during inflammation.
However, there is also evidence to suggest that proteolytic
activity of endogenous serine proteases in epithelial cells is
needed to first create, then maintain, the barrier. Matriptase is
a type-II membrane-bound serine protease expressed in all
epithelial cells and substrates include PAR2, urokinase-type
plasminogen activator (uPA), and prostasin (44). Matriptase
expression is decreased in patients with IBD (46, 48), and
matriptase hypomorphic mice are more susceptible to DSSinduced colitis and recover at a slower rate (46). Intestinal
specific knockout of matriptase in mice causes altered tight
junction structure, increased intestinal permeability and spontaneous colitis (28, 37). While matriptase has been shown to
play important roles in the formation of the tight junction in
epithelial cell lines (8), it is not well understood how it is
expressed, activated, and regulated. Even though the role of
matriptase in the formation of barrier function has been investigated, very few studies have determined whether the exogenous addition of proteases such as matriptase to mature intestinal epithelia can alter barrier function.
Previous work in our lab demonstrated that the apical addition of serine proteases such as trypsin, chymotrypsin, and
elastase to a variety of intestinal epithelial cell lines induces a
rapid and sustained increase in transepithelial electrical resistance (TER), a measurement of barrier function (66). However,
the mechanism behind this response is not well understood. It
is also not known whether serine proteases can reverse barrier
disruption induced by inflammation. We hypothesized that
serine proteases increase barrier function via modulation of the
tight junction through trafficking and insertion of tight junction
proteins into the membrane, and that serine proteases can
reverse barrier disruption induced by inflammatory cytokines.
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0.1% TX in PBS) for 2 h at room temperature. Finally, cells were
washed and incubated in DAPI (Life Technologies, Carlsbad CA) for
30 min at room temperature to visualize nuclei. Transwell membranes
were removed from their supports and mounted on slides using
Fluorosave (EMD Millipore, Billerica MA). Images were taken on an
Olympus FV1000 confocal microscope (Olympus Canada, Richmond
Hill, ON) using a 40x/N.A. 1.3 objective at zoom 2. Image z-stacks
were recorded at 0.5-m intervals, and the resulting image is a
maximum intensity projection of the z-stack.
RNA interference. SCBN cells were plated on transwells at 104
cells/well and on day 3 post-plating were transfected with 50 –300 nM
of Stealth RNAi siRNA (Invitrogen), that were designed against
canine occludin mRNA (NM_001003195.1) (sequence: UAC AAA
UAC UGA UCC AUG UAG AGU C), or on day 2 post-plating were
transfected with 300 nM Stealth RNAi siRNA against canine PAR2
mRNA (NM_001145991.1) (sequence: GAU CCC UUC GUC UAU
UAC UUU GUU U). Cells were transfected using RNAiMAX Lipofectamine (Invitrogen) in media without antibiotics. Controls included
an untransfected, RNAiMAX-only and scrambled control (AllStars
Negative Control, Qiagen, Valencia, CA). Cells were mounted on
Ussing chambers 48 h later (occludin) or 72 h later (PAR2) on day 5,
and baseline TER and change in TER in response to trypsin (45
BAU/ml) or matriptase (0.5 BAU/ml) were determined. To assess
occludin knockdown, Western blotting was performed. To determine
PAR2 knockdown, transfected cells were mounted on Ussing chambers and change in short-circuit (Isc) was measured in response to
basolateral treatment of 5 mM 2fLIGRLO.
Fluorescence recovery after photobleaching. SCBN cells were
transfected using jetPRIME (Polyplus Transfection) with pEGFP-C1Occludin (62, 64) and selected using G418 (Sigma) for at least 2 wk.
Cells were plated at 3 ⫻ 105 cells per well on clear Corning
Transwells (3450) and grown for 5 days. Media were changed every
other day. Cells were treated with sodium butyrate (3 mM, Sigma)
overnight to enhance expression of EGFP-occludin. The transwell was
removed from its supports and placed in a Live Cell Instruments
Chamlide CF flow chamber (Seoul, Korea). Krebs buffer with 10 mM
glucose was placed on the basolateral side of the transwell and the
apical side was continuously perfused at 0.5 ml/min with preheated
CO2-equilibrated Krebs with 10 mM mannitol using a syringe pump.
The chamber was mounted on the stage of an FV1000 confocal
microscope that was equipped with a heated enclosure to maintain the
cell monolayers at 37°C. Images were taken with a 60 ⫻ objective
(NA 1.42) at zoom 2 with an ROI of 150 ⫻ 150 pixels and a bleach
area of 15 ⫻ 15 pixels (corresponding to an area of 3.1 m2). Images
were acquired with a 488 laser at 4 s/pixel with 3 s in between each
frame, for 10 min. The confocal pinhole was opened to 500 m to
increase the signal to noise ratio of these measurements. Using a

Fig. 1. Serine proteases induce an activity-dependent increase in transepithelial electrical resistance (TER). A: SCBN cells were mounted in Ussing chambers
and treated apically with trypsin or matriptase and representative tracings shown. B and C: activity-response curves of SCBN cells treated with trypsin (n ⫽ 3–7)
or matriptase (n ⫽ 4 – 6) analyzed as either the change in TER from baseline 15 min posttreatment (B) or rate of TER change (slope) from treatment time
to 5 min posttreatment (C). ED50 values were determined using least-squares nonlinear regression in Prism and presented above each panel (units in
BAU/ml).
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Signaling Technology, Danvers MA, 3267p) 1:1,000 in 5% milk in
TTBS. Apoptosis was assessed using a cleaved caspase-3 (Cell
Signaling 9661, 1:500) and PARP (Cell Signaling 9542 1:1,000)
antibodies in 5% BSA in TTBS (25). Blots were then washed and
incubated in appropriate secondary antibody [either anti-rabbit or
anti-mouse HRP-linked (Jackson ImmunoResearch Laboratories,
West Grove, PA)] for 1 h at room temperature. Bands were visualized
using Clarity Western Enhanced Chemiluminescent Substrate ECL
(Bio-Rad) and a Bio-Rad Chemidoc. Band density was analyzed using
QuantityOne software (Bio-Rad).
Calcium switch assay in Ussing chambers. In Ussing chambers, the
Krebs buffer bathing SCBN cells was removed and replaced with
calcium-free Krebs with either mannitol or glucose on the apical or
basolateral sides, respectively, with the addition of 0.4 mM EGTA
(Sigma) to chelate excess calcium. Cells were maintained in calciumfree Krebs for 15 min and the Krebs was replaced with standard,
calcium-containing Krebs. TER slowly increased following readdition
of calcium. To account for fluctuations induced by removal of the
buffer, a mock switch was performed, in which the Krebs was
removed and replaced with Krebs with calcium. Trypsin (45 BAU/ml)
or matriptase (0.5 BAU/ml) was added during various time points
during the calcium switch, either under calcium-free conditions, as
soon as the cells were returned to normal calcium, or 10, 30, or 60 min
after return to normal calcium. Fluorescein isothiocyanate (FITC)dextran (3–5 kDa) (Sigma) 25 M was added to the apical side of the
cells at each switch of the Krebs and samples were taken from the
basolateral side every 2 min (under calcium-free Krebs) or 5, 10, 30,
60, and 90 min post switch (under normal Krebs with calcium).
Cytokine treatment. SCBN cells were treated basolaterally on day
3 post plating with 2.5, 10, or 25 ng/ml canine recombinant IFN␥
and/or TNF␣ (R&D Systems, Minneapolis, MN) every 24 h for 48 h.
Concentrations and treatment times were based on work by Wang et
al. (71, 72). In some experiments cells were simultaneously treated
with 50 M ZVAD-FMK (Santa Cruz) (4) to inhibit apoptosis.
Positive control for apoptosis was SCBN cells treated for 16 h with
staurosporine (1 M) (Sigma). Treated cells were mounted in Ussing
chambers and baseline TER, change in TER in response to 45
BAU/ml trypsin or 0.5 BAU/ml matriptase, permeability to FITCdextran, and change in FITC-dextran flux were assessed.
Immunofluorescence. Cells grown in transwells and treated with
cytokines were fixed with ice-cold methanol for 30 min at 4°C. Cells
were blocked with 10% bovine serum albumin (BSA) in 0.1% Triton
X-100 in PBS for 2 h at room temperature, then incubated overnight
in primary antibodies (1:200 in 2% BSA in 0.1% TX in PBS:
occludin, ZO-1, or claudin-4, the same antibodies used in Western
blotting). Cells were washed and incubated in goat anti-mouse Alexa488 secondary antibody (Invitrogen A11029, 1:200 in 5% BSA in
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separate light path, a bleach pulse was applied at 1 min after the
initiation of the image acquisition time lapse. Bleaching was performed using a 405 laser at 100% power for 3 ms at 10 s/pixel.
Triplicate baseline (control) FRAP runs were conducted along the
junction between two epithelial cells strongly expressing EGFPoccludin. Cells were then perfused apically with 45 BAU/ml trypsin
for 15 min, and then follow-up triplicate FRAP experiments were
conducted. The FRAP image series were analyzed using EasyFRAP
Software (55).
Statistics. Data in bar graphs represent means ⫾ SE. All statistical
analyses were performed using GraphPad Prism (version 6.0e, GraphPad Software, La Jolla, CA). Details are provided in accompanying
figure legends. An associated probability (P) value of ⬍0.05 was
considered significant.

Matriptase increases transepithelial electrical resistance in
SCBN cells and is more potent than trypsin. We first determined if exogenous matriptase could increase TER in SCBN
cells. The activity of matriptase was determined and the units
standardized to porcine pancreatic trypsin. We found that the

catalytically active form of matriptase could also increase TER
when applied to the apical side of SCBN cells (Fig. 1A). There
are two parameters by which this serine protease response can
be measured, either the total change in TER, or the rate at
which the TER increases (slope). Activity-response curves in
these parameters for both trypsin and matriptase were determined. We found that the increase in TER for both proteases is
activity-dependent, and that matriptase is much more potent
than trypsin, both when measuring total TER change [effective
dose 50 (ED50) for trypsin 8.048 BAU/ml and matriptase
0.127 BAU/ml] (Fig. 1B) and rate of change (ED50 trypsin
19.96 BAU/ml, matriptase 0.143 BAU/ml) (Fig. 1C). We
chose a dose of 0.5 BAU/ml matriptase, which is at the higher
end of the activity-response curve, for further experiments to
ensure a robust response.
The serine protease-induced increase in TER is not dependent on PAR2. Both trypsin and matriptase activate PAR2.
Previously, we showed that the apical addition of the PAR2
activating peptide SLIGRLO does not induce an increase in
TER (66), which suggests trypsin does not induce a change in

Fig. 2. PAR2 is not involved in the trypsin-induced increase in TER in SCBNs. A and B: SCBN cells in Ussing chambers were treated apically with 2fLIGRLO
(2FLI, 5 mM) to activate and internalize PAR2 in two 15-min intervals. Controls include reverse peptide, 2fOLRGIL (5 mM) and HEPES (vehicle). Cells were
then treated with 45 BAU/ml trypsin apically. Representative tracings are shown for short-circuit current (Isc) and TER, n ⫽ 4. C: changes in TER 30 min post
trypsin treatment were determined. By t-test, pretreatment with 2FLI did not significantly alter the response to trypsin (compared with reverse peptide), although
it is trending toward a decrease (P ⫽ 0.1). D: SCBN cells were plated and transfected with 300 nM PAR2 siRNA on day 2 post plating and grown for 3 days
(72 h treatment with siRNA). Cells were mounted on Ussing chambers and treated basolaterally with 2fLIGRLO (5 mM) and the change in Isc determined.
Treatment with PAR2 siRNA significantly reduced the response to 2FLI treatment, indicative of knockdown of PAR2 (n ⫽ 4, *P ⬍ 0.05 by t-test comparing
siRNA treated to scrambled control). Baseline TER (E) and percent change in TER 30 min post trypsin (45 BAU/ml) treatment from baseline (F) were
determined. Percent change was determined instead of total change in TER due to variability in baseline TER. No significant differences in TER change were
determined as assessed by t-test between scrambled control and PAR2 siRNA-treated cells.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00441.2015 • www.ajpgi.org
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Treatment with serine proteases does not induce trafficking of tight junction proteins into the membrane as assessed
by fractionation. It was hypothesized that serine proteases
induce an increase in TER through increased trafficking of
TJ proteins to the membrane. Tight junctions are present in
a specific membrane environment called detergent-insoluble
glycolipid rafts (DIGs) (2, 47). These lipid rafts are insoluble in Triton X-100, and thus can be separated from the rest
of the cell using fractionation with this detergent (32). We
combined methods from two studies, Swystun et al. (66) and
Singh and Harris (65), which allowed for additional phosphatase inhibitors to prevent dephosphorylation of tight
junction proteins after serine protease treatment is removed.
Fractionation was verified through observation that the majority of GAPDH was present in the detergent-soluble (ds)
fraction, caveolin-1 was present in the detergent-insoluble
(di) fraction. ZO-1 was almost exclusively present in the di
fraction, and a heavier occludin band was seen in the di
fraction, indicative of TJ-localized phosphorylated occludin
(58). A representative Western blot can be seen in Fig. 3A.
Apical treatment with 135 BAU/ml trypsin or 1.5 BAU/ml
matriptase did not cause an increase or decrease in any
junction protein (ZO-1, occludin, tricellulin, JAM-A, claudin-1, or claudin-4) in either fraction (Fig. 3B). Claudin-2 is
not expressed in SCBN cells as assessed by Western blotting
and RT-PCR (data not shown).

Fig. 3. Serine proteases do not induce trafficking to the tight junction as assessed by fractionation. SCBN cells grown for 5 days on transwells were treated with
trypsin (T; 135 BAU/ml) or matriptase (MT; 1.5 BAU/ml) apically for 15 min in Krebs buffer. Cell compartments were separated into Triton X-100
detergent-soluble (ds) or -insoluble (di) fractions and run on SDS-PAGE followed by Western blotting. A: representative blot shown of n ⫽ 4 –7. Controls for
the fractionation include actin, GAPDH (middle band, only in soluble fraction) and caveolin-1 (only in insoluble fraction). No increases or decreases in either
fraction are seen with serine protease treatment compared with control. B: adjusted volume ratios of each protein to actin were determined and then taken as a
ratio of the detergent-insoluble to the detergent-soluble fraction for occludin, tricellulin, JAM-A, claudin-1, and claudin-4. Due to low levels of ZO-1 in the
detergent-soluble fraction, a ratio was not taken and the detergent-soluble and -insoluble fraction are shown separately. Analysis by ANOVA shows no significant
difference between the treated and control (con) groups for any protein assessed.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00441.2015 • www.ajpgi.org
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TER through canonical activation of the receptor. Serine proteases could have indirect effects on the receptor, however,
such as by cleaving a molecule or complex from the apical cell
surface that can activate PAR2, activating another receptor to
induce transactivation of PAR2, or by inducing an increase in
TER through a unique combination of receptor activation cause
biased agonist signaling (21, 23).
To determine the role of PAR2 in the serine proteaseinduced increase in TER, we removed PAR2 from SCBN cells
using two methods. First, in Ussing chambers, we treated
SCBN cells apically with the PAR2 activating peptide 2FLI (5
mM), waited 15 min, and treated again with 2FLI for 15 min.
After PAR2 is activated it is internalized and degraded (53,
54). In our studies, addition of 2FLI to the apical side caused
a small change in short-circuit current, and this was significantly reduced or zero upon the second treatment, indicating
the receptor had been internalized (Fig. 2A). We then treated
the cells apically with 45 BAU/ml trypsin and measured the
change in TER 30 min later (Fig. 2B). We found a small but
insignificant decrease in the ability of trypsin to induce a
change in TER after PAR2 internalization (Fig. 2C). Second,
we knocked down PAR2 using siRNA. To determine knockdown we assessed the change in Isc in response to basolateral
2FLI and compared PAR2 siRNA treated cells against the
scrambled control (Fig. 2D). Knockdown of PAR2 did not alter
baseline TER, and did not affect the increase in TER in
response to apical trypsin treatment (Fig. 2F).
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(data not shown). The longer the cells were able to recover
after calcium readdition, the greater the effect of serine proteases. This suggests that a functional tight junction needs to be
in place for the increase in TER to be induced, and that serine
proteases do not affect the recovery of the tight junction after
a brief period of calcium depletion. In mock switch experiments, TER always returned to baseline after a small decrease,
caused by removal and replacement of buffer (data not shown)
and no changes in FITC-dextran flux were observed (Fig. 4C).
The inflammatory cytokines IFN␥ and TNF␣ induce a disruption of tight junction proteins claudin-4, occludin, and
ZO-1. As the calcium switch assay is an artificial method to
disrupt barrier that removes the junction in its entirety, we also
wanted to cause barrier disruption through a more physiologically relevant method. Cytokines induce barrier disruption
independently of apoptosis through selective removal of tight
junction proteins from the membrane (4, 70) in combination
with alteration of the actin cytoskeleton (9). SCBN cells were
treated basolaterally with varying combined concentrations of
IFN␥ and TNF␣ for 48 h. Cytokine treatment induced a
disruption of barrier function as assessed by immunofluorescence and confocal microscopy (Fig. 5). Cytokines induced an
internalization of claudin-4 and occludin into the cytoplasm, as
well as discontinuities of ZO-1 junctional staining. Cross
sections of the z-stacks show redistribution of claudin-4 and

Fig. 4. Serine proteases prevent the recovery of the barrier after calcium switch and can only increase TER when the tight junction has been sufficiently reformed.
A: a calcium switch assay was performed on SCBN cells mounted in Ussing chambers. Krebs buffer bathing the cells was replaced with calcium-free Krebs with
0.4 mM EGTA for 15 min, and the Krebs was then switched to normal calcium containing Krebs. Trypsin or matriptase was added at various points during the
assay, either during the calcium-free phase, as soon as the calcium was replaced back into the system (at switch) or 10, 30, or 60 min postswitch (arrows). B:
TER measurements after the switch to normal calcium when trypsin is added before or at the switch to normal calcium (n ⫽ 8 –11). *P ⬍ 0.05, **P ⬍ 0.01
as assessed by ANOVA with Dunnett’s post hoc test comparing each protease-treated group to untreated control. C: FITC-dextran was added to the apical
chamber after the switch to normal calcium, and samples were taken at various time points from the basolateral compartment. Trypsin (45 BAU/ml, T45) was
added either at the switch to normal calcium or during the calcium-free phase before the switch. Trypsin added when the junction is disrupted during the
calcium-free phase inhibited recovery of the junction. n ⫽ 3–7. *P ⬍ 0.05, **P ⬍ 0.01 as assessed by ANOVA with Dunnett’s post hoc test comparing each
protease-treated group to untreated control. D: TER measurements after the switch to normal calcium where trypsin (45 BAU/ml) is added at 10, 30, or 60 min
(arrow). n ⫽ 3–5. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 as assessed by ANOVA with Dunnett’s post hoc test comparing each protease treated group to untreated
control (which is the same in each panel).
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Serine proteases do not accelerate tight junction reassembly
during calcium switch. The fact that changes in protein trafficking were not observed following apical exposure to protease may mean that our fractionation methods are not sensitive
enough to detect small changes in TJ protein trafficking, or that
changes in trafficking do not account for the increased TER
induced by protease exposure. To address the former hypothesis, we sought to determine if prior disruption of the barrier
would reveal an enhancement of recovery of barrier function
which could be indicative of an effect on tight junction protein
trafficking. The calcium switch assay was employed to induce
a reversible disruption of the barrier (Fig. 4A).
It was found that the addition of trypsin (45 BAU/ml) under
calcium-free conditions causes a significant delay in the recovery of TER of the monolayer, and no difference in recovery
was observed when serine proteases are added at the time of
the switch to normal calcium (Fig. 4B). This was paralleled in
FITC-dextran flux experiments (Fig. 4C), in which trypsin
added during calcium-free conditions resulted in a significant
increase in the level of fluorescence on the basolateral side of
cells compared with untreated cells, indicating a delay in
recovery. However, when serine proteases were added 30 or 60
min after the return to normal calcium conditions there was a
response (increase in TER) by the cells (Fig. 4D). Similar
results were observed with matriptase (0.5 BAU/ml) treatment
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Fig. 5. Cytokines induce a disruption of the tight junction. SCBN cells were plated on transwells and grown
for 3 days before treating with 2.5, 10, or 25 ng/ml IFN␥
and/or TNF␣, basolaterally every 24 h for 48 h. Cells
were fixed in ice-cold methanol and stained for claudin-4, ZO-1, occludin, and/or DAPI (nuclei, not shown).
Images were taken on an Olympus IX81 Fluoview
(FV1000) laser scanning confocal microscope with a
40⫻ oil objective (NA 1.3) at 2⫻ zoom. Images represent superimposed images of the full thickness of tissue
with slices every 0.5 m. Z-stacks shown below are
from the center slice of each image. Images with combined cytokines only are shown; IFN␥ 25 ng/ml was
similar to control, and TNF␣ 25 ng/ml was similar to
IFN25 TNF25. Scale bar ⫽ 20 m. Images are representative of 4 separate experiments.

occludin from the lateral and apical membranes to the basolateral side and some internalization. The membrane distribution of ZO-1, however, does not seem to change, and remains
close to the apical membrane between cells even with cytokine
treatment. At higher concentrations of cytokines, some apoptosis could be observed in the cell monolayer with reduced
cell number and evidence of cells being removed through
purse-string extraction by adjacent cells (39). We assessed
whether the cytokine treatment was inducing apoptosis through
assessment of cleaved caspase-3 and cleaved PARP by Western blotting (see Fig. 7). Cells treated with 25 ng/ml TNF␣ or
10 ng/ml TNF␣ with 10 ng/ml IFN␥ showed significantly
increased cleaved caspase-3 but no changes in cleaved PARP
compared with untreated controls.

Serine proteases cannot reverse cytokine-induced barrier
disruption. SCBN cells treated with cytokines were placed on
Ussing chambers, and FITC-dextran flux and response to
trypsin and matriptase were assessed. The higher the concentrations of cytokines, the greater the barrier disruption, as
indicated by lower baseline TER and increased FITC-dextran
flux at baseline (Fig. 6, A–C). Cells treated with IFN␥ or TNF␣
separately had little change in TER compared with the two
cytokines in combination, as expected based on previous literature (71). However, the cells treated with TNF␣ at 25 ng/ml
had greater FITC-dextran flux and more structural changes
compared with lower concentrations of the combined cytokines
(Figs. 5 and 6B). The greater the dose of cytokines, the less the
serine proteases trypsin and matriptase were able to induce an
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Fig. 6. Cytokine-induced barrier disruption of the barrier prevents the serine protease-induced increase in TER. SCBN cells were plated on transwells and grown
for 3 days before treating with 2.5, 10, or 25 ng/ml IFN␥ and/or TNF␣ basolaterally every 24 h for 48 h. Cells were mounted in Ussing chambers to assess barrier
function. Representative tracing (A) and FITC-dextran flux (B) of cells treated with 45 BAU/ml trypsin (n ⫽ 7). Tracings were analyzed for TER before addition
of serine proteases (baseline) (n ⫽ 13–14) (C), change in TER in response to trypsin 30 min post treatment (n ⫽ 5– 6) (D), and change in TER in response to
0.5 BAU/ml matriptase (n ⫽ 7– 8) (E). *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 compared with untreated control as assessed by ANOVA with Dunnett’s post
hoc test. To assess change in flux, slopes between 0 – 60 min and 70 –120 min were taken [before or after trypsin (n ⫽ 6) (F) or matriptase (n ⫽ 4) (G) treatment]
and a paired t-test performed within each group. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001.

increase in TER (Fig. 6, D and E). These results are paralleled
in FITC-dextran flux experiments, as in control cells, proteases
significantly decreased the rate of FITC-flux, but this effect
was lost when cells were pretreated with cytokines (Fig. 6, F
and G). Cytokines were also able to induce significantly
decreased baseline TER in the presence of ZVAD-FMK
(ZVAD). ZVAD treatment by itself did not affect baseline
TER or change in TER 30 min post treatment with 45 BAU/ml
trypsin. Interestingly, in the presence of ZVAD, cytokines

were able to induce greater baseline TER loss and a greater
FITC-dextran flux (data not shown). For example, 25 ng/ml
IFN␥ does not induce a change in TER, but in the presence of
ZVAD it did (Figs. 6 and 7). As in the experiments without it,
in the presence of ZVAD, cytokine treatment prevents the
change in TER in response to trypsin (Fig. 7E). Thus, similar
to the calcium switch experiments, serine proteases do not
induce significant increases in barrier function when the junction has already been disrupted.
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The serine protease-mediated increase in TER is dependent
on occludin. Data indicate that while TJ proteins may not
traffic to the membrane to increase TER, a functional tight
junction needs to be in place for the effect to occur. Previous
literature has suggested that occludin is an important TJ protein
in the serine protease response (66). We wanted to confirm this
observation by knocking down occludin in our cells and
assessing its effect on the serine protease response. Using
siRNA we were able to achieve an almost complete knockdown of occludin (Fig. 8A). We then determined the response
of these cells to serine protease treatment in Ussing chambers
(Fig. 8, B and C). Knockdown resulted in a decreased baseline
TER (Fig. 8D) compared with scrambled control transfected
cells. Knockdown of occludin significantly reduced the ability
of trypsin and matriptase to induce an increase in TER (Fig. 8,
E and F).
Serine proteases increase the membrane mobility of
occludin. We found that occludin is an important tight junction
protein in the serine protease-induced increase in TER (Fig. 8)

but could not see changes in trafficking to or from the membrane using fractionation followed by Western blotting (Fig.
3). However, it may be that serine proteases are inducing a
change in the complexity of the junction through modifications
of protein-protein binding (52). FRAP measures the ability of
a GFP-tagged protein to move in the membrane, or its mobility.
Mobility is an indirect indicator of how tightly bound a
particular protein is to others. It was hypothesized that serine
protease treatment would induce a decrease in mobility of
occludin, which would suggest it is bound more tightly to other
proteins and cannot move as freely. However, using FRAP
with EGFP-C1-Occludin stably expressed by SCBN cells, we
found that trypsin induced an increase in occludin mobility
(Fig. 9).
DISCUSSION

Epithelial cells express a wide range of exogenous serine
proteases such as matriptase and prostasin that are thought to
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Fig. 7. Barrier disruption induced by inflammatory cytokines is independent of apoptosis.
SCBN cells were plated on transwells or Snapwells and treated with 2.5, 10, or 25 ng/ml IFN␥
and/or TNF␣ basolaterally every 24 h for 48 h.
A: apoptosis was assessed using Western blotting for cleaved caspase-3 or cleaved PARP.
Representative blot shown of n ⫽ 9. The positive control is 1 M staurosporine (STS) treatment of SCBN cells for 16 h. B and C: densitometry of Western blots for cleaved caspase-3
and PARP. Adjusted volume ratio determined
and adjusted to actin, taken as a ratio to control
cells. *P ⬍ 0.05 compared with control as assessed by ANOVA with Dunnett’s post hoc test.
ns ⫽ not significant. D and E: SCBN cells were
treated with cytokines and 50 M ZVAD-FMK
for 48 h, and baseline TER and change in TER
30 min post treatment with 45 BAU/ml trypsin
assessed as in Fig. 5. n ⫽ 4. *P ⬍ 0.05, **P ⬍
0.01, ***P ⬍ 0.001 compared with control as
assessed by ANOVA with Dunnett’s post hoc
test.
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play roles in many cellular processes such as matrix remodeling and barrier function (67). Patients with IBD exhibit decreased levels of matriptase in their colonic epithelium (46).
The relationship between matriptase and tight junction dysregulation, and its potential role in the recovery of tissue after
inflammation, warrants further investigation in disease states
characterized by reduced barrier function such as IBD.
Matriptase and prostasin, a GPI-anchored serine protease,
work in concert to activate each other (7, 17), and loss of either
one in mice results in the same phenotype: alteration of
epidermal barrier function resulting in fatal water loss after
birth (33, 36). In Caco-2 cells, matriptase is expressed on the
basolateral side, and prostasin on the apical side of cells (16).
In our cells, the increase in barrier function is only observed
when serine proteases are added to the apical side of cells. We

have previously shown that when applied to the basolateral
side, serine proteases activate PAR2, leading to a transient
increase in chloride secretion and decreased TER (42). Thus it
may be that by adding exogenous serine proteases, we are
activating signaling pathways controlled by prostasin, but that
are probably activated by endogenous matriptase. Both trypsin
and matriptase affect both the pore and leak pathway (63),
changing permeability to ions (TER) and larger molecules
(FITC-dextran flux) (Fig. 6, F and G).
The activity-response curves for both trypsin and matriptase
indicate that the more enzymatic activity present, the faster and
greater the response of the cells in terms of enhanced TER.
This relationship also suggests some involvement of target
receptors or proteins on the cell surface that are eventually
saturated or removed by proteolytic cleavage. Matriptase is
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Fig. 8. Occludin knockdown attenuates serine protease-induced increase in TER. A: SCBN cells were treated with 50, 100, or 300 nM occludin siRNA for 48
h and knockdown assessed by Western blotting. B and C: representative tracings of SCBN cells transfected with 300 nM occludin siRNA for 48 h, and treated
with trypsin (B, n ⫽ 6 –9) or matriptase (C, n ⫽ 4). Controls include untransfected cells, and RNAiMAX Lipofectamine with or without scrambled siRNA.
Baseline TER (n ⫽ 10 –14) (D) and change in TER 15 min post serine protease treatment (E and F) were assessed. Occludin siRNA induced a significant
reduction in baseline TER and attenuated the trypsin- and matriptase-induced increase in TER. *P ⬍ 0.05, **P ⬍ 0.01 compared with scrambled control.
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more potent than trypsin, but trypsin has a greater maximum
response. This suggests some difference in their substrate
specificity or mechanism of action; however, the mechanism
may be difficult to pinpoint due to the number of proteins that
serine proteases could potentially cleave on the cell surface. As
tight junctions control barrier function, it was thought that
serine proteases might have an effect on the complexity of TJ
proteins, through increased trafficking into the membrane.
The tight junction can be modulated in a variety of ways in
response to stimuli. TJ proteins can be trafficked into or out of
the membrane, depending on vesicle trafficking and phosphorylation events, or through a change in actin cytoskeletal dynamics. We first investigated the role of protein trafficking in
the change in TER by serine proteases through fractionation
and Western blotting (65, 66). This technique separates the
tight junction from the rest of the cell based on detergent
solubility. However, we saw no change in the location of any
tight junction protein. This technique may be limited in sensitivity, however, as small changes in protein movement are
difficult to visualize using Western blotting. Fractionation may
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Fig. 9. Trypsin induces a change in mobility of occludin in the membrane as
assessed by fluorescence recovery after photobleaching (FRAP). Briefly,
SCBN cells expressing EGFP-occludin grown on transwells for 5 days were
mounted on a flow chamber and placed in a heated FV1000 Olympus Confocal
and mobility of occludin assessed by FRAP. A: representative bleaching and
recovery images during FRAP at time 0 (baseline), and 1, 1.5, 2, 3, and 10 min
into the experiment. Bleaching was performed at 1 min. B: trace of the
fluorescence intensity of the photobleached area over time of the junction
during FRAP experiments, normalized to background intensity and initial
intensity (set to 1). Bleaching depth was not significantly different between the
two groups. N ⫽ 6 –7.

also not separate the lipid-insoluble raft from vesicles containing TJ proteins, which would not differentiate TJ proteins in
the membrane from those being trafficked there.
Under homeostatic conditions, the rate of trafficking may be
at its maximum, and thus to further elucidate whether or not TJ
proteins were shuttled to the membrane in response to serine
proteases, we sought to first disrupt the barrier. We also wanted
to determine if serine proteases could reverse barrier disruption. Two methods were used to disrupt the barrier: the calcium
switch assay and treatment with cytokines. Calcium is required
for the interaction of E-cadherin between adjacent cells, and
when this is lost, it induces the retraction of the actin cytoskeleton via phosphorylation of myosin regulatory light chain
(MLC2) and dissolution of the adherens junction. This then
disrupts TJ structure, ultimately resulting in protein internalization into the cytoplasm (38, 45). We performed the calcium
switch in a short time frame. This “fast” assay causes disruption of the adherens and tight junction, but the proteins are not
removed into the cytoplasm (31, 49, 57). Inhibitors or compounds can be added at various stages of the calcium switch to
determine if they change the rate of recovery of the junction.
While the fast calcium switch assay may not give us an
indicator of TJ protein trafficking in endosomes, it can indicate
whether or not serine proteases can enhance the reformation of
the junction. For example, butyrate, a compound known to
enhance barrier function, has been shown to increase the speed
at which the TJ forms in a calcium switch assay (50). Thus it
was hypothesized that serine proteases could also increase the
speed at which the barrier recovers.
We found that when trypsin or matriptase was added to
the monolayer under calcium-free conditions, the rate at
which the barrier recovered when calcium was added back
into the system was impeded. This may be because the
proteases now have access to the lateral and basolateral membranes and can cleave junction proteins, or activate signaling
pathways that activate ion secretion, which would mask increases in TER. There is also no change in the rate of recovery
when serine proteases are added as soon as calcium is added
back into the system (at switch). The junction needs 30 min of
recovery before application of proteases has an effect on TER.
If serine proteases are activating receptors and inducing a
signaling cascade to the junction, it would be expected that
these are occurring even when the junction is not present. It
would be expected that when the junction has then recovered
sufficiently, the signaling would still be in place to allow an
increase in TER. However, this seems to not be the case. This
suggests that the serine proteases need a functional tight
junction to induce an increase in TER and they cannot induce
the formation of a tight junction.
While the calcium switch assay is a good model for the
formation of a tight junction, it does not represent the changes
in barrier function seen during inflammation. The fast switch
also does not cause internalization of TJ proteins, and thus
cannot be used to measure trafficking. Thus we decided to
induce barrier disruption using inflammatory cytokines, IFN␥
and TNF␣, which have previously been shown to induce TJ
protein internalization and modification of actin cytoskeletal
structure (34, 61, 71) to induce changes in barrier function. We
first confirmed that our cell system also responded in a similar
way. Using the inflammatory cytokines IFN␥ and TNF␣, we
induced a dose-dependent decrease in TER and increase in
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second study has corroborated our findings and shows that the
addition of matriptase or other serine proteases to epithelial
cells induces an increase in transepithelial electrical resistance
(19). Here we provide additional evidence that the exogenous
apical application of the catalytic subunit of matriptase can also
enhance barrier function in polarized intestinal epithelia and
have further characterized its addition in disrupted monolayers.
Overall, our results suggest that apical serine proteases
activate a pathway that reduces permeability, but that activation of this pathway during conditions where the epithelial
barrier has been disrupted, such as in IBD, is not likely to
enhance barrier function. However, once the barrier has been
reestablished, as in our calcium switch experiments, the protease-mediated pathway can further enhance TER. Targeting
this pathway to increase barrier function could perhaps be
utilized in patients with IBD under remission to prevent the
recurrence of a flare of active disease. Indeed, this pathway
may be targeted in other intestinal disorders that are characterized by increased permeability, including celiac disease,
diarrhea-predominant IBS, and enteric infection. Manipulating
the barrier-enhancing activities of endogenous epithelial proteases like matriptase and prostasin is also a potential therapeutic approach that deserves further study.
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FITC-dextran flux in our cells. This barrier disruption correlates with an internalization of claudin-4, and a disruption of
occludin and ZO-1 from the junction to the cytoplasm, as
observed in previous literature (26, 51, 71, 73). Treatment with
cytokine induces some apoptosis in our cells, as observed in
immunofluorescence images of cells being extruded from the
monolayer, and by an increase in cleaved caspase-3. However,
we did not see a change in cleaved PARP after cytokine
treatment. As PARP is downstream of cleaved caspase-3, this
may suggest that the cells were beginning to undergo apoptosis, but PARP had not been activated. To rule out that the
barrier dysfunction was independent of apoptosis, we treated
cells with ZVAD-FMK at the same time as our cytokines.
ZVAD itself had no impact on baseline TER or response to
trypsin. Interestingly, ZVAD treatment resulted in a further
drop in baseline TER with cytokines. We hypothesize that this
is due to the inability of the cells to respond appropriately to
the stressful stimulus and remove dying cells from the monolayer in a controlled manner (39). We found that the serine
protease-induced increase in TER is significantly impaired by
pretreatment with cytokines. Like the calcium switch assay,
these experiments demonstrate that a functional tight junction
needs to be in place before exogenous trypsin or matriptase can
have a barrier-enhancing effect. The removal of specific TJ
proteins from the membrane may be the reason why this is lost.
To mimic the changes in TJ structure we observe when the
junction is disrupted by cytokines, and to determine which
tight junction protein may be the most important in the serine
protease response, we depleted occludin in our cells using
siRNA. Depletion of occludin did not prevent SCBN cells from
forming an electrically tight monolayer, but did reduce baseline TER. The loss of occludin prevented trypsin and matriptase from inducing an increase in TER. Thus occludin is a key
tight junction protein in the response to serine proteases.
However, from our fractionation experiments, its trafficking to
the membrane may not be increased. If trafficking is not
altered, serine proteases may be instead changing the arrangement of proteins already present in the membrane through
phosphorylation events. To address this, we performed FRAP
on SCBN cells transfected with an EGFP-C1-Occludin. We
used a chamber on an inverted confocal in which we could
perform FRAP on cells in transwells while having perfusion on
the apical side for treatment with serine proteases. We found
that trypsin induced an increase in the mobile fraction of
occludin. This suggests there may be some regulation of tight
junction complexity by these proteases through occludin, but
the exact mechanism will have to be determined in subsequent
experiments. Interestingly, SCBN cells do not express claudin-2, a pore-forming claudin whose expression is associated
with decreased barrier function (18, 56, 74). Thus the serine
protease-mediated increase in TER is independent of claudin-2.
Relevant to our studies, others have shown that endogenous
serine proteases such as matriptase play a role in the development and maintenance of barrier function (35). Previous work
investigating the role of matriptase and prostasin in barrier
function has used animal models or cell lines where expression
of these endogenous proteases had been reduced. Only two
other studies have treated cell lines with exogenous serine
proteases, one which shows the apical addition of recombinant
prostasin can enhance barrier function in Caco-2 cells (7). A
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