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Abstract

Apical exposure of the intestinal epithelium to serine proteases results in an increase in
transepithelial electrical resistance (TER); however the underlying mechanism(s) governing this
response are unknown. We aimed to determine the requirement for proteolytic activity,
epidermal growth factor receptor (EGFR) activation, and downstream intracellular signalling in
initiating and maintaining enhanced barrier function following protease treatment. Apical
stimulation with trypsin and matriptase significantly increases TER of polarized intestinal
epithelial monolayers. Proteolytic activity by proteases is required to initiate and maintain
protease-mediated increased TER. Matrix metalloproteinase (MMP)-independent EGFR
activation is essential to the sustained phase of the protease response; Src kinases may mediate
EGFR activation. Phosphoinositide-3 kinase (PI3K) and ERK1/2 signalling are important in
reaching a maximal increase in TER following protease stimulation; however, their upstream
activators are yet to be determined. Protein kinase C (PKC)! activity is important for epithelial
barrier maintenance but likely not involved in protease-mediated increased TER. Our data show
a requirement for ongoing proteolytic activity, EGFR transactivation, as well as downstream PI13-
K and ERK1/2 signalling in protease-mediated barrier enhancement of intestinal epithelial cells.
The enhanced barrier function mediated by proteases may contribute to novel therapeutic targets

for intestinal disorders characterized by disrupted epithelial barrier function.
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Chapter One: Introduction
1.1 Overview of Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) encompasses two chronic diseases, Crohn’s disease
(CD) and ulcerative colitis (UC), that commonly manifest in early adulthood and persist for the
affected person’s life (Cosnes et. al 2011). Although the incidence and prevalence of IBD are
highest in westernized nations, epidemiological data show increasing incidence and prevalence
in developing countries as well, indicating its emergence as a worldwide disease (Molodecky et.
al 2012).

Canada has one of the highest rates of IBD in the world, with an estimated 233,000
Canadians affected. Direct costs to the Canadian health care system were approximated at $1.2
billion, with almost half contributing to medication costs, followed by hospitalizations and
physician appointments. Even higher, indirect costs such as work absences and productivity loss
were estimated to be over $1.6 billion (Crohns and Colitis Canada 2012).

IBD is thought to result from an inappropriate and chronic inflammatory response to
commensal microbes found in the intestinal lumen of a genetically susceptible host (Xavier and
Podolsky 2007). There are 163 IBD-related loci identified by Genome Wide Association Studies
(GWAS); however, it is not known how these mutations interact with environmental factors or
with one another to elicit disease in predisposed individuals, as susceptibility alleles alone are
not sufficient to cause disease (Brant 2013; Knights et. al 2013).

Although impaired epithelial barrier function has long been associated with IBD, there is
debate as to whether it is a primary pathogenic factor or a secondary response to existing
inflammation (Salim and Soderholm 2011). Genes found in IBD-related loci suggest a causative

role for increased epithelial barrier permeability in IBD (Geremia et. al 2014). For example, UC
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has been associated with single nucleotide polymorphisms (SNPs) in the gene HNF4A (Barrett
et. al 2009). HNF4A encodes for hepatocyte nuclear factor # (HNF#), a transcription factor
shown to be downregulated in IBD patient intestinal biopsies (Ahn et. al 2008). HNF# is
involved in the regulation of epithelial junctional molecules, including members of the claudin
family and E-cadherin, integral components of the apical junctional complex (Battle et. al 2008).
Likewise, CDHL1, the gene encoding E-cadherin, has been shown to be associated with CD. SNPs
in CDH1 cause processing defects that result in a truncated E-cadherin and subsequent
mislocalization of the protein (Muise et. al 2009).

1.2 Intestinal Mucosa

1.2.1 Mucus layer

The mucus gel secreted by goblet cells lying in the subjacent epithelium is the outermost
component of the intestinal mucosa (Turner 2009). The mucus layer keeps the mucosal surface
hydrated and allows for the continuous flow of luminal contents, preventing adherence and
colonization of bacteria and other unwanted molecules (McGuckin et. al 2009; Johansson et. al
2013). The small intestine contains one layer of loose mucus while the colonic mucus consists of
a highly organized inner adherent mucus layer and an outer loose mucus layer (Atuma et. al
2001). The inner mucus layer, normally impenetrable to bacteria, allows bacterial translocation
to the epithelial surface in patients with UC (Johansson et. al 2014). Intestinal and colonic mucus
is mainly composed of Muc2 mucin, a large glycoprotein that expands upon hydration following
its release from goblet cells to form gel-like sheets (Rodriguez-Pineiro et. al 2013; Ermund et. al
2013). Colonic sections taken from Muc2” mice challenged with bacteria exhibit direct contact
between bacteria and epithelial cells, detectable bacteria deep in the crypts, as well as elongated

crypts, a sign of epithelial damage (Johannson et. al 2008). Muc2” mice exposed to the colitis-
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inducing agent dextran sodium sulfate (DSS) show a higher disease activity index compared to
heterozygotes and wildtype control animals (Van der Sluis et. al 2006). These studies suggest an
important role for Muc2 and the mucus layer in protection against bacterial infiltration, epithelial
damage, onset of inflammation, and IBD (Van der Sluis et. al 2006).

1.2.2 Epithelium and underlying immune system

Subjacent to the mucus layer, the intestinal epithelial lining generates concentration and
ionic gradients for the effective absorption of nutrients, electrolytes, and water homeostasis,
while simultaneously providing a physical barrier against bacteria, bacterial products, and other
potentially harmful molecules (McGuckin et. al 2009). It is able to sense the external
environment and emit regulatory signals to the underlying innate and adaptive immune system, a
delicate balance required to recognize and prevent the passage of potential pathogens without
creating an overactive immune system, that could lead to chronic inflammation and damage
(Fasano and Shea-Donohue 2005). The immune system must be able to distinguish harmless
dietary antigens and commensal microbes that are ubiquitous throughout the gastrointestinal tract
from harmful bacteria and bacterial products to elicit the appropriate response, whether it be a
“tolerating” response or an active inflammatory response (Salim and Soderholm 2011; Keita et.
al 2006). Crosstalk between epithelial cells with the underlying immune cells in the lamina
propria governs the nature of the immune response; both the epithelial cells and the immune cells
are able to initiate this communication and have an effect on the response. Dendritic cells
conditioned by epithelial cells, deemed “non-inflammatory” dendritic cells, are unable to release
T helper 1 (T,1)-inducing interleukin 12 (IL-12) in response to bacteria. When this
communication is interrupted, T,,1-mediated pathologies such as Crohn’s disease can occur
(Rimoldi et. al 2005). Toll-like receptors (TLRs) recognize conserved structural components of
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bacteria, and react by activating nuclear factor-1B (NF-1B) signalling that leads to the
upregulation of pro-inflammatory molecules and antimicrobial peptides in an attempt to
eradicate pathogens. UC and CD patient biopsies exhibit dysregulated TLR levels, including
significantly upregulated TLR4 on apical epithelium, that may contribute to an exaggerated
immune response and resulting inflammation (Cario and Podolsky 2000; Abreu 2010).

1.3 Intestinal epithelium

The intestinal epithelium, a heterogeneous monolayer of cells, is essential for normal
functioning of the mucosa. It lies at the interface between the luminal environment and the
strictly regulated internal milieu (Camilleri et. al 2012). Because it serves a multifaceted function

as a gateway to nutrients but a blockade to potential pathogens, its regulation is complex.

1.3.1 Transport across epithelium

The selective permeability achieved by intestinal epithelium occurs via transcellular and
paracellular pathways. The transcellular route refers to active or passive transport through
epithelial cells; it allows the passage of large organic molecules using specific transporters
(Marchiando et. al 2010). Although 90% of luminal food antigens entering transcellular
pathways will be degraded, a small number of macromolecules make it through the cell
monolayer intact. This may be one mechanism by which epithelial transport allows antigen
sampling by underlying immune cells in the lamina propria (Heyman and Desjeux 1992). In
contrast, the paracellular route refers to passage through the space between adjacent epithelial
cells and is mediated by the apical junctional complex (AJC); this pathway allows the passage of

ions and small molecules, but is impenetrable to large macromolecules (Marchiando et. al 2010).



Barrier function is described as the ability of the gastrointestinal tract to prevent the
unwanted movement of molecules into the intestinal milieu. The plasma membranes of epithelial
cells act as a barrier to most hydrophilic solutes, but would not be sufficient without the
paracellular seal between adjacent epithelial cells (Odenwald and Turner 2009). Barrier function
is mediated by the AJC, located in the apical lateral membrane of epithelial cells. The AJC
consists of the apical-most tight junction and the subjacent adherens junction. This multi-protein
complex has a major role in cell adhesion as well as in limiting paracellular transport
(Wroblewski and Peek 2011).

1.3.2 Adherens junction

The adherens junction, localized just beneath the tight junction, was first described as a
visible space between neighbouring epithelial cells with opposing membranes running strictly
parallel to one another, in stark contrast to the variable appearance of opposing membranes
below the junction (Farquhar and Palade 1963). The adherens junction consists of interacting
transmembrane proteins that are anchored to the cytoskeleton of adjacent cells by cytosolic
plague proteins (Nava et. al 2013). The adherens junction is regulated by growth factor
receptors, such as epidermal growth factor receptor (EGFR), as well as modulators of the actin
cytoskeleton (Shen et. al 2008).

Adherens junctions, along with desmosomes, provide strength and proximity to
neighbouring cells during tight junction assembly, and also protect the epithelial layer from sheer
stress (Marchiando et. al 2010). Reformation of AJCs in intestinal epithelial cells requires the
early formation of adherens-like junctions that then allows tight junction formation (lvanov et. al
2005). Additionally, adherens junctions are essential drivers of epithelial cell polarization.
Disruption of the intestinal adherens junction transmembrane protein, E-cadherin, in mouse
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tissue caused diffuse cytoplasmic $-actin, normally localized to the apical brush border of
epithelial cells for anchoring of cell junctions. Reduced E-cadherin also resulted in disrupted
differentiation and increased epithelial cell apoptosis (Hermiston and Gordon 1995).

1.3.3 Tight junction

The apical-most tight junction is the main determinant of paracellular transport. With the
adherens junction, it forms a belt-like ring around the apical-lateral component of epithelial cells,
contributing to apico-basolateral polarity (Odenwald and Turner 2013). The tight junction forms
a selectively permeable barrier, and is able to discriminate incoming solutes by their charge and
size (Shen et. al 2011). For example, intestinal epithelial tight junctions are normally more
permeable to sodium ions (Na*) than chloride ions (CI), but this can be altered by selectively
expressing claudin-2 in epithelial cells, causing the formation of cation-selective channels in the
tight junctions, and a more leaky epithelium (Shen et. al 2009; Amasheh et. al 2002). Tight
junction permeability also varies along the crypt-villus axis, whereby pores in the crypts are
significantly larger than those pores along the apical villi (Marcial et. al 1983; Fihn et. al 2000).
This is likely a result of the increased risk of exposure to luminal contents at villous tips

compared to crypt regions.

1.3.3.1 Tight junction structure

The tight junction consists of transmembrane proteins such as members of the claudin
family, occludin, and junctional adhesion molecule-A (JAM-A), as well as other less well
studied proteins (Laukoetter et. al 2008). Transmembrane proteins from adjacent epithelial cells
interact via extracellular loops in a specific homo- or heterotypic fashion in the extracellular

space to form the selectively permeable seal (Webb et. al 2013). Paracellular permeability of the



epithelial lining is tissue-specific, and depends on the number and type of interactions that are
occurring between the transmembrane proteins (Shen et. al 2008). Claudins show specific
patterns of expression in different tissues, and interactions of different claudin species
determines the “leakiness” of tight junctions (Peppi and Ghabriel 2004). Likewise, messenger
RNA (mRNA) expression of occludin and JAM-A are different depending on tissue-type,
suggesting altered functions for tight junctions depending on the tissue involved (Hwang et. al
2013).

The claudin family consists of 24 identified proteins ranging in size from 20 to 27 kDa
that appear to be the main regulators of tight junction selectivity (Salim and Soderholm 2011,
Hamada et. al 2013). They are thought to be the most abundant protein type present at the tight
junction, forming the characteristic “strands” between neighbouring cells (Anderson and Van
Itallie 2009). Tight junctions from single cells contain more than two species from the claudin
family, and upon inserting themselves into the tight junction, these claudin species get in contact
with those from adjacent cells to trigger the formation of strands (Heiskala et. al 2001; Will et. al
2008).

Claudins are tetra-spanning proteins with a very short internal N-terminus and a longer
internal C-terminus, with two extracellular loops, the first of which displays variability in the
number and placement of charged residues (Van Itallie and Anderson 2006; Gonzalez-Mariscal
et. al 2008). This variability accounts for the altered paracellular selectivity characteristic of tight
junctions. Some claudin species increase paracellular permeability through the formation of
cation- or anion-selective pores, while others decrease permeability by sealing the paracellular
route (Will et. al 2008). The importance of claudins in tight junction permeability is emphasized
by the use of claudin-1, -5, or -6 knockout mice that all show severe barrier defects in the skin as
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well as perinatal death (Marchiando et. al 2010; Wada et. al 2013). Related, Mardin-Darby
canine kidney (MDCK) cells stably transfected to overexpress sealing claudin-1 show a four-fold
increase in transepithelial electrical resistance (TER), indicative of decreased paracellular
permeability (Inai et. al 1999).

The 65 kDa occludin was the first tight junction protein to be identified, and was thought
to be the main sealing protein of the tight junction until the discovery of the claudin family
(Tsukita and Furuse 1999; Ikenouchi et. al 2008). Like the members of the claudin family,
occludin is a tetra-spanning protein with intracellular N- and C-termini, and two extracellular
loops. The first extracellular loop is glycine/tyrosine rich and the second is enriched with
tyrosine residues. The functions for these two loops are related to their makeup, and studies
suggest a dramatic difference between the two loops in their ability to interact with other proteins
in the epithelial cell and tight junction (Nusrat et. al 2005). The role of occludin in tight junction
formation and regulation is debated. Overexpression of wildtype and mutant occludin causes an
increase in TER in MDCK cells compared to wildtype MDCK controls (Balda et. al 1996).
Likewise, a significant drop in TER is seen upon interruption of occludin interactions using a
peptide that mimics occludin extracellular loops (Muresan et. al 2000). In contrast, occludin
knockout embryonic stem cells are able to form functional tight junctions (Yu et. al 2005).
Permeability and tight junction morphology are unremarkable in occludin knockout mice
compared to controls; however, these mice exhibit severe postnatal growth deficits, sexual
deficits, inflammation in the gastric epithelium, calcification in the testes of older mice, and
weakened compact bone (Saitou et. al 2000). These severe complications suggest a role for
occludin in healthy physiology, regardless of its debated involvement in barrier function. A more
recent hypothesis regarding occludin in the tight junction is that it will tighten the paracellular
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barrier when present, but can be compensated for by other tight junction proteins when deficient
(Schulzke et. al 2012).

The junctional adhesion molecule (JAM) family consists of at least four members, with
each containing just one transmembrane domain (Mandell and Parkos 2005). Although present at
the tight junction, it is thought that the JAM family does not have a large direct influence on
regulating paracellular permeability (Schulzke et. al 2012). JAM may play a role in the
molecular architecture of the tight junction by binding intracellular proteins and stabilizing
occludin within the extracellular space (Bazzoni et. al 2000). JAM also appears to be important
in trafficking immune cells from lymphoid tissues during immune surveillance and inflammatory
responses (Gonzalez-Mariscal 2003). The exact role of JAMs in tight junction permeability
requires further investigation.

The transmembrane proteins not only interact with one another at the extracellular space,
but also with scaffolding proteins such as the zonula occludens (ZO) family that act as a bridge
between the tight junction and the actin cytoskeleton, as well as regulatory molecules involved in
cell signaling (Schneeberger and Lynch 2004). ZO-1, -2, and -3 not only act as bridges, but also
as recruiters of various tight junction-associated molecules implicated in signaling (Gonzalez-
Mariscal 2008). The ZO family contains three PSD95, DIgA, ZO-1 (PDZ) domains that are
important in its binding with tight junction proteins, a SRC homology 3 (SH3) domain with a
suggested role in localization of signaling molecules to the membrane and other subcellular
locations, and a guanylate kinase (GUK) domain (Shin and Margolis 2006; Balda et. al 1996;
Bar-Sagi et. al 1993). ZO-1 (and JAM-A) protein expression is decreased in the colonic mucosa
of patients with UC and CD, although this decrease is limited to the areas of active inflammation
(Bruewer et. al 2006; Kucharzik et. al 2001). ZO-1 knockout/Z0O-2 knockdown epithelial Eph4
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cells, although still able to form adherens junctions and polarize in terms of the differentiation of
apical and basolateral membranes, show a complete inability to form tight junctions. Because
claudins use the PDZ domain of these scaffolding proteins to polymerize, knockdown impedes
polymerization and formation of tight junction strands (Umeda et. al 2006). Furthermore, ZO-1
and -2 knockout mice are embryonically lethal, speaking to the essential role of the ZO family in

healthy physiology (Katsuno et. al 2008).

1.3.4 Tight Junction Regulation

Tight junctions are dynamic structures requiring specific regulation to allow selective
permeability that is required to maintain intestinal homeostasis. The tight junction can be
regulated by two broad mechanisms: the actin cytoskeleton and tight junction protein
composition.

1.3.4.1 Cytoskeletal regulation of tight junction

Actin and myosin form a perijunctional ring around the apical junctional complex and
contraction can transiently open or close the tight junction (Cunningham and Turner 2012).
These rapid changes occur independently of altered protein expression and often involve the
activation of Rho-associated protein kinase (ROCK) and myosin 11 light chain kinase (MLCK).
Phosphorylation of myosin Il regulatory light chain (MLC) by activated ROCK and/or MLCK
causes reorganization and contraction of the actin cytoskeleton (Shen et. al 2006). ZO-1
scaffolding proteins attached to junctional transmembrane proteins are connected to actin
filaments via actin-binding sites. Cytoskeletal contraction causes ZO-1 to pull the intercellular
junction apart, resulting in increased permeability.

A role for cytoskeletal components in tight junction regulation was first recognized after
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MLC phosphorylation was significantly increased following Escherichia coli infection in T84
colonic carcinoma epithelial cells compared to uninfected controls. MLCK inhibitors that block
MLC phosphorylation also block increases in tight junction permeability (Cunningham and
Turner 2012; Yuhan et. al 1997). Similar results were found in vivo, where mice expressing a
constitutively active form of MLCK exhibited increased intestinal paracellular permeability,
despite a similar tight junction composition to control mice (Su et. al 2009).

Other regulatory molecules also have an affect on MLC phosphorylation and subsequent
changes in tight junction permeability. Downregulation of protein kinase C (PKC) levels in T84s
causes disruption of the perijunctional actin ring and increased permeability (Hecht et. al 1994).
Similarly, treatment with phorbol esters has been shown to result in recruitment of PKC to the
plasma membrane of Caco-2 cells that coincides with increased transepithelial electrical
resistance (TER), indicative of decreased paracellular permeability. This effect was shown to be
a result of PKC binding to the calmodulin-binding domain of MLCK, thus inhibiting its ability to
phosphorylate MLC and cause contraction of the actin ring (Turner et. al 1999).

Phosphorylation of MLC is not the sole mechanism of rapid tight junction regulation, and
phosphorylation of ZO family members has been shown to have rapid effects on tight junction
permeability as well. It is not thought that these two are related, however, as ZO-1
phosphorylation occurs at tyrosine residues and MLC is phosphorylated on serine and threonine

residues (Turner et. al 1997).

1.3.4.2 Tight junction regulation by protein composition

In addition to tight junction regulation by changes to cytoskeletal components, the tight

junction can also be modulated via changes to junctional proteins, such as phosphorylation of
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transmembrane proteins that alter protein-protein interactions or through direct removal or
insertion of tight junctional transmembrane proteins.

Differences in tight junction permeability caused by phosphorylation were first shown
using two strains of MDCK cells that exhibited significantly different baseline TER values;
lower TER was determined to be caused by increased phosphate levels on ZO-1 of one MDCK
strain (Stevenson et. al 1989). However, phosphorylation-mediated tight junction regulation is
not fully understood, as different signalling molecules can phosphorylate or dephosphorylate the
same residues, and elicit different effects on the tight junction as a result. Signaling molecules
shown to regulate tight junctions includes kinases such as Src kinase, protein kinase C (PKC)
isoforms, and extracellular regulated kinase (ERK), as well as phosphatases (Gonzalez-Mariscal
et. al 2008).

In most cell models, serine/threonine phosphorylation of occludin contributes to
enhanced barrier function, whereas dephosphorylation of serine/threonine residues and
phosphorylation of tyrosine residues is associated with tight junction disassembly (Rao 2009).
DSS treatment in Caco-2 cells triggers INK-mediated c-Src activation that increases tyrosine
phosphorylation of occludin and ZO-1, and results in the subsequent disruption of tight junctions
(Samak et. al 2014). Tyrosine phosphorylation and disruption of ZO-1 and occludin also occur in
a cell model of oxidative stress and can be blocked by the Src inhibitor, PP2. Likewise,
expression of a kinase-inactive c-Src delays tight junctional disruption (Basuroy et. al 2003).

Inhibition of PKC causes decreased TER due to disrupted ZO-1, but does not affect
sorting of adherens junction or desmosome proteins, suggesting PKC isoforms regulate tight
junctions specifically (Stuart and Nigam 1995). Atypical isoforms of PKC co-localize with ZO-
1, and are increased during tight junction assembly, further evidence of involvement in tight
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junction regulation (Stuart and Nigam 1995). More specifically, atypical PKC! directly binds the
C-terminus of occludin and phosphorylates threonine residues to enhance tight junction assembly
in Caco-2 and MDCK cell monolayers (Jain et. al 2011). PKC isoforms can also cause tight
junction and adherens junction disassembly. IL-6 induced ZO-1 disruption and decreased TER is
attenuated with G66976, an inhibitor of conventional PKC isoforms (#, $1, $2, %), in endothelial
cells (Desai et. al 2002). Treatment with phorbol esters increases E-cadherin endocytosis; this
effect is blocked by a novel PKC inhibitor (G66850) but not G66976, suggesting a specific role
for novel PKC isoforms in adherens junction disassembly (Le et. al 2002).

ERK can also regulate tight junctional components by phosphorylation events. Treatment
with epidermal growth factor (EGF) activates ERK signaling that prevents phosphorylation of
detrimental tyrosine residues on occludin and ZO-1 following acetaldehyde injury of Caco-2
monolayers. EGF-mediated protection is blocked when monolayers are pre-treated with the
MEKZ1/2 inhibitor, U0126, suggesting a requirement for ERK activation in the protective
response (Samak et. al 2010).

The serine/threonine phosphatase, protein phosphatase 2A (PP2A) has been shown to
dephosphorylate ZO-1, occludin, and claudin-1, resulting in increased permeability in MDCK
cells (Nunbhakdi-Craig et. al 2002). Related, the receptor tyrosine phosphatase, density-
enhanced phosphatase-1 (DEP-1) co-localizes with ZO-1 and has been shown to
dephosphorylate ZO-1 and occludin in MDCK cell monolayers (Sallee and Burridge 2009).

Many studies have shown evidence of insertion or removal of tight junctional proteins in
response to physiological and pathological stimuli. Because of the selective internalization of TJ
proteins without effect on adherens junctional proteins, paracellular permeability can be
increased without disturbing cell-cell adhesion (Utech et. al 2010). In line with this, the apical
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junctional complex frequently contains endocytotic vesicles involved in trafficking proteins.
Molecules involved in the formation and sorting of vesicles, such as vesicle-associated protein-
33 (VAP-33), co-localize with tight junction proteins, such as occludin, as well as the plasma
membrane adjacent to AJCs (Polishchuk et. al 2004; Utech et. al 2010; Lapierre et. al 1999).
Insertion of tight junction transmembrane proteins also occurs to elicit changes in permeability.
1.4 IBD: Environment and Permeability

Both CD and UC exhibit increased levels of tumor necrosis factor-# (TNF-#), however the
nature of other pro-inflammatory cytokines differs between the two diseases. T,1-related
cytokines such as interferon-% (IFN-%), IL-12, and IL-18 are increased in CD, while 1L-4, IL-5,
and IL-13 are typical of T,2/T,17-mediated UC (Bene et. al 2011; McGuckin et. al 2009).
Although cytokine profiles differ, UC and CD patients both exhibit upregulation of the pore-
forming claudin-2, and decreased expression of the sealing claudin-4 (Das et. al 2012). They also
showed similar disruption of tight junction structure by electron microscopy (Das et. al 2012).
Mouse models of DSS and 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis show
alterations to the tight junction, with increased expression of claudin-2 and decreased expression
of sealing claudins (Edelblum and Turner 2009). Claudin-2 is also strongly expressed along
inflamed crypt epithelium of IBD colonic biopsies, but barely visible in control biopsies. The
sealing claudins -3 and -4, along with JAM-A, also follow a decreased pattern in IBD colonic
biopsies compared to control biopsies (Prasad et. al 2005; Salim et. al 2011).

Caco-2 monolayers treated with TNF-# and IFN-% have increased MLC phosphorylation
and paracellular permeability, as well as altered distribution of occludin, ZO-1, and claudin-1 at
the tight junction (Cao et. al 2013). IFN-% also induces endocytosis and recycling of tight
junctional proteins. Treatment with IFN-% causes internalization of occludin, JAM-A, and
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claudins -1 and -4 by macropinocytosis, that is potentiated by co-treatment with TNF-#
(Bruewer et. al 2003; Utech et. al 2010). Acute liver failure (ALF) mice treated with TNF-#
show structural abnormalities in intestinal mucosa and decreased expression of ZO-1 compared
to control mice (Song et. al 2009). Early studies using freeze fracture electron microscopy
showed a significant decrease in TJ strands in UC, likely from the downregulation of strand-
forming claudins (Zeissig et. al 2006). These changes to the tight junction are thought to increase
permeability, resulting in increased translocation of unwanted molecules that either cause or

exacerbate intestinal inflammation and disease.

1.4.1 Epithelial barrier dysfunction: the cause or consequence of inflammation?

Whether barrier dysfunction predisposes an individual to IBD or is a consequence of
existing inflammation is an ongoing debate. Increased permeability was first reported in patients
with CD over 25 years ago (Hollander et. al 1996). A more recent study demonstrated the
potential for abnormal small intestinal permeability to be predictive of early relapse in pediatric
patients with UC. Abnormal permeability was seen in 78% of the early relapsed patients
compared with just 8% of non-relapsing patients even with two-thirds of cases showing normal
histology upon investigation of biopsies, suggesting a change in barrier function independent of
inflammation (Miele et. al 2007). Similarly, increased intestinal permeability and decreased
serum iron levels were shown to be predictors of disease relapse in inactive CD patients (D’Inca
et. al 1999). In support of these findings, a 24-year-old woman diagnosed with CD had a family
history of inflammatory bowel disease and exhibited increased intestinal permeability to *'Cr-
EDTA at the age of 13, prior to any overt pathology (Irvine and Marshall 2000). Increased

permeability has also been shown to precede mucosal inflammation in murine models. IL-107
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mice have increased permeability at two weeks of age without any macroscopic mucosal injury.
By six weeks of age, this increased permeability is still apparent and mucosal inflammation is
apparent (Madsen et. al 1999). SAMP1/YitFc mice that develop spontaneous IBD histologically
similar to CD have increased small intestinal permeability at three weeks of age associated with
redistribution of tight junction proteins. lleitis and associated inflammation do not appear until
10 weeks of age, suggesting a causal role for decreased barrier function in inflammation and IBD
(Reuter and Pizarro 2009).

Contrary to these findings, healthy first-degree relatives of patients with CD have been
shown to have increased permeability as well, suggesting increased barrier dysfunction alone is
not sufficient to cause disease (Hollander et. al 1996). Transgenic mice expressing a
constitutively active MLCK exhibit increased paracellular permeability, but do not develop
spontaneous colitis (Su et. al 2009). Likewise, mice lacking JAM-A have increased permeability
and bacterial translocation but do not develop overt inflammation, although this is likely due to
increased adaptive immunity in response to their compromised epithelial barrier (Khounlotham
et. al 2012).

Together, these findings suggest a role for barrier dysfunction in disease, but further
clarification is required to determine its role as a primary pathogenic factor in inflammation and
disease etiology. Increased permeability is known to occur early in the inflammatory process,
and inflammation can exacerbate barrier deficits, ultimately worsening present disease, making
epithelial barrier dysfunction a worthwhile avenue to explore.

In addition to the aforementioned signalling molecules involved in regulation of the

epithelial barrier, proteases and growth factors have also been implicated in barrier function.
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1.5 Proteases in Intestinal Epithelium

Proteases break down proteins by cleaving peptide bonds, and are ubiquitous throughout
the body in the form of inactive precursors and activated enzymes (Turk 2006). The healthy
human gut is exposed to low levels of constitutively expressed proteases produced by luminal
bacteria, the brush border of epithelial cells, and by immune cells and mesenchymal cells on the
basolateral side of the epithelial layer (Biancheri et. al 2013). Low levels of proteases are
required for maintenance and turnover of the epithelium.

Following food ingestion, exogenous proteases are released from the pancreas as inactive
zymogens into the gastrointestinal tract where they are activated for the purpose of digestion,
what has long been seen as their primary role (Turk 2006). Inactive trypsinogen is released,
cleaved by enteropeptidase located on the apical membrane of enterocytes and goblet cells to
form active trypsin that can then digest food antigens and activate other pancreatic zymogens

secreted into the gastrointestinal lumen (Imamura and Kitamoto 2003).

1.5.1 Proteases in intestinal inflammation

The protease profile changes during inflammation, with increased expression of proteases
as well as altered localization of the proteases due to changes in the protease-producing cell
types (Biancheri et. al 2012). Under inflammatory conditions, tryptase released by mast cells
signals to protease activated receptor 2 (PAR2) resulting in F-actin reorganization and increased
intestinal permeability (Jacob et. al 2005). Matrix metalloproteinase-1 (MMP-1) that is normally
expressed by epithelial cells is expressed by activated fibroblasts and immune cells in crypt
abscesses of UC patients (Arihiro et. al 2001). Dysregulated proteolysis occurs, causing mucosal

lesions that can amplify the inflammatory response in IBD (Biancheri et. al 2012). In addition to
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increased and mislocalized protease production, inflammation also causes a disrupted balance
between proteases and their inhibitors that normally regulate their action. Colonic biopsies from
patients with CD exhibit increased neutrophil elastase (protease) and decreased elafin
(endogenous protease inhibitor found in healthy gut), suggesting an imbalance between protease
and anti-protease activity in IBD (Schmid et. al 2007). Adding to this, transgenic mice
expressing constitutive elafin are protected from DSS- and TNBS-induced colitis compared to
wild type controls; when wild type mice are given elafin transiently, similar protection is
observed (Motta et. al 2011). Increased fecal clearance of alpha-1-antitrypsin (protease
inhibitor) was first shown in patients with IBD over 30 years ago (Karbach et. al 1983). Its
potential as a therapeutic agent was shown when mice treated prophylactically with alpha-1-
antitrypsin were protected against DSS-induced colitis, with less tissue damage, decreased pro-
inflammatory cytokine production, and enhanced barrier function compared to control DSS
mice. Alpha-1-antitrypsin was also able to decrease present inflammation in a murine model of
chronic ileitis comparable to CD (Collins et. al 2013). Although these changes point to an
adverse role for proteases in gut inflammation, other evidence suggests a role for proteases in the

enhancement of epithelial barrier function in the intestine.

1.5.2 Protease-mediated epithelial barrier enhancement

Serine proteases are enzymes that cleave peptide bonds using serine as the nucleophile.
The serine proteases trypsin and elastase have been shown to decrease permeability in human
airway epithelial cells through a calcium-dependent mechanism, suggesting the possibility of a
similar role in intestinal epithelial cells (Swystun et. al 2005). This was confirmed using the

serine proteases trypsin, chymotrypsin, and neutrophil elastase, which all significantly increased
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TER of SCBN, Caco-2, and T84 monolayers when stimulated apically, and MDCK monolayers
when stimulated from the basolateral aspect in Ussing chambers (Swystun et. al 2009).
Endogenous epithelial-derived proteases are essential for normal functioning of epithelia
throughout the body. Matriptase, a type 1l transmembrane serine protease expressed in virtually
all epithelia in the body, plays an integral role in embryonic epithelial development as well as
maintaining epithelial homeostasis in developed tissue (Oberst et. al 2003; List et. al 2009).
More recently, the importance of intestinal matriptase specifically was shown using St14
hypomorphic mice exhibiting a 100-fold reduction in mRNA levels of intestinal matriptase.
These mice exhibited a 35% reduction in TER as well as increased expression of the pore-
forming claudin-2 compared to wild type mice. When exposed to DSS-induced colitis, they
became sicker, and had an impaired ability to restore barrier function and a normal cytokine
profile during the resolution phase (Buzza et. al 2010). St14 and matriptase mRNA levels are
significantly downregulated in inflamed colonic tissues from UC and CD patients, and cytokines
implicated in IBD (TNF-#, IFN-%, IL-4, IL-13) significantly decrease matriptase levels in T84
monolayers (Netzel-Arnett et. al 2012). Adding to this, intestinal matriptase activation and
epithelial barrier maintenance was shown to be dependent on indirect processing by another
membrane-tethered serine protease, prostasin (Buzza et. al 2013). Together, these findings show
a physiologically relevant account of serine protease-dependent maintenance and functioning of

intestinal epithelial cells.

1.6 Signaling in protease-mediated barrier enhancement
1.6.1 Atypical PKC involvement

The mechanism(s) by which serine proteases enhance barrier function are not fully
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understood. Previous work has shown the possible involvement of atypical PKC! activation in
the serine protease-mediated increase in TER in intestinal epithelial cell lines (Swystun et. al
2009). Related to this, antrum mucosal protein-18 (AMP-18), isolated from the stomach, was
shown to prevent the loss of ZO-1 and actin in Caco-2 cells exposed to a low-calcium
environment. AMP-18 treatment significantly increased phosphorylation of p38 MAP kinase, as
well as phosphorylation and translocation of PKC! to the polarity complex required for tight
junction formation, suggesting a requirement for PKC! in the protective effects exhibited by
AMP-18 (Chen et. al 2012). Additionally, PKC! is able to bind and phosphorylate threonine

residues on occludin, contributing to tight junction assembly and stabilization (Jain et. al 2011).

1.6.2 PKC isoforms and structure

PKCs belong to the AGC kinase family of protein kinases, consisting of approximately
60 members including PKA, PKG and PKC. PKCs are serine/threonine protein kinases; they
phosphorylate the hydroxyl groups of serine and threonine residues specifically. The nine PKCs
are further divided into three subfamilies, based on their second messenger requirements for
activation: conventional (cPKC), novel (nPKC), and atypical (aPKC). These isoforms have very
diverse roles in physiological processes, including cell differentiation, apoptosis, and
proliferation (Arencibia et. al 2013).

PKC! consists of four functional motifs: a PB1 domain, pseudosubstrate (PS) sequence,
C1 domain, and a kinase domain. The PB1 domain recognizes conserved motifs of other PB1-
containing proteins, allowing for protein-protein interactions at the cytoskeleton. The PS
sequence is a peptide mimicking substrate, and is assumed to block the substrate-binding cavity

of the kinase domain as an autoinhibition mechanism (House and Kemp 1987). The C1 domain
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of cPKC and nPKC isoforms are necessary for their interactions with second messengers for
activation; however, the functional significance of the C1 domain in atypical PKC isoforms is
unknown because activation does not require any interaction with a second messenger. The
kinase domain of PKC! contains an adenosine triphosphate (ATP)-binding region with a lysine
residue (Lys-281) that is essential for its kinase activity. The kinase domain also contains
important threonine residues (Thr-410 and Thr-560) which are both phosphorylated upon
activation. Thr-410 is first phosphorylated at the activation loop, inducing autophosphorylation
of Thr-560 at the turn motif. For this reason, antibodies against Thr-560 are good indicators of
fully activated PKC!. The hydrophobic motif of the kinase domain is the docking site for

incoming activators of PKC! (Hirai and Chida 2003).

1.6.3 Cell surface signaling

Serine proteases are known to signal through a G-protein coupled receptor (GPCR)
group, protease-activated receptors (PAR-1, -2, -3, -4) by cleaving the N-terminus to expose a
new N-terminus that acts as a tethered ligand to activate the receptor and initiate downstream
signalling (Dery et. al 1998). Described roles of PARs include blood coagulation, inflammation,
proliferation, ion secretion, and cancer progression, among others (Grimsy et. al 2011).
However, protease-induced increased TER in intestinal epithelial cells was shown to occur
independent of PAR activation (Swystun et. al 2009). There is previous evidence of PAR-
independent serine protease-mediated receptor activation and signalling. Trypsin is able to cleave
the inhibitory #-subunit of insulin growth factor receptor, liberating $-subunit kinase activity to
elicit the same effect as insulin on insulin-associated pathways within the cell (Shoelson et. al

1998). Protease-mediated activation of insulin growth factor receptor was previously shown in
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rat diaphragm tissue (Rieser and Rieser 1964). Likewise, thrombin has been shown to activate
one form of pro-matrix metalloproteinase-2 (pro-MMP-2) independently of PARs in endothelial
cells (Lafleur et. al 2001). These data suggest a signalling role for serine proteases apart from

their PAR-activating abilities.

1.7 Epidermal growth factor receptor (EGFR) signalling

ErbB-1 or epidermal growth factor receptor (EGFR) is part of the ErbB family consisting
of ErbB-1, -2, -3, and -4. EGFR consists of an extracellular ligand-binding domain, and an
intracellular tyrosine kinase domain linked by a short hydrophobic transmembrane region
(Ullrich et. al 1984). EGFR has seven known ligands, transmembrane proteins, which are
activated by cleavage to release the soluble ligand that can then bind to the extracellular domain
of the receptor. Binding of ligand to EGFR results in rapid receptor dimerization and increased
activity of the cytoplasmic tyrosine kinase domain, intermolecular cross-phosphorylation of
tyrosine residues, and downstream signalling (Cochet et. al 1988; Margolis et. al 1989;
Honegger et. al 1989). Phosphorylation at the C-terminus of activated dimers provides docking
sites for adaptor and transducer molecules that form signalling complexes; different proteins
preferentially bind certain heterodimers. For example, the p85 subunit of PI3-K binds to the
phosphorylated C-terminus of ErbB3 more favourably than EGFR following EGF stimulation
(Jorissen et. al 2003; Hellyer et. al 1998).

In addition to homodimerization of two EGF receptors, EGFR can also heterodimerize
with other members of the ErbB family to activate different signalling pathways depending on
the nature of ligand binding. ErbB-2 is always in an open confirmation and has been shown to be

the preferred dimerization partner for other ErbB receptors; additionally, it also contributes to
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signaling between ErbB receptors (Graus-Porta et. al 1997). Like EGFR, ErbB-2 and -4 contain
conserved amino acid residues in their kinase domain; however, ErbB-3 has modified residues
that impair its tyrosine kinase activity (Guy et. al 1994). Downstream signaling cascades such as
P13-kinase (P13K), MAP-kinase (MAPK), NF- 1B, or others are initiated depending on the
nature of ligand binding and dimerization (Baselga and Swain 2009; Fiske et. al 2009).
Likewise, differences in the C-terminal domains of the receptors also affect the signalling
molecules that can interact with the dimers, increasing the number of potential signaling
pathways that can be activated by one ligand (Jorissen et. al 2003). Ligand binding can also
enhance receptor clustering into clathrin-coated pits for internalization and cessation of signal

transduction; some dimer formations are more stable than others (Wiley et. al 1991).

1.8 Proteases and EGFR signalling

All known EGFR ligands are synthesized as membrane-tethered ligands, requiring
cleavage to release the soluble ligand that can then engage the receptor. In addition to their
degradative functions, proteases have been implicated in the cleavage of pro-ligands that can
then engage their cognate receptor (Blobel et. al 2009). Several studies identified GPCR-
mediated cleavage of EGFR ligands and subsequent activation of EGFR (Fiske et. al 2009).
Activation of protease activated receptor (PAR)1 by thrombin stimulates MMP-mediated release
of soluble TGF-# that transactivates EGFR and induces ERK1/2 signalling, resulting in
increased proliferation in HT-29s, a colonic epithelial carcinoma cell line (Darmoul et. al 2004).
Likewise, thrombin and trypsin-mediated chloride secretion in SCBN and T84 monolayers was
shown to occur via PAR1 and PAR2-dependent transactivation of EGFR and downstream

ERK1/2 phosphorylation (Buresi et. al 2002; van der Merwe et. al 2008). Mice lacking a
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disintegrin and metalloproteinase (ADAM)-17, known to be important in shedding of EGFR
ligands, exhibit similar epithelial defects seen in egfr” and tgf!” mice, suggesting a requirement
for protease-mediated cleavage of ligands for normal activation and signalling of EGFR (Sahin
et. al 2004).

In addition to extracellular cleavage of EGFR ligands by proteases, EGFR can also be
activated intracellularly through Src kinases. c-Src dependent tyrosine residues have been
identified on EGFR, and phosphorylation of these residues has been shown to modulate EGFR
activity and tumor progression in breast cancer cells (Biscardi et. al 1999).

Aberrant EGFR signalling has been implicated in cancer, cardiovascular disease, and
inflammation (Burgess 2008). The following sections explore the role of EGFR signalling as it
pertains to intestinal epithelial barrier function and disruption.

1.8.1 EGFR signalling in intestinal epithelial barrier function

EGFR signalling is known to promote intestinal epithelial growth and survival; EGFR and
its family of receptors are expressed throughout the intestinal tract (Troyer et. al 2001).
Stimulation with EGF has been shown to decrease paracellular permeability and increase
tyrosine phosphorylation of apical junctional proteins in canine gastric cells (Chen et. al 2001).
EGFR signalling also differentially regulates pore-forming and sealing claudins in the tight
junction that is complemented by a significant increase in TER in MDCK cells; increased TER is
attributed to Src-mediated phosphorylation and nuclear translocation of STAT3 that
downregulates claudin-2 expression (Singh and Harris 2004; Garcia-Hernandez et. al 2014).
Likewise, juxtacrine activation of EGFR by membrane-bound heparin-binding (HB)-EGF
decreases claudin-2 expression and increases TER in MDCK cells (Singh et. al 2007). lon
secretion in intestinal epithelial monolayers has also been shown to be regulated by EGFR
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signalling (McCole and Barrett 2009). PAR1- and 2-induced epithelial chloride secretion is
mediated through transactivation of EGFR by Src and downstream ERK1/2 signalling in SCBN
and T84 monolayers (van der Merwe et. al 2008; Buresi et. al 2002).

In addition to tight junction enhancement, EGFR signalling can also enhance the secreted
mucus layer to improve barrier function in intestinal epithelial cells. Addition of the probiotic
p40, a soluble protein isolated from Lactobacillus rhamnosus to human colon cancer cells
increases Muc?2 expression and decreases bacterial translocation in an EGFR-dependent manner;
wildtype mice exposed to the same probiotic also exhibit increased Muc2 expression that does
not occur in mice with a defective EGFR kinase domain (Wang et. al 2014).

EGFR is also protective during conditions of intestinal insult. SCBN monolayers treated
with EGF prior to Campylobacter jejuni infection are protected against claudin-4 disruption and
increased permeability, and have significantly decreased bacterial invasion compared to control
infected monolayers (Lamb-Rosteski et. al 2008). Likewise, increased paracellular permeability
and disrupted ZO-1 in SCBNs infected with Giardia lamblia is prevented by pre-treatment with
EGF that inhibits parasitic attachment (Buret et. al 2002). Oxidative stress-induced ZO-1
degradation is blocked via activation of EGFR/Akt and ERK1/2 signalling in Caco-2 cell
monolayers (Seo et. al 2014). EGFR/ErbB2 signalling decreases TNF-#-induced apoptosis in
young adult mouse colonic (YAMC) epithelial cells and HT-29 cells; the same decrease is
exhibited in wildtype mice exposed to TNF-# that is blocked in EGFR kinase-deficient mice,
suggesting a requirement for EGFR to attenuate the apoptotic effects of a pro-inflammatory
cytokine known to be increased in IBD (Yamaoka et. al 2008).

EGFR-deficient mice are more susceptible to experimental models of colitis and IBD
patients exhibit defective EGFR signalling (Egger et. al 2000; Alexander et. al 1995). CD and
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UC patients also exhibit lower serum EGF levels compared to healthy controls, suggesting a
therapeutic potential for growth factor therapy in intestinal inflammation (Oikonomou et. al
2010). Use of EGF as a therapeutic was demonstrated to be effective in a case of necrotising
enterocolitis in a pre-term infant; intravenous (IV) infusion of recombinant EGF for six days was
associated with intestinal healing and recovery (Sullivan et. al 1991). EGF enemas given to a
subset of UC patients increased remission rates compared to patients given placebo; disease
activity scores and histological damage were decreased after 2 weeks of administration, and were
maintained at 4 and 12 weeks post-treatment (Sinha et. al 2003).

Despite these findings, ongoing growth factor receptor activation has the potential to be
oncogenic, a concern especially important in IBD where increased risk of developing colorectal
cancer has been documented (Frey and Polk 2014). Additionally, uncleaved zonulin was shown
to increase permeability through transactivation of EGFR by PAR2, suggesting a possible
detrimental effect of EGFR signalling in permeability (Tripathi et. al 2009).

Together, these data suggest a definitive role for EGFR in regulating epithelial barrier
function in the intestine; however, the mechanisms underlying said regulation require further
clarification.

1.9 Hypothesis and Aims

Current literature suggests an important role for serine proteases, PKC isoforms, and the
ErbB receptor family in modulating intestinal epithelial barrier function. Previous work in our
lab has shown that apical addition of the serine proteases trypsin, chymotrypsin, and elastase
causes a significant increase in TER in intestinal epithelial monolayers in a dose-dependent
manner, independent of ion channel activity and PAR activation (Swystun et. al 2009); however,
the underlying mechanism(s) governing this increase have not been elucidated.
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It was hypothesized that serine protease-induced barrier enhancement requires proteolytic

activity, EGFR signalling, and downstream activation of PKC!.

The following aims were developed to test this hypothesis:

Aim 1: Determine if ongoing proteolytic activity is required to initiate and sustain serine-
protease induced increased TER.

Aim 2: Determine the intracellular signalling pathways involved in initiating and
sustaining increased TER following protease stimulation

Aim 3: Determine the role of PKC! in the protease-mediated increase in TER

Aim 4: Determine the role of EGFR signalling in protease-mediated barrier enhancement
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Chapter Two: Materials & Methods

2.1 Reagents and Antibodies

Porcine pancreatic trypsin was purchased from Sigma-Aldrich Canada (Oakville, Ontario)
and diluted in sterile Dulbecco’s Phosphate Buffered Saline (DPBS) (Thermo Scientific, Logan,
Utah, USA). The catalytically active subunit of matriptase was kindly provided by Dr. Richard
Leduc (University of Sherbrooke, Sherbrooke, Québec). Forskolin was purchased from Alfa
Aesar (Ward Hill, Massachusetts, USA) and diluted in anhydrous ethanol. Soybean trypsin
inhibitor (SBTI) was purchased from Sigma-Aldrich Canada and diluted in sterile DPBS.
Aprotinin was purchased from Boehringer-Mannheim (Indianapolis, Indiana, USA) and diluted
in sterile water. Epidermal growth factor (EGF) was purchased from R&D Systems™
(Minneapolis, Minnesota, USA) and reconstituted in sterile DPBS. Bradykinin acetate salt was
purchased from Sigma-Aldrich Canada and diluted in 5% acetic acid. The following inhibitors
were used throughout the study: PD153035 hydrochloride (Tocris Bioscience, Minneapolis,
Minnesota, USA, #1037), U0126 (Promega, Madison, Wisconsin, USA, #V1121), PP1 (Cayman
Chemical, Ann Arbor, Michigan, USA, #14244), myristoylated PKC! pseudosubstrate inhibitor
(Enzo® Life Sciences, Farmingdale, New York, USA, #ALX-260-155), LY294002 (Cell
Signaling Technology®, Danvers, Massachusetts, USA, #9901), wortmannin (Sigma-Aldrich
Canada, #W1628), bradykinin B(2) receptor antagonist (Sigma-Aldrich Canada, #B1650),
GM®6001 (Tocris Bioscience, #2983), marimastat (Tocris Bioscience, #2631), and TAPI-1
acetate salt (Sigma-Aldrich Canada, #SML-0739). Antibody sources used throughout the study
are as follows: phospho-PKC! (threonine 560) (Epitomics, Burlingame, California, USA, #2200-
S), PKC! (C-20) (Santa Cruz Biotechnology Inc., Dallas, Texas, USA, #sc-216), phospho-Akt

(serine 473) (Cell Signaling Technology®, #9271), Akt (Cell Signaling Technology®, #9272),
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phospho-p44/42 MAPK (Cell Signaling Technology®, #4370), p44/42 MAPK (Cell Signaling
Technology®, #9102), phospho-Src family (tyrosine 416) (Cell Signaling Technology®, #2101),
and Src (36D10) (Cell Signaling Technology®, #2109).

2.2 Cell Culture

The canine duodenal epithelial cell line, SCBN, was provided by Dr. André Buret
(Biological Sciences, University of Calgary). The colonic epithelial cell lines Caco-2 and T84
were provided by Dr. Simon Hirota (Physiology and Pharmacology, University of Calgary) and
purchased from American Type Culture Collection (Manassas, Virginia, USA), respectively.
SCBNs were grown in Dulbecco’s Modified Eagle Medium (DMEM, high glucose)
supplemented with 5% fetal bovine serum (Gibco® by Life Technologies, Burbury, Ontario) and
2% L-glutamine (Thermo Scientific). Caco-2 and T84 cell lines were grown in a 1:1 ratio of
Dulbecco’s Modified Eagle and Ham’s F12 media (DMEM/F-12 1:1) supplemented with 10%
fetal bovine serum. T84 media was also supplemented with 1% sodium pyruvate purchased from
Thermo Scientific. Media for all cell lines was supplemented with 1% penicillin-streptomycin
(Thermo Scientific) and 5 "g/ml Plasmocin™ (InvivoGen, San Diego, California, USA). Cells
were seeded in 75mm? flat-bottom flasks and maintained in a 37°C humidified incubator with
5% CO,. Media was replaced every two to three days. Confluent cells were lifted using trypsin-
EDTA (Gibco® by Life Technologies).

2.3 Measurement of in vitro permeability
2.3.1 Cell preparation

Cells were seeded at a pre-determined density on 0.4 um pore-size polycarbonate

Snapwell™ semi-permeable supports and grown to confluence, as determined by their ability to
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hold back basolateral fluid. Media was replaced on the basolateral side of each well every two
days. Seeding densities and growth times are listed in Table 2-1.

2.3.2 Transepithelial electrical resistance

Confluent cells grown on Snapwells™ were mounted in Ussing chambers (Physiologic
Instruments, San Diego, California, USA) to measure short circuit current (lIs.) and
transepithelial electrical resistance (TER). SCBN and Caco-2 monolayers were bathed in Krebs
buffer solution (pH 7.4) consisting of 115 mM NaCl, 2 mM KH,PO,, 2.4 mM MgClI,*6H,0, 25
mM NaHCO;, 8 mM KCI, 1.3 mM CaCl,, and supplemented 10 mM glucose for the basolateral
side of the cells. The same Krebs buffer solution was used for the apical chamber; however, 10
mM mannitol was used in place of glucose to decrease the activation of the sodium-glucose
cotransporter (SGLT1) and slow the transfer of sodium ions. It also equalized the osmotic
pressure on the apical and basolateral sides of the cell monolayer, allowing for an accurate Iy
reading. T84 monolayers were bathed in Krebs buffer solution containing 10 mM glucose. All
buffers were brought to 37°C and bubbled with 5% CO, prior to their addition and these
conditions were maintained throughout the experimental procedure. Transepithelial potential
difference was clamped to zero millivolts (mV) by the continuous application of an equal and
opposite current to the cell monolayer’s baseline movement of ions using a voltage-clamp
apparatus (VCC MCS8, Physiologic Instruments). Every 20 seconds the voltage was unclamped
and 5 mV was applied. The resulting change in current was measured and Ohm’s Law used to
calculate the TER value (resistance = unclamped potential difference/short circuit current). TER
was recorded using a digital data acquisition system (MP100, BioPac, Goleta, California, USA)
and analyzed using Acquire and Analyze version 2.0 software. Cells were left to reach a stable
baseline for 20 to 60
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Table 2-1. Seeding densities and growth times for cell lines used in permeability studies.

Cell Line Seeding Density (cells/well) | Growth Time (days)
SCBN 1x10° 5
Caco-2 1.5 x 10° 6
T84 5x10° 7
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minutes prior to any pharmacological intervention. Cells were treated basolaterally with 10 *M
forskolin (Alfa Aesar) at the end of every experiment to induce secretion, to assess cell viability.

2.3.3 Measurement of protease-induced change in TER

Ussing chambers were used to examine TER, a measurement of ionic flux across the
epithelium. TER measures the pore pathway, and therefore cannot determine the size selectivity
of the tight junction (Shen et al 2010). Cells mounted in Ussing chambers were stabilized for 25-
60 minutes prior to intervention; cells were considered stable when TER did not increase by
more than 1 & x cm? per minute. Stabilized cells were stimulated apically with 45 BAU/ml
porcine pancreatic trypsin (Sigma-Aldrich Canada) or 0.5 BAU/ml matriptase. The resulting
change in TER was measured as follows: [maximal TER following protease stimulation minus
baseline TER prior to protease addition]. For the purpose of the investigation, the increase in
TER following protease-stimulation was divided into two phases: 1) initiation phase, the steep
increase in TER up to a maximal point and 2) sustained phase, the plateau and maintenance of

increased TER.

2.3.4 Inhibition of catalytic activity of proteases
2.3.4.1 Measurement of inhibition of catalytic activity

The requirement of proteolysis by trypsin to initiate the protease-mediated increased TER
was investigated using a catalytic inhibitor of the protease. A proteolytic activity assay was used
to determine the appropriate concentration of SBTI to inhibit trypsin and aprotinin to inhibit
matriptase proteolytic activity. Krebs buffer solution was mixed with Nonidet P-40 (NP-40) to a
final concentration of 0.2% v/v (Sigma-Aldrich). Increasing concentrations of SBTI (10, 30, 100,

and 300 "g/ml) and aprotinin (30, 100, and 300 nM) were added, followed by trypsin and
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matriptase, respectively, and incubated at room temperature for 10 minutes. Proteolytic activity
was measured in a 96-well black-bottomed plate by incubating 190 ul of Krebs buffer
solution/NP-40/inhibitor/protease combinations with 10 pl of 100 uM glutamine-alanine-
arginine (QAR)-AMC, a substrate specific for trypsin-like proteinases (Bachem, Torrance,
California, USA), which was also prepared in Krebs buffer solution containing 0.2% v/v NP-40.
The fluorescence from free AMC (excitation 360 nm, emission 420 nm) was measured at 0, 2, 4,
and 6 minutes in triplicate as an indicator of proteolytic activity using a Victor X4 Fluorescence
Plate Reader (PerkinElmer, Woodbridge, Ontario).

2.3.4.2 Inhibition of catalytic activity of trypsin in Ussing chambers

SCBN cells mounted in Ussing chambers were incubated apically with 10, 30, and 60
ug/ml soybean trypsin inhibitor (SBTI) for 30 minutes then stimulated apically with 45 BAU/ml
trypsin to assess the requirement for proteolysis by trypsin in initiating protease-induced
increased TER.

The requirement for catalytic activity by trypsin to sustain the protease-induced increased
TER was investigated via the addition of SBTI post-trypsin stimulation. SCBNs mounted in
Ussing chambers were treated apically with SBTI 10 minutes (at the beginning of the sustained
phase) or 30 minutes (when the sustained phase had been established) after apical trypsin
stimulation. The resulting decrease in trypsin-mediated increased TER was measured by taking
the TER value 20 minutes after the addition of SBTI and expressing it as a percentage of the
control, trypsin-treated chamber.

To ensure SBTI was selectively inhibiting the catalytic activity of trypsin, the effect of
SBTI pre-treatment on an unrelated molecule that increases TER was investigated. EGF

stimulation has been shown to increase TER of intestinal epithelial cells; SCBNs mounted in
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Ussing chambers were pre-treated apically with 60 "g/ml SBTI for 30 minutes then stimulated
apically with 50 or 100 ng/ml EGF (R&D Systems™).
2.3.4.3 Inhibition of catalytic activity of matriptase in Ussing chambers

Because matriptase is known to be produced by intestinal epithelial cells (Oberst et. al
2003) and has been shown to be involved in maintenance of the epithelial barrier (List et. al
2009; Buzza et. al 2010), the effect of inhibiting the catalytic activity of matriptase was
investigated using a catalytic inhibitor of matriptase, aprotinin (Alfa Aesar). SCBNs mounted in
Ussing chambers were apically stimulated with 0.5 BAU/mI matriptase to induce the
characteristic increase in TER then treated apically with 10, 20, 30, 100, and 300 nM aprotinin
10 minutes post-trypsin, at the beginning of the sustained phase of the matriptase response.
2.3.5 Measurement of EGF-induced increased TER

SCBNs mounted in Ussing chambers were stimulated apically with 50 and 100 ng/ml of
EGF to support literature suggesting EGF treatment increases TER in intestinal epithelial cells.
2.3.6 Inhibition of epidermal growth factor receptor tyrosine kinase activity

An epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor was used to
determine the requirement for EGFR activation in protease-mediated increased TER. To
determine the appropriate concentration of EGFR inhibitor to be used, the lowest effective
concentration of the ATP-competitive EGFR inhibitor, PD153035 (Tocris Bioscience) that
inhibited EGF-induced increased TER was determined. Briefly, SCBNs mounted in Ussing
chambers were pre-treated apically with increasing concentrations of PD153035 (0.1, 1, and 2

uM) followed by apical stimulation with 50 ng/ml EGF.
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The involvement of EGFR activation in initiating the trypsin-mediated increased TER
was investigated by pre-treating SCBNs with the pre-determined PD153035 concentration (1
KM) in Ussing chambers for 15 minutes followed by apical trypsin stimulation (45 BAU/ml).

The role of EGFR activation in the sustained increase in TER following protease
stimulation was also investigated. SCBNs mounted in Ussing chambers were treated apically
with 1 uM PD153035 10 minutes post-trypsin stimulation, approximating the beginning of the
sustained phase of the trypsin-induced increased TER.

2.3.7 Inhibition of matrix metalloproteinases

The effect of inhibiting matrix metalloproteinase (MMP)-mediated activation of EGFR
was investigated using two broad spectrum MMP inhibitors: GM6001 (Tocris Bioscience), an
ATP competitive inhibitor of MMP-1, -2, -3, -8, and -9, and marimastat (Tocris Bioscience) that
inhibits MMP-1, -2, -3, -8, and -14. Both inhibitors work by blocking the zinc-binding domains
of MMPs, required for activation (Agrawal et. al 2008). SCBNs mounted in Ussing chambers
were incubated apically with 1, 5, 10, 20, and 30 "M GM®6001 or marimastat for 30 minutes then
stimulated apically with 45 BAU/ml trypsin.

The involvement of tumor necrosis factor (TNF)-# converting enzyme (TACE), a related
molecule shown to be involved in ErbB receptor activation was also investigated using the
TACE inhibitor, TAPI-1. SCBNs mounted in Ussing chambers were pre-treated apically with
increasing concentrations of TAPI-1 (1, 5, 10, 20 *M) for 30 minutes then stimulated apically
with 45 BAU/ml trypsin.

2.3.8 Inhibition of Src kinase activity
The involvement of Src kinase activation in protease-induced increased TER was

investigated using an ATP-competitive inhibitor of Src, PP1 (provided by Dr. Morley
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Hollenberg, University of Calgary). SCBNs mounted in Ussing chambers were treated apically
with increasing concentrations of PP1 (0.5, 1, 5, 10, 20 uM) for 30 minutes then stimulated
apically with 45 BAU/ml trypsin to determine the effect of inhibiting Src kinase activity on
initiating trypsin-induced increased TER.

To investigate the role of Src kinase activation in the sustained phase of trypsin-induced
increased TER, SCBNs were treated with 0.1, 0.5, 1, and 10 uM PP1 10 minutes after apical
trypsin stimulation, at the beginning of the sustained phase of the trypsin response.

2.3.9 Inhibition of phosphoinositide 3-kinase pathway

To test the role of phosphoinositide (P1)3-K pathway in protease-mediated increased
TER, the following two P13-K inhibitors were used: LY294002 (Cell Signaling Technology®)
and wortmannin (provided by Dr. Robert Newton, University of Calgary). LY294002 is a
reversible inhibitor of P13-K, while wortmannin covalently binds to the ATP-binding pocket of
P13-K, and is therefore an irreversible inhibitor of PI3-K activity (McNamara and Degterev
2011; Wymann et. al 1996). SCBNs mounted on Ussing chambers were pre-treated apically with
increasing doses of LY?294002 (1, 5, 10, 20 *M) or wortmannin (50, 100, 500 nM) for 30
minutes then stimulated apically with 45 BAU/ml trypsin.

To investigate the role of the PI3-K pathway in the sustained portion of protease-
mediated increased TER, SCBNs in Ussing chambers were stimulated apically with the same
concentrations of LY294002 or wortmannin 10 minutes post-trypsin stimulation.

2.3.10 Inhibition of MEK/ERK pathway

The MEKZ1/2 inhibitor, U0126 (Promega), was used to test the role of MEK/ERK
pathway activation in protease-mediated increased TER. U0126 is an allosteric inhibitor of

MEKZ1/2 that blocks MEK1/2 kinase activity and therefore inhibits ERK1/2 phosphorylation
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(activation) by MEK1/2 (Duncia et. al 1998). SCBNs mounted in Ussing chambers were pre-
treated apically with increasing concentrations of U0126 (0.1, 0.5, 1, 5, 10, 20 uM) for 30
minutes then stimulated apically with trypsin.

2.3.11 Inhibition of protein kinase C !

Previous data suggest an involvement of protein kinase C (PKC)! activation in protease-
mediated increased TER (Swystun et. al 2009). This involvement was tested using a
myristoylated PKC! pseudosubstrate inhibitor (Enzo® Life Sciences). SCBNs mounted in
Ussing chambers were pre-treated apically with 10 uM PKC! pseudosubstrate inhibitor for 30
minutes then stimulated apically with 45 BAU/mlI trypsin.

2.3.12 Antagonism of bradykinin B(2) receptor

The initial cell surface target of trypsin is not known. There is literature to suggest that
the bradykinin B(2) receptor can be activated by kallikreins and other serine proteases (Hecquet
et. al 2000), therefore its activation following protease addition was investigated.

To determine the lowest effective concentration of bradykinin B(2) receptor antagonist to
be used, SCBNs mounted in Ussing chambers were treated basolaterally with increasing
concentrations of bradykinin (Sigma-Aldrich Canada) to induce chloride secretion. SCBNs were
then pre-treated basolaterally with increasing doses of bradykinin B(2) receptor peptide
antagonist (provided by Dr. Morley Hollenberg) for 30 minutes then stimulated basolaterally
with 50 nM bradykinin to determine the lowest concentration of antagonist able to block
bradykinin-induced chloride secretion.

To determine the effect of inhibiting bradykinin B(2) receptor on protease-induced

increased TER, SCBNs mounted in Ussing chambers were pre-treated apically with pre-
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determined concentration (10 uM) of bradykinin B(2) antagonist for 30 minutes then stimulated
apically with 45 BAU/ml trypsin.

2.4 \Western Blot
2.4.1 Cell preparation

SCBN cells were seeded at 3 x 10° cells/well on 0.4 pm pore-size polycarbonate
Transwell™ semi-permeable inserts and grown to confluence for five days. 2.5 mL of media was
replaced on the basolateral side of each well every two days.

2.4.2 Whole cell protein isolation

Confluent SCBN monolayers were washed with DPBS then serum starved for 60 minutes
using SCBN media without FBS. Inhibitors were added during serum starvation period in
experiments requiring their use. Monolayers were then stimulated apically with 45 BAU/ml
trypsin, 100 ng/ml EGF, or Krebs buffer solution for control wells for 5 minutes. DMSO was
used as a vehicle control for inhibitor experiments. Monolayers were then put on ice to prevent
protein degradation and washed with ice cold DPBS. Lysis buffer (300ul) was added to each
well. Lysis buffer contained 100 mM NaCl, 20 mM tris-HCI (pH 8), 0.5% Triton-X 100, 0.1%
sodium dodecyl sulfate (SDS), 1 mM EDTA, 2 mM NazVO,, and 50 mM NaF. Protease inhibitor
cocktail was also added, producing a final concentration of 40 uM AEBSF, 280 nM E-64, 2.6
UM bestatin, 20 nM leupeptin, 6 nM aprotinin, and an additional 20 uM EDTA. Inserts were
scraped to remove attached cells and full volume of each well was transferred to 1.5 ml
Eppendorf tubes. Tubes were then vortexed to homogenize each sample and placed in -80°C
overnight to further lyse samples. Thawed samples were centrifuged at 20,000 x g for 10 minutes
at 4°C to pellet cell membrane debris. Cell lysate supernatant was transferred to fresh 1.5 mi

tube.
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2.4.3 Quantification of protein

Whole protein quantification was examined using the colorimetric DC™ Protein Assay
Kit (Bio-Rad, Hercules, California, USA). Cell lysates were diluted 1:20 in DPBS and 5 ul of
diluted lysate was added per well (in triplicate) in a 96-well clear plate, already containing 25 pl
of a proprietary detergent inhibitor plus copper and tartrate alkaline solution. To this, 200 pl of
Folin reagent was added to each well using an automated micropipette, and the plate was
incubated at room temperature for at least 15 minutes to allow colour development. The
unknown samples and standard curve (Bio-Rad) were measured at 650 nm absorbance using
SpectraMax Plus 384 plate reader and software (Molecular Devices, Sunnyvale, California,
USA).
2.4.4 SDS-Polyacrylamide Gel Electrophoresis

Protein samples were made using the protein concentrations determined by protein
quantification. Briefly, protein lysates were combined with DPBS and 5X loading buffer (50 mM
tris-HCI pH 6.8, 1% SDS, 0.001% bromophenol blue, 3% glycerol and 1% $-mercaptoethanol)
to a final 1:1 ratio in 60 "I total volume. Samples were boiled for 5 minutes to denature proteins.
Precision Plus Protein Kaleidoscope™ (Bio-Rad) was added at 8 "I volume and 15 "I of each
protein sample were loaded into a Criterion™ 4-12% gradient, bis-tris polyacrylamide pre-cast
gel (Bio-Rad). Proteins were separated using a PowerPac™ HC Supply (Bio-Rad) set at 150 V
for 60 to 90 minutes depending on the molecular weight of the protein of interest. Following
separation, proteins were transferred to 0.22 *m nitrocellulose membrane (GE Water and Process
Technologies, Trevose, Pennsylvania, USA) using transfer buffer (12-20% methanol depending
on protein, 186 mM glycine, 25 mM tris-base) and the same PowerPac™ set at 100 V for 30 to

45 minutes. Ponceau S solution (0.1%) was used to stain the nitrocellulose to assess adequate
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transfer of protein samples.

2.4.5 Western blotting

Nitrocellulose membranes containing transferred proteins were washed three times for 5
minutes each in 0.1% Tween and tris-buffered saline containing 50 mM tris-HCI, 137 mM NacCl,
and 2.7 mM KCI (TTBS). Blots were blocked in 5% non-fat dry milk (Saputo Inc., Montréal,
Québec) or bovine serum albumin (BSA, Fisher Scientific, Ottawa, Ontario) in TTBS for 60
minutes shaking at room temperature. Blocked blots were incubated with primary antibody
diluted in 5% non-fat dry milk or BSA in Tris-buffered saline with 0.1% Tween non-ionic
detergent (TTBS) at 4°C with shaking overnight (1:1000 dilution unless otherwise recommended
in antibody data sheet). Primary antibody was then removed and blots were washed three times
at 5 minutes per wash in TTBS before adding the appropriate secondary antibody (goat anti-
mouse or goat anti-rabbit) diluted at 1:1000 or 1:5000 in 5% non-fat dry milk or BSA in TTBS
for 60 minutes shaking at room temperature. Blots were washed in TTBS as previously
described, then incubated in Clarity™ Western Enhanced Chemiluminescent Substrate (Bio-
Rad). Equal volumes of luminol substrate and hydrogen peroxide solution were combined and
blots incubated for 5 minutes at room temperature. HRP-generated chemiluminescence was
detected at 425 nm using the Kodak Image Station 4000 mm Pro and Kodak MI SE Software
(Kodak, Toronto, Ontario). Densitometry for visualized bands was performed using
QuantityOne® 1D analysis software (Bio-Rad). When required, membranes were stripped of
primary and secondary antibodies using a low pH stripping buffer (25 mM glycine and 1% SDS,

pH 2.0) then re-blocked and probed as described above.
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2.5 Reverse transcriptase polymerase chain reaction
2.5.1 RNA isolation

SCBNs grown on Transwell™ inserts were lysed using the Qiagen® Quick-Start
Protocol (Qiagen Inc., Mississauga, Ontario). Briefly, cells were washed twice with ice cold
DPBS then lysed using 600 pl provided RLT buffer supplemented with ""-mercaptoethanol to
inactivate RNases in the lysate. Cells were scraped, transferred to 1.5 ml tubes and put in a -80°C
freezer overnight. mMRNA was isolated using the Qiagen® RNeasy Mini Kit Protocol (Qiagen
Inc.). Quantification and purity of isolated mMRNA was determined using the Nanodrop 2000c
spectrophotometer (Thermo Scientific).

2.5.2 cDNA synthesis

cDNA was made using Invitrogen Superscript™ 111 Reverse Transcriptase (Carlsbad,
California, USA) according to manufacturer’s protocols with some modification. 500 ng of RNA
was diluted in molecular grade water to a final 10 pl volume. Random hexamer primers (250 ng)
for synthesis and dNTP mix (80 uM) as a source of nucleotides were added to create a final
volume of 12 *I. Samples were incubated at 65°C for 5 minutes to denature the secondary
structure of RNA followed by incubation on ice to preserve the RNA in denatured form and a
brief centrifugation to collect all contents. 4 "I of 5X first strand buffer was added at a final
concentration of 50 mM tris-HCI, 75 mM KCI, and 3 mM MgCl,. RNA was denatured and
RNase activity blocked by adding 2 "I of 10 mM dithiothreitol (DTT) and 1 "1 of 40 U/"|
RNaseOUT™, respectively, creating a final sample volume of 19 "I. Contents of the tube were
mixed and incubated at 25°C for 2 minutes to allow RNA/primer binding. Superscript™ I11
Reverse Transcriptase (100 U/"1) was added to each tube and incubated as follows: 25°C for 10

minutes, 42°C for 50 minutes, then 70°C for 15 minutes.
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2.5.3 Primer design and quantification

Primers for the ErbB receptor family (EGFR, ErbB2, ErbB3, and ErbB4) were designed
using the National Center for Biotechnology Information (NCBI) Primer-BLAST. Primers were
designed to span exon-exon junctions to prevent the amplification of genomic DNA. Primers
were within the optimal length for adequate specificity and binding at annealing temperature,
ranging between 18 to 25 nucleotides, and most contained cytosines (C) or guanines (G) at the 3’
end to promote binding of the primer to the strand of interest. Forward and reverse primers for
each receptor had melting temperatures within 5°C of one another, to ensure efficient
amplification. "'-actin was used as a housekeeping gene. Primers used are listed in table 2-2.
Primers were quantified using the spectrophotometer used for RNA quantification (Thermo
Scientific) and made up with molecular grade water to a final concentration of 10 uM.

2.5.4 PCR

PCR was carried out using Qiagen® HotStarTaq™ Master Mix (containing HotStarTagq
DNA polymerase, PCR buffer, and dNTPs) according to the manufacturer’s protocols with slight
modification. Forward and reverse primers (0.5 "I each) were added to a PCR tube containing
12.5 pl of HotStarTag™ Master Mix, 1 ul template cDNA (500 ng), and 10.5 pl of molecular
grade water to give a final volume of 24 pul per sample. A separate tube was used for each primer
pair to ensure sufficient DNA polymerase was available and allow optimal amplification
efficiency. PCR was performed using the Bio-Rad T100™ Thermal Cycler with the following
conditions: 95°C for 15 minutes to activate the DNA polymerase, provided inactive at ambient
temperatures to prevent extension of non-specific products during PCR setup, followed by 35
cycles of 95°C for 1 minute to denature cDNA, 57°C for 1 minute for primer/template annealing,

and 72°C for 1 minute for elongation of template by active and bound DNA polymerase. A final
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Table 2-2. Primers designed for PCR of ErbB receptor family.

Primer Sequence (5’ to 3°) Product length (bp)
EGFR fwd. GGTGGTCCTGGGGAATTTGG 266
EGFRrev. | CAGCGCCTTGTAGTATTTCATGC
ErbB2 fwd. GCACCCAAGTGTGCACCG 233
ErbB2 rev. TAGCCTCTGCAGTGGGATCT
ErbB3 fwd. TAAAGTCCTTGGCTCAGGCG 151
ErbB3 rev. GGCCAGCATATGATCCGTCA
ErbB4 fwd. ATGGACCGGGACCTGACAA 184
ErbB4 rev. TGACTAGTGGGACCGCTACA
""-actin fwd. CGTGGGCCGCCCTAGGCACCA 260
""-actin rev. TTGGCCTTAGGGTTCAGGGGG
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elongation step is performed at 72°C for 10 minutes to allow any remaining single-stranded
DNA to be fully extended.

2.5.5 Agarose gel electrophoresis

Loading samples were made by adding 6 "I of loading dye containing bromophenol blue
and glycerol to each PCR product, giving a total volume of 30 "I. A 1.5% (w/v) agarose gel was
made by heating 0.75 grams of agarose in 50 ml tris-acetate-EDTA (TAE) buffer to dissolve,
cooling, and adding 2 "1 of ethidium bromide (final concentration 1 M) for imaging of bands
following electrophoresis. The gel was set for at least 30 minutes prior to use and immersed in
TAE buffer. DNA ladder (1 kilobase ladde) and 20 "1 of each sample were loaded into the gel
and ran at 100 V for 75 minutes. Bands were imaged using the EtBr/SYBR setting (460-700 nm)

on the ChemiDoc™ MP System and QuantityOne® 1D analysis software (Bio-Rad).

2.6 Statistical Analyses

Data analysis was performed using GraphPad Prism 6 software (La Jolla, California,
USA). All analyses represent at least three independent experiments and are expressed as mean +
standard error of the mean (SEM). Ussing chamber experiments were analyzed using one-way
ANOVA without repeated measures when comparing more than two groups; Dunnett post-tests
were used when comparing all treatments to control value only, and Tukey’s post-tests were used
when comparing treatments to control and other treatment values. One-sample t-tests were used
when comparing a treatment value to a hypothetical control value (100%), student t-tests were
used to compare two groups. For the western blotting timecourse experiment, ratios of
phosphorylated protein to total protein densitometry values were calculated and analyzed using

one-way ANOVA and Dunnett post-test. For western blotting inhibitor studies, ratios of
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phosphorylated protein to total protein densitometry values were calculated then normalized to
total fluorescence of blot to account for variation between experiments. A p value of less than

0.05 (p<0.05) was considered to be a significant difference.
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Chapter Three: Results
3.1 Proteases increase TER in intestinal epithelial cell monolayers

Apical addition of the serine proteases trypsin, chymotrypsin, and elastase significantly
increases TER in intestinal epithelial monolayers in a dose-dependent manner, independent of
ion channel and PAR activation (Swystun et. al 2009). We investigated the ability of trypsin and
matriptase to increase TER in confluent SCBN cell monolayers. Baseline TER levels prior to any
intervention ranged from 200 to 600 & x cm?. The addition of 45 BAU/ml trypsin and 0.5
BAU/mI matriptase significantly increased TER up to a maximal peak in the first 10 minutes
after stimulation (initiation phase) that tapered to a stable plateau for the remainder of the
experiment (sustained phase) (Figure 3-1). Addition of basolateral forskolin at the end of each
experiment resulted in a sharp increase in short-circuit current, representing forskolin-induced
chloride secretion and cell viability. To ensure the protease response was not a cell-line specific
effect, 45 BAU/mlI trypsin was added apically to Caco-2 and T84 monolayers. Trypsin
significantly increased TER in both cell lines compared to non-treated controls (Figure 3-2).
SCBNs had the most robust increase in TER following protease stimulation; therefore they were
used throughout the study.

3.2 Protease-mediated increased TER requires proteolytic activity

The response to trypsin is divided into two components: the initiation phase, whereby TER
increases up to a maximal value, and the sustained phase, a plateau and maintenance of the
newly established increased TER over a period of time. We sought to investigate the underlying
molecular mechanisms of protease-mediated increased TER in both phases of the response, as
they exhibit different characteristics, likely owing to distinctive mechanisms by which they

occur.
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Figure 3-1. Apical addition of serine proteases significantly increases transepithelial

electrical resistance (TER) of SCBNs.

SCBNs grown to confluence on Snapwell™ inserts were mounted in Ussing chambers and
treated apically with 45 BAU/ml trypsin or 0.5 BAU/mI matriptase. (A) Representative tracing
of n=3-4. (B) #TER was calculated by subtracting TER value prior to protease addition from
TER value 15 minutes after protease addition. ** p<0.01, *** p<0.001 compared to non-treated

control by ANOVA with Dunnett’s post-hoc test.
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Figure 3-2. Apical addition of trypsin significantly increases TER in human colonic

carcinoma epithelial cells.

Confluent Caco-2 and T84 monolayers grown on Snapwells™ were mounted in Ussing
chambers and treated apically with 45 BAU/ml trypsin. (A, B) (TER was calculated by
subtracting baseline TER value from TER value 15 minutes after trypsin addition. ** p<0.01

compared to non-treated controls by unpaired t-test (n=4).

48



3.2.1 Initiation of trypsin-mediated increased TER requires the catalytic activity of trypsin

Initiation of increased TER following trypsin stimulation has been shown to require
proteolysis by trypsin. Pre-treatment with SBTI, an inhibitor of trypsin catalytic activity, blocks
trypsin-mediated increased TER (Swystun et. al 2009); this finding was supported in the present
study (see Appendix Al).

3.2.2 Maintenance of trypsin-induced increased TER requires ongoing proteolysis by trypsin

Because initiation of increased TER by trypsin was dependent on its catalytic activity, we
next investigated the requirement for trypsin catalytic activity in the sustained phase of the
trypsin response.

An enzyme activity assay for trypsin was performed in the presence of increasing
concentrations of SBTI (10, 30, 100, 300 pg/ml) to determine the lowest concentration of SBTI
that effectively inhibits trypsin catalytic activity. As expected, trypsin significantly increased
AMC fluorescence compared to the non-treated control sample. All concentrations of SBTI
significantly decreased trypsin-induced AMC fluorescence compared to trypsin alone; however,

30 pg/ml SBTI was the most effective inhibitory concentration (Figure 3-3).

The apical addition of 45 BAU/ml trypsin significantly increased TER of SCBNs in
Ussing chambers. Addition of 30 and 60 pg/ml SBTI 10 minutes post-trypsin, at the beginning of
the sustained phase of the trypsin response, resulted in a sharp decrease in sustained TER almost
immediately after its addition. Apical addition of the highest concentration of SBTI (60 pg/ml)
had no effect on baseline TER (Figure 3-4 A). SBTI decreased the sustained trypsin response in
a dose-dependent manner (Figure 3-4 B). To allow the sustained phase to fully plateau, SBTI

was added 30 minutes after trypsin stimulation, when the plateau had occurred for some time.

49



Figure 3-3. Soybean trypsin inhibitor (SBTI) inhibits the catalytic activity of trypsin.
The proteolytic activity of trypsin was determined by measuring the release of fluorescent AMC

(arbitrary units, a.u.) from the glutamine-alanine-arginine (QAR)-AMC complex in the presence
of increasing concentrations of SBTI (10, 30, 100, and 300 "g/ml). All values were taken from 6
minute time point and compared by ANOVA with Tukey’s post-hoc test. **** p<0.0001

compared to non-treated control, $ p<0.0001 compared to trypsin alone, # p<0.0001 compared to

10 pg/ml SBTI with trypsin, @ p<0.0001 compared to 30 pg/ml SBTI with trypsin, n=3.
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Figure 3-4. SBTI added 10 minutes after trypsin decreases trypsin-induced sustained

barrier enhancement.

Confluent SCBNs mounted in Ussing chambers were stimulated apically with 45BAU/mI trypsin
to induce the characteristic increase in TER then treated apically with 10, 30, or 60 pg/ml SBTI
10 minutes later, at the beginning of the sustained phase of the response. (A) Representative
tracing of 60 pg/ml SBTI, n=3-4. (B) Values were calculated as follows [TER value 20 minutes
after SBTI addition minus baseline TER value] divided by [maximal TER value before SBTI
addition minus baseline TER]. ** p<0.01, *** p<0.001 compared to trypsin-treated controls by

ANOVA with Dunnett’s post-hoc test.

51



Addition of 30 and 60 pg/ml SBTI 30 minutes post-trypsin stimulation resulted in a sharp
decrease in TER immediately after its addition, mimicking the results of SBTI addition 10
minutes after trypsin addition (Figure 3-5 A). SBTI decreased the sustained increase in TER
following trypsin stimulation in a dose dependent manner (Figure 3-5 B).

3.2.3 SBTI has no effect on EGF-induced increased TER

To investigate the selectivity of SBTI for trypsin, SBTI was added 10 minutes after EGF,
a growth factor known to increase TER (Garcia-Hernandez et. al 2014). Apical addition of 50
ng/ml EGF significantly increased TER that was not decreased by 60 pg/ml SBTI treatment
(Figure 3-6).

3.2.4 Sustained matriptase-induced increased TER requires ongoing proteolysis by matriptase

Matriptase is expressed in the intestinal tract and has been shown to be vital in
maintaining intestinal epithelial integrity (List et al 2009; Buzza et al 2010); therefore, we
assessed whether the requirement for ongoing proteolytic activity by trypsin in the sustained
increase in TER in SCBN monolayers also applied to matriptase.

An enzyme activity assay was performed to determine the lowest concentration of
aprotinin that could effectively inhibit matriptase catalytic activity. Matriptase significantly
increased AMC fluorescence compared to the non-treated control sample. All concentrations of
aprotinin (30, 100, and 300 nM) significantly decreased matriptase-induced AMC fluorescence
compared to matriptase alone. Aprotinin at 300 nM inhibited the enzymatic activity of matriptase
most effectively (Figure 3-7).

Because the addition of SBTI had similar effects on trypsin-mediated sustained increased

TER when added 10 minutes after or 30 minutes after trypsin stimulation, we used the 10 minute
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Figure 3-5. Apical addition of SBTI1 30 minutes after trypsin stimulation decreases trypsin-

induced sustained barrier enhancement.

Confluent SCBN monolayers were mounted in Ussing chambers and stimulated apically with 45
BAU/ml trypsin then treated apically with 10, 30, or 60 pg/ml SBTI 30 minutes later, when the
sustained phase was fully established. (A) Representative tracing of 60 pg/ml SBTI, n=3-5. (B)
Values were calculated as follows [TER value 20 minutes after SBTI addition minus baseline
TER value] divided by [maximal TER value before SBTI addition minus baseline TER]. **

p<0.01 compared to trypsin-treated controls by ANOVA with Dunnett’s post-hoc test.
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Figure 3-6. Epidermal growth factor (EGF)-induced increased TER is not affected by SBTI

treatment.

Confluent SCBN monolayers mounted in Ussing chambers were stimulated apically with 50
ng/ml EGF then treated apically with 60 pg/ml SBTI 10 minutes later. (A) Representative tracing
of n=3. (B) Values were calculated as follows [TER value 20 minutes after SBTI addition minus
baseline TER value] divided by [maximal TER value before SBTI addition minus baseline TER].
Treatment with SBTI did not decrease EGF-induced sustained barrier enhancement compared to

EGF-treated controls, as determined by unpaired t-test.
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Figure 3-7. The protease inhibitor, aprotinin, inhibits the catalytic activity of matriptase.

The proteolytic activity of matriptase was determined by measuring the ability of matriptase to
cleave the QAR-AMC substrate to release fluorescent AMC (arbitrary units, a.u.) in the presence
of increasing concentrations of aprotinin (30, 100, and 300 nM). All values were taken from 6
minute time point and compared by ANOVA with Tukey’s post-hoc test. **** p<0.0001
compared to negative control, $ p<0.05 and $$ p<0.0001 compared to matriptase alone, p<0.01

compared to 100 nM aprotinin with matriptase, n=3.
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time point for matriptase experiments. In Ussing chambers, addition of 300 nM aprotinin
approximately 10 minutes later, at the beginning of the sustained phase of the matriptase
response, resulted in a sharp decrease in TER almost immediately after its addition (Figure 3-8
A). Aprotinin decreased the sustained matriptase response in a concentration-dependent manner
(Figure 3-8 B).
3.3 EGF increases TER in SCBN epithelial cell monolayers

EGF treatment significantly increases TER in MDCK cells, suggesting EGF and serine
proteases could be acting through similar pathways to elicit increased TER (Singh and Harris
2004; Garcia-Hernandez et. al 2014); more specifically, protease stimulation may be increasing
TER through EGFR signalling.

EGFR, ErbB2, and ErbB3 mRNA expression was confirmed in SCBNs (Appendix A2).
The apical addition of 50 and 100 ng/ml EGF to SCBNs mounted in Ussing chambers
significantly increased TER in a similar timeframe as protease addition, although the increase in
TER was less robust. (TER elicited by 50 ng/ml EGF was not statistically different than 100
ng/ml EGF, therefore 50 ng/ml EGF was used for all subsequent experiments (Figure 3-9).

3.4 Protease-mediated increased TER requires EGFR activation

We investigated whether EGF- and protease-mediated barrier enhancement occurs through
the EGF receptor (EGFR). The EGFR tyrosine kinase inhibitor, PD153035, was used to
investigate the involvement of EGFR activation in protease-mediated increased TER. We
determined the lowest concentration of PD153035 that would block the EGF-induced increase in
TER. The apical addition of 1 *M PD153035 significantly decreased the EGF-induced increased
TER without affecting baseline TER, therefore this concentration was used in subsequent

experiments looking at EGFR activation in trypsin-mediated increased TER (Figure 3-10).
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Figure 3-8. Aprotinin added 10 minutes after matriptase decreases the matriptase-induced

sustained response in a dose-dependent manner.

SCBN cells mounted in Ussing chambers were treated apically with 0.5 BAU/m| matriptase to
induce characteristic increase in TER; 10, 20, 30, 100, or 300 nM aprotinin was added apically
10 minutes later, when response began to plateau. (A) Representative tracing of n=3. (B) Values
were calculated as follows [TER value 20 minutes after aprotinin addition minus baseline TER
value] divided by [maximal TER value before aprotinin addition minus baseline TER]. * p<0.05,
*** n<0.001, ****p<0.0001 compared to matriptase-treated controls by ANOVA with Dunnett’s

post-hoc test.
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Figure 3-9. Apical stimulation with EGF significantly increases TER in SCBN monolayers.

Confluent monolayers were mounted in Ussing chambers and stimulated apically with 50 or 100
ng/ml EGF. (TER was calculated by subtracting TER value prior to EGF addition from TER
value 15 minutes after EGF addition. * p<0.05 and ** p<0.01 compared to non-treated controls

by ANOVA with Tukey’s post-hoc test (n=3).
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Figure 3-10. EGF-induced increased TER is blocked by the EGF receptor (EGFR) tyrosine

kinase inhibitor, PD153035.

Confluent SCBN monolayers mounted in Ussing chambers were pre-treated apically with 0.1, 1,
or 2 uM PD153035 or DMSO vehicle control for 20 minutes then stimulated apically with 50
ng/ml EGF. (A) Representative tracing of n=3. (B) Values were calculated by subtracting TER
value 5 minutes after inhibitor addition (before EGF) from TER value 15 minutes after EGF
addition. * p<0.05, ** p<0.01 compared to DMSO + EGF-treated control by ANOVA with

Tukey’s post-hoc test.
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3.4.1 Pre-treatment with PD153035 decreases initiation and sustained phases of trypsin
response

To analyze the involvement of EGFR activation in trypsin-mediated increased TER in
SCBNs, monolayers mounted in Ussing chambers were pre-treated apically with 1 uM
PD153035 then stimulated apically with 45 BAU/ml trypsin (Figure 3-11 A). Pre-treatment with
1 uM PD153035 did not affect the slope of the initiation phase; however, the peak increase in
TER was significantly decreased (Figure 3-11 B). PD153035 pre-treatment also significantly
decreased the sustained increase in TER following trypsin stimulation, suggesting some role for
EGFR activation in both phases of the response (Figure 3-11 C).

3.4.2 Inhibition of EGFR during sustained trypsin response decreases TER

Because the initiation and sustained phases of the trypsin response were decreased by
pre-treatment with PD153035, we investigated the requirement for EGFR activation in the
sustained phase of the response, in the absence of a decreased initiation phase that could have
been affecting sustained TER.

In Ussing chambers, the apical addition of 45 BAU/ml trypsin significantly increased
TER, as expected. The apical addition of 1 uM PD153035 10 minutes after trypsin decreased
trypsin-induced sustained TER (Figure 3-12 A). The remaining trypsin-induced increase in TER

was significantly decreased following PD153035 treatment (Figure 3-12 B).
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Figure 3-11. Pre-treatment with PD153035 causes a decreased peak response and sustained

response to trypsin.

Confluent SCBN monolayers mounted in Ussing chambers were pre-treated apically with 1 pM
PD153035 or DMSO for 20 minutes followed by 45 BAU/mlI trypsin stimulation apically. (A)
Representative tracing of n=4. (B) Values calculated by subtracting baseline TER value from
TER value prior to plateau after trypsin addition. (C) Values calculated by subtracting baseline
TER value from TER value 15 minutes after trypsin addition. * p<0.05 compared to DMSO +

trypsin-treated controls (taken as 100% response) by one-sample t-test.
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Figure 3-12. PD153035 added 10 minutes after trypsin decreases trypsin-mediated barrier

enhancement.

Confluent SCBN monolayers mounted in Ussing chambers were stimulated apically with 45
BAU/mI trypsin then treated apically with 1 uM PD153035 or DMSO when the increased TER
began to plateau, indicating the beginning of the sustained phase of the response. (A)
Representative tracing of n=6-7. (B) Values calculated as follows [TER value 20 minutes after
PD153035 addition minus baseline TER value] divided by [maximal TER value before
PD153035 addition minus baseline TER]. * p<0.05 compared to Trypsin + DMSO controls by

unpaired t-test.
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3.5 EGFR activation occurs independently of matrix metalloproteinase (MMP) cleavage

Activation of EGFR can occur through extracellular cleavage of membrane-bound
precursor ligand to release the soluble ligand that can then bind the receptor (Lee et. al 1985).
MMPs have been implicated in this cleavage mechanism; therefore we investigated the role of
MMP-mediated EGFR activation in the increased TER following trypsin stimulation in SCBNs.

Apical pre-treatment with either GM6001, an inhibitor of MMP-1, -2, -3, -8, and -9, or
marimastat, an inhibitor of MMP-1, -2, -3, -7, -8, and -14, for 30 minutes had no affect on
trypsin-mediated increased TER at all doses investigated (Figures 3-13 and 3-14).

A disintegrin and metalloproteinases (ADAMS) are closely related to MMPs; they have
been shown to cleave membrane-bound ligands and receptors from the ErbB family to modulate
signalling (Yan et. al 2013; Liu et. al 2006). Specifically, ADAM17 has been shown to promote
intestinal epithelial restitution and enhance the mucus layer through transactivation of EGFR
(Myhre et. al 2004; Wang et. al 2014). These findings point to a potential involvement for
ADAML17 in the protease-mediated increased TER. To test this hypothesis, SCBNs mounted in
Ussing chambers were pre-treated apically with 1, 5, 10, and 20 uM of the ADAML17 inhibitor,
TAPI-1, for 30 minutes then stimulated apically with 45 BAU/ml trypsin; no difference was
observed between inhibitor-treated cells and trypsin-treated controls (Figure 3-15).

3.6 Protease-mediated increased TER requires Src kinase activation

Activation of EGFR can also occur through an intracellular Src mechanism (Biscardi et. al
1999). Src kinase has been shown to play a role in tight junctional disruption (Samak et. al 2014;
Basuroy et. al 2003), suggesting a potential involvement of Src kinase in protease-mediated
EGFR activation and subsequent increased TER in intestinal epithelial cell monolayers. This was

tested using the ATP-competitive inhibitor of Src family kinases, PP1.
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Figure 3-13. Pre-treatment with the broad-spectrum matrix metalloproteinase (MMP)-

inhibitor, GM6001, does not affect trypsin-induced increased TER.

Confluent SCBN monolayers were mounted in Ussing chambers and pre-treated apically with 1,
5, 10, 20, or 30 uM GM6001 or DMSO for 30 minutes then stimulated apically with 45 BAU/ml
trypsin. (A) Representative tracing of n=3. (B) Values were calculated by subtracting TER value
5 minutes after inhibitor addition (before trypsin) from TER value 20 minutes after trypsin
addition. GM6001 pre-treatment did not affect trypsin-mediated increased TER compared to

DMSO + trypsin controls, as determined by ANOVA.
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Figure 3-14. Pre-treatment with the MMP inhibitor, marimastat, has no affect on trypsin-

induced increased TER.

Confluent SCBNs mounted in Ussing chambers were pre-treated apically with 1, 5, 10, 20, or 30
UM marimastat or DMSO for 30 minutes then stimulated with 45 BAU/ml trypsin. (A)
Representative tracing of n=3. (B) Values were calculated by subtracting baseline TER 5 minutes
after marimastat addition from TER value 20 minutes after trypsin addition. No significant
change in trypsin response was observed at all doses of marimastat investigated compared to

DMSO + trypsin controls by ANOVA.

65



Figure 3-15. Pre-treatment with TAPI-1, a disintegrin and metalloproteinase (ADAM)17

inhibitor, does not decrease trypsin-induced increased TER.

Confluent SCBN monolayers mounted in Ussing chambers were pre-treated apically with 1, 5,
10, or 20 pM TAPI-1 or DMSO for 30 minutes then stimulated apically with 45 BAU/mI trypsin.
(A) Representative tracing of n=3-4. (B) Values were calculated by subtracting baseline TER
value from TER value 20 minutes after trypsin addition. No significant change in trypsin
response was observed at all concentrations of TAPI-1 compared to DMSO + trypsin controls by

ANOVA.
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3.6.1 Pre-treatment with PP1 decreases peak response following trypsin stimulation

Apical pre-treatment of SCBNs with 5, 10, and 20 uM PP1 blunted the peak response to
trypsin but had no significant affect on the sustained increase in TER (Figure 3-16 A). PP1
decreased the peak increase in TER following trypsin stimulation in a concentration-dependent
manner; 20 *M PP1 was the most effective inhibitory concentration (Figure 3-16 B).

3.6.2 PP1 treatment after trypsin stimulation has no affect on the sustained trypsin response

To test the affect of PP1 on the sustained phase of the protease-mediated increase in TER,
apical PP1 (0.1, 0.5, 1, 5, 10, 20 uM) was added 10 minutes after apical trypsin stimulation, at
the beginning of the sustained phase of the response. The sustained trypsin response was not
decreased by any concentration of PP1 investigated (Figure 3-17).

3.6.3 Phosphorylation of Src is not changed by trypsin stimulation or EGFR inhibition

PD153035 (1 uM) was used to investigate the involvement of Src activity in EGFR
activation and protease-mediated increased TER. SCBNs exhibited a high constitutive level of
phosphorylated Src; no treatments affected the levels of phosphorylated Src (Figure 3-18 A).
Trypsin stimulation did not significantly increase phosphorylated Src, and levels were not
decreased by PD153035 treatment alone or by PD153035 + trypsin treatment (Figure 3-18 B).

3.7 Protease-mediated increased TER is partially dependent on phosphoinositide 3-kinase
(P13-K) signalling

EGFR is known to activate P13-K; therefore, involvement of EGFR in protease-mediated

increased TER in our system may also implicate downstream P13-K signalling.
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Figure 3-16. Pre-treatment with the Src inhibitor, PP1, decreases peak response following

trypsin stimulation.

Confluent SCBNs mounted in Ussing chambers were pre-treated apically with 0.5, 1, 5, 10, or 20
UM PP1 or DMSO for 30 minutes then stimulated apically with 45 BAU/ml trypsin. (A)
Representative tracing of n=3-4. (B) Values were calculated by subtracting baseline TER value
from TER value 20 minutes after trypsin stimulation. *** p<0.001, **** p<0.0001 vs. DMSO +
trypsin control (taken as 100%); $ p<0.05 vs. 10 uM PP1 by ANOVA with Tukey’s post-hoc
test.
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Figure 3-17. Inhibiting Src 10 minutes after trypsin has no affect on the sustained increase

in TER following trypsin stimulation.

Confluent SCBN monolayers mounted in Ussing chambers were stimulated apically with 45
BAU/ml trypsin then treated apically with 0.1, 0.5, 1, 5, or 10 uM PP1 or DMSO when the
increased TER started to plateau. (A) Representative tracing of n=3. (B) Values were calculated
as follows [TER value 20 minutes after PP1 addition minus baseline TER value] divided by
[maximal TER value before PP1 addition minus baseline TER]. No significant change in trypsin

response was observed at all doses of PP1 investigated compared to controls by ANOVA.
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Figure 3-18. Phosphorylated Src levels are not affected by trypsin stimulation or EGFR
inhibition.

SCBNs grown to confluence on Transwell™ inserts were serum starved for 60 minutes with 1
UM apical PD153035 or DMSO vehicle control then stimulated apically with 45 BAU/ml trypsin
for 5 minutes. Protein samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membrane. Blots were probed with phospho-Src and
total Src antibodies. (A) Representative blots for n=3. (B) Ratios of phosphorylated Src to total
Src densitometry values were calculated and normalized to total fluorescence for each blot to
correct for intensity variance between experiments. No treatments significantly changed levels of

phosphorylated Src as determined by ANOVA.
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3.7.1 Trypsin stimulation increases levels of phosphorylated Akt that are decreased by P13-K
inhibition

P13-K activates Akt, a serine/threonine kinase, by phosphorylation; therefore, Akt was
used as a readout for P13-K activity. Confluent SCBN monolayers were pre-treated apically with
increasing concentrations of LY294002 (1, 5, 10, 20, 50 uM), a selective inhibitor of PI3-K, or
DMSO, then stimulated apically with 45 BAU/ml trypsin for 5 minutes to determine the effects
on Akt phosphorylation. Trypsin stimulation significantly increased phosphorylation of Akt; the
increase was comparable to that induced by apical EGF at 50 ng/ml (positive control). 50 uM
LY?294002 decreased phosphorylated Akt compared to non-treated control, indicating the
inhibitor was functioning as expected. Pre-treatment with LY294002 decreased the trypsin-
mediated phospho-Akt levels compared to trypsin stimulation alone (Figure 3-19).

3.7.2 Pre-treatment with P13-K inhibitors decreases peak and sustained responses to trypsin

After seeing a trypsin-induced activation of Akt, we investigated the requirement for P13-
K signalling in increased TER following protease stimulation. SCBN cell monolayers mounted
in Ussing chambers were pre-treated apically with 1, 5, 10, or 20 "M LY294002 for 30 minutes
then stimulated apically with 45 BAU/ml trypsin. The highest concentration of LY 294002 (20
"M) decreased the peak and sustained responses to trypsin compared to DMSO + trypsin-treated
controls (Figure 3-20).

The responses to trypsin following LY294002 treatment exhibited variability between
experiments, therefore an irreversible PI3-K inhibitor, wortmannin, was used to investigate if the
effect seen was a result of P13-K inhibition or a non-specific effect of LY294002. Pre-treatment
with all concentrations of wortmannin (50, 100, 500 nM) decreased the peak and sustained

responses to trypsin compared to DMSO + trypsin controls (Figure 3-21).
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Figure 3-19. Trypsin stimulates phosphorylation of Akt that is blocked by pre-treatment

with the P13-K inhibitor, LY294002.

Confluent SCBN monolayers grown on Transwells™ were serum starved for 60 minutes with
increasing concentrations of apical LY294002 (1, 5, 10, 20, 50 uM) or DMSO then stimulated
apically with 45 BAU/ml trypsin or 50 ng/ml EGF for 5 minutes. Isolated protein samples were
separated by SDS-PAGE and transferred to nitrocellulose. Blots were probed with phospho-Akt
and total Akt antibodies. (A) Representative blots of phospho-Akt and total Akt levels, n=3-5.
(B) Ratios of phospho-Akt to total Akt densitometry values were calculated and normalized to
total fluorescence for each blot. * p<0.05 compared to non-treated control, $ p<0.001, $$

p<0.0001 compared to trypsin alone. Analysis by ANOVA with Tukey’s post-hoc test.
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Figure 3-20. Pre-treatment with the PI3-K inhibitor, LY294002, decreases the peak and

sustained increases in TER following trypsin stimulation.

Confluent SCBNs mounted in Ussing chambers were pre-treated apically with 1, 5, 10, or 20 uM
LY?294002 or DMSO for 30 minutes then stimulated apically with 45 BAU/ml trypsin. (A)
Representative tracing of n=3-5. (B) Values calculated by subtracting baseline TER value from
TER value prior to plateau after trypsin addition. (C) Values calculated by subtracting baseline
TER value from TER value 15 minutes after trypsin addition. * p<0.05 compared to DMSO +

trypsin-treated controls by ANOVA with Dunnett’s post-hoc test.
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Figure 3-21. Pre-treatment with the P13-K inhibitor, wortmannin, decreases the peak and

sustained increases in TER following trypsin stimulation.

Confluent SCBNs mounted in Ussing chambers were pre-treated apically with 50, 100, or 500
nM wortmannin or DMSO for 30 minutes then stimulated apically with 45 BAU/ml trypsin. (A)
Representative tracing of 500 nM wortmannin pre-treatment, n=3-5. (B) Values calculated by
subtracting baseline TER value after wortmannin addition from TER value after trypsin
stimulation prior to plateau. (C) Values calculated by subtracting baseline TER value from TER
value 15 minutes after trypsin addition ** p<0.01, *** p<0.001, **** p<0.0001 vs. DMSO +
trypsin controls by ANOVA with Dunnett’s post-hoc test.
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3.7.3 P13-K inhibition after trypsin stimulation has no affect on sustained trypsin response

Because the initiation phase of the trypsin response was blunted by pre-treatment with
PI3-K inhibitors, we looked at the requirement for PI3-K signalling in the sustained phase of the
trypsin response. SCBNs mounted in Ussing chambers were treated apically with 1, 5, 10, 20 uM
LY294002 or 50, 100, 500 nM wortmannin 10 minutes after apical trypsin stimulation to
investigate P13-K signalling in the sustained phase specifically. All concentrations of apical
LY294002 and wortmannin had no affect on the sustained phase of the trypsin-induced barrier
enhancement compared to trypsin + DMSO controls (Figure 3-22 and Figure 3-23).

3.8 Protease-mediated increased TER is partially dependent on ERK1/2 signalling

The downstream ERK1/2 pathway is known to be activated by EGFR signalling; therefore
the potential role for ERK1/2 signalling in protease-mediated barrier enhancement was
investigated.

3.8.1 Trypsin stimulation increases levels of phosphorylated ERK1/2 that are decreased by
MEK1/2 inhibition

MEKZ1 and MEK2 are MAP kinase kinases (MKKSs) responsible for the phosphorylation and
activation of ERK1/2, therefore ERK1/2 signalling was inhibited with the MEK1/2 inhibitor,
U0126. Confluent SCBNs were pre-treated apically with U0126 (0.1, 0.5, 1, 5, 10, and 20 puM)
or DMSO then stimulated apically with 45 BAU/ml trypsin for 5 minutes to assess the effects on
ERK1/2 phosphorylation. Untreated SCBNs exhibited constitutive ERK1/2 phosphorylation;
however, apical trypsin stimulation significantly increased phospho-ERK1/2 compared to control
value. U0126 at 20uM decreased the constitutive level of ERK1/2 phosphorylation. All
concentrations of U0126 decreased the trypsin-induced phospho-ERK1/2 levels compared to

trypsin stimulation alone; 0.5 uM U0126 was a more effective inhibitory concentration than 0.1
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Figure 3-22. Inhibition of P13-K 10 minutes after trypsin stimulation does not decrease

trypsin-induced increased TER.

Confluent SCBNs mounted in Ussing chambers were stimulated apically with 45 BAU/ml
trypsin then treated apically with 1, 5, 10, or 20 uM LY 294002 or DMSO at the beginning of the
sustained phase of the trypsin response. (A) Representative tracing of 20 uM LY?294002 added
after trypsin, n=3-4. (B) Values were calculated as follows [TER value 20 minutes after
LY294002 addition minus baseline TER value] divided by [maximal TER value before
LY294002 addition minus baseline TER]. No significant difference was observed between
LY294002-treated cells and controls by ANOVA.
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Figure 3-23. The addition of wortmannin 10 minutes after trypsin stimulation does not

decrease trypsin-induced increased TER.

Confluent SCBN monolayers mounted in Ussing chambers were stimulated apically with 45
BAU/ml trypsin then treated apically with 50, 100, or 500 nM wortmannin 10 minutes later, at
the beginning of the sustained phase of the trypsin response. (A) Representative tracing of 500
nM wortmannin added after trypsin, n=3-4. (B) Values were calculated as follows [TER value 20
minutes after wortmannin addition minus baseline TER value] divided by [maximal TER value
before wortmannin addition minus baseline TER]. No significant change in trypsin response was
observed at all concentrations of wortmannin compared to trypsin + DMSO controls by

ANOVA.
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MM and concentrations higher than 0.5 pM did not significantly decrease p-ERK1/2 levels
further (Figure 3-24)

3.8.2 U0126 pre-treatment decreases the peak increase in TER following trypsin stimulation

SCBNs mounted in Ussing chambers were pre-treated apically with 0.1, 0.5, 1, 5, 10, and
20 pM U0126 for 30 minutes then stimulated apically with 45 BAU/ml trypsin; 1, 10, and 20 uM
U0126 significantly decreased the peak TER value reached following trypsin stimulation
compared to DMSO + trypsin controls (Figure 3-25).

3.9 p38 MAPK signalling is not involved in protease-mediated increased TER

In addition to ERK1/2, p38 MAPK is another arm of MAPK signalling that can be
activated by growth factors. We investigated its involvement in protease-mediated increased
TER in Ussing chambers. Apical pre-treatment of SCBNs with the p38 inhibitor, SB202190 at 1,
10, or 20 uM had no affect on the increased TER following apical trypsin stimulation compared
to the negative control (SB202470) + trypsin controls (Figure 3-26).

3.10 Involvement of PKC! activation in protease-mediated increased TER requires further
investigation

Atypical PKC isoforms are important in epithelial barrier function (Hecht et. al 1994;
Turner et. al 1999; Jain et. al 2011; Chen et. al 2012); therefore, we investigated whether PKC!
activation occurs following trypsin stimulation, and what the functional effect of PKC!
inhibition is on trypsin-induced barrier enhancement.

3.10.1 Trypsin stimulation causes a sustained increase in phosphorylated PKC!

To assess whether PKC! activation occurs following trypsin stimulation, a time course of

trypsin stimulation was performed with confluent SCBN monolayers. SCBNs were stimulated
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Figure 3-24. Trypsin stimulates ERK1/2 phosphorylation that is blocked by pre-treatment

with the MEK1/2 inhibitor, U0126.

Confluent SCBNs grown on Transwells™ were serum starved for 60 minutes with apical U0126
(0.1,0.5,1, 5, 10, 20 uM) or DMSO then stimulated apically with 45 BAU/mlI trypsin for 5
minutes. Isolated protein samples were separated by SDS-PAGE and transferred to
nitrocellulose. Blots were incubated with phospho-ERK1/2 and total ERK1/2 antibodies. (A)
Representative blots of phospho-ERK1/2 and total ERK1/2 levels, n=3. (B) Ratios of phospho-
ERK1/2 to total ERK1/2 densitometry values were calculated and normalized to total
fluorescence for each blot. ** p<0.01 compared to non-treated DMSO control, $ p<0.001, $$
p<0.0001 compared to trypsin, # p<0.0001 compared to 0.1 "M U0126 + trypsin. Analysis by
ANOVA with Tukey’s post-hoc test.
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Figure 3-25. Pre-treatment with the MEK1/2 inhibitor, U0126, decreases the peak trypsin

response.

Confluent SCBNs were mounted in Ussing chambers and pre-treated apically with 0.1, 0.5, 1, 5,
10, or 20 pM U0126 or DMSO for 30 minutes then stimulated apically with 45 BAU/ml trypsin.
(A) Representative tracing of 20 uM U0126 pre-treatment + Trypsin, n=3-4. (B) Values were
calculated by subtracting baseline TER after U0126 addition from TER value after trypsin
stimulation prior to the plateau. ** p<0.01, *** p<0.001 compared to DMSO + trypsin controls

by ANOVA with Dunnett’s post-hoc test.
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Figure 3-26. Pre-treatment with the p38 MAPK inhibitor, SB202190, has no affect on

increased TER following trypsin stimulation.

Confluent SCBN monolayers mounted in Ussing chambers were pre-treated apically with 1, 10,
or 20 uM SB202190 or the negative control, SB202470 (20 uM), for 30 minutes then stimulated
apically with 45 BAU/ml trypsin. (A) Representative tracing of n=3. (B) Values were calculated
by subtracting baseline TER after SB202190 addition from TER value after trypsin stimulation
prior to plateau. No significant change in trypsin-mediated increased TER was observed at all

concentrations of SB202190 investigated vs. SB202470 + trypsin controls by ANOVA.

81



apically with 45 BAU/ml trypsin for 2, 5, 10, 15, 30, and 60 minutes. Levels of phosphorylated
PKC! were significantly increased at all time points compared to the non-treated control (Figure
3-27).

3.10.2 PKC! inhibition decreases baseline TER but does not block protease-mediated barrier
enhancement

Because trypsin stimulation significantly increased activation of PKC!, we investigated
the requirement for activated PKC! in the protease-mediated increased TER. SCBN monolayers
were pre-treated apically with 10 pM myristoylated PKC! pseudosubstrate inhibitor (psi) for 30
minutes, then stimulated apically with 45 BAU/mlI trypsin. Treatment with psi decreased baseline
TER but did not affect the increase in TER elicited by trypsin stimulation (Figure 3-28).

3.11 Protease-mediated increased TER does not involve activation of bradykinin B(2)
receptor

The initial cell surface target of trypsin in protease-mediated increased TER is unknown.
Although EGFR is involved, trypsin can still induce an initiation phase when EGFR is inhibited,
suggesting there is another cell surface target of trypsin that initiates the response. Bradykinin
B(2) receptor can be directly activated by tissue and plasma kallikreins, cathepsins, and trypsin
(Hecquet et. al 2000). Because of this, we investigated the involvement of bradykinin B(2)
receptor in the trypsin-mediated increased TER in intestinal epithelial cells.

Bradykinin is known to induce intestinal chloride secretion (Gaginella and Kachur 1989);
basolateral treatment of SCBNs with bradykinin caused a spike in short-circuit current,
indicative of secretion. SCBNs were pre-treated with increasing doses of bradykinin B(2)
receptor antagonist to determine the lowest effective concentration; 10 uM was the lowest

concentration of antagonist that blocked bradykinin-induced chloride secretion, therefore 10 uM
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Figure 3-27. Trypsin stimulates early and sustained increases in phosphorylated PKC!.

Confluent SCBN monolayers grown on Transwells™ were serum starved for 60 minutes then
stimulated apically with 45 BAU/ml trypsin for 2, 5, 10, 15, 30, and 60 minutes. Isolated protein
samples were separated using SDS-PAGE and transferred to nitrocellulose. Blots were probed
with phospho-PKC! and total PKC! antibodies. (A) Representative blots of phospho-PKC! and
total PKC! levels, n=3 (B) Ratios of phospho-PKC! to total PKC! densitometry values were
calculated and compared by ANOVA with Tukey’s post-hoc test. * p<0.05, ** p<0.01 compared

to non-treated control.
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Figure 3-28. Inhibition of protein kinase C (PKC)! decreases baseline TER but does not

block trypsin-induced increased TER.

Confluent SCBNs mounted in Ussing chambers were pre-treated apically with 10 pM
myristoylated PKC! pseudosubstrate inhibitor (psi) for 30 minutes then stimulated apically with

45 BAU/ml trypsin. Tracing is representative of 4 independent experiments.
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antagonist was used to determine the effects on protease-mediated increased TER (Figure 3-29
A). Apical pre-treatment with B(2) antagonist for 30 minutes had no affect on trypsin-induced
barrier enhancement (Figure 3-29 B). Both phases of the trypsin response were comparable to

trypsin controls (Figure 3-29 C, D).
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Figure 3-29. Inhibition of bradykinin B(2) receptor does not affect trypsin-mediated

increased TER.

(A) Confluent SCBN monolayers mounted in Ussing chambers were pre-treated basolaterally
with increasing concentrations of bradykinin B(2) receptor antagonist (up to 10 uM) for 30
minutes then treated basolaterally with 50 nM bradykinin to investigate the lowest concentration
of antagonist that blocks bradykinin-induced chloride secretion. (B) Confluent SCBN
monolayers in Ussing chambers were pre-treated apically with 10 uM antagonist for 30 minutes
then stimulated apically with 45 BAU/ml trypsin. (C) Values calculated by subtracting baseline
TER value from TER value 15 minutes after trypsin addition. (D) Values were calculated by
subtracting baseline TER value after inhibitor addition from TER value after trypsin stimulation

before response began to plateau. Analysis by one sample t-test, n=3.
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Chapter Four: Discussion

Although intestinal proteases are traditionally thought of as degradative enzymes central to
digestion, recent literature suggests an important role for endogenous epithelial serine proteases
in establishing and modulating the intestinal epithelial barrier (List et. al 2009; Buzza et. al
2010; Buzza et. al 2013; Netzel-Arnett et. al 2012). The apical addition of serine proteases has
been shown to significantly increase TER in several colonic epithelial cell monolayers in a
concentration-dependent manner (Swystun et. al 2009); however, the intracellular mechanism(s)
underlying this response were not known. The main objective of the present study was to
determine the downstream signalling events governing protease-mediated barrier enhancement in
intestinal epithelial cells. By elucidating mechanisms by which epithelial barrier function is
regulated, our work could contribute to the discovery of novel therapeutic targets for intestinal
inflammatory diseases, such as IBD, that are characterized by a disrupted epithelial barrier.

4.1 Model of study

The SCBN cell line was the chosen model for most experimental procedures throughout
the study. SCBNSs are a canine epithelial cell line that form polarized monolayers and express
junctional complexes (Pang et. al 1996; Buret et. al 2002). SCBNs have been previously used to
investigate barrier function (Buresi et. al 2001; Buresi et. al 2002; Buret et. al 2002; van der
Merwe et. al 2007). Additionally, SCBNs exhibit a more robust increase in TER following
trypsin stimulation compared to Caco-2 and T84 monolayers, making them a good model to
study mechanisms underlying the response (Swystun et. al 2009). This was confirmed in the
present study; SCBNs had the largest increase in TER following trypsin stimulation compared to
Caco-2 and T84 monolayers treated with the same concentration of trypsin. Additionally, SCBNs

grow rapidly and exhibit a stable phenotype, convenient features for an in vitro-based study.
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4.2 The role of proteolytic activity in protease-mediated barrier enhancement

The healthy intestinal epithelial layer is exposed to low levels of proteases both apically
and basolaterally (Biancheri et. al 2013). Serine proteases contain a conserved triad within their
catalytic domain that governs cleavage specificity and is required for proteolytic activity to occur
(Polgar 2005). Additionally, catalytic inhibition of trypsin with SBTI has been shown to ablate
the trypsin-mediated barrier enhancement (Swystun et. al 2009). This was confirmed in the
present study. These data suggest that initiation of the trypsin response requires proteolytic
activity by trypsin. This coincides with literature suggesting a requirement for the catalytic triad
for protease-mediated cleavage and signal generation to occur (Ramachandran and Hollenberg
2008). Because pre-treatment with SBTI blocked the initiation phase fully, the effects of
inhibiting trypsin activity in the sustained phase could not be determined; therefore, SBTI was
added post-trypsin stimulation to allow a normal initiation phase prior to intervention. SBTI
added at the beginning of the sustained phase (10 minutes after trypsin) or when the sustained
phase had been fully established (30 minutes after trypsin) significantly decreased the sustained
trypsin response, suggesting that ongoing proteolytic activity by trypsin is required for the
sustained phase, in addition to the initiation phase. Trypsin is secreted into the gut from the
pancreas following food ingestion and has a known role in digestion (Turk 2006); however, its
involvement in ongoing maintenance of the intestinal epithelial barrier has not been documented
in vivo. Our results suggest no role for trypsin in maintaining a baseline resistance, as SBTI
treatment alone had no affect on baseline TER. This may be because it is an exogenous protease
released into the small intestine specifically for digestion (Turk 2006). Additionally, trypsin is

present in very low concentrations in colonic biopsies from healthy individuals; therefore, it is
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likely not playing a major role in maintenance of colonic epithelium under healthy conditions
(Cenac et. al 2007).

Matriptase is an endogenous trypsin-like serine protease on the cell membrane of many
epithelial cells, including those lining the intestine (List et. al 2009). It is activated through
cleavage of the single-chain zymogen to a two-chain protease by a second membrane-bound
protease, prostasin, that is also expressed in intestinal epithelial cells (Oberst et. al 2003; Buzza
et. al 2013). We investigated the requirement for ongoing proteolytic activity in matriptase-
induced barrier enhancement using the catalytic subunit of matriptase, and aprotinin, a serine
protease inhibitor shown to effectively inhibit matriptase. The addition of aprotinin 10 minutes
after matriptase stimulation significantly decreased the sustained phase of the response in a
concentration-dependent manner. This finding shows a requirement for ongoing proteolytic
activity by matriptase in the matriptase-mediated barrier enhancement, suggesting proteolysis by
serine proteases is required for protease-mediated barrier enhancement.

The requirement for proteolysis by matriptase to maintain barrier enhancement in our
system is consistent with previous studies defining a role for matriptase in maintenance of the
intestinal epithelial barrier. Intestinal matriptase has been shown to mediate epithelial barrier
integrity. Mice with intestinal-specific matriptase knockdown exhibit barrier defects and are
more susceptible to DSS-induced colitis compared to wild type mice; matriptase-depleted Caco-
2 monolayers also exhibit barrier defects that are reversed following matriptase expression
(Buzza et. al 2010). Likewise, St14 and matriptase MRNA expression are decreased in colonic
biopsies from IBD patients (Netzel-Arnett et. al 2012).

4.3 Cell surface target of proteases in protease-mediated barrier enhancement

Proteases have been shown to mediate the activation of PARS; however, PAR activation
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does not mimic the response to protease stimulation, suggesting a PAR-independent mechanism
for protease-mediated barrier enhancement (Swystun et. al 2009). There is evidence of non-PAR
protease-mediated receptor activation and signalling. Trypsin has been shown to directly activate
insulin growth factor receptor through cleavage of the receptors’ #- and $-subunits (Shoelson et.
al 1998; Rieser and Rieser 1964). There is also evidence for PAR-independent processing of
MMP-2 in endothelial cells (Lafleur et. al 2001). More recently, matriptase-mediated barrier
formation and maintenance was shown to occur independent of PAR2 activation, and activation
of PAR2 could not rescue barrier formation deficits in matriptase-depleted Caco-2 cell
monolayers, suggesting a PAR-independent barrier enhancement by proteases in intestinal

epithelium (Buzza et. al 2010).

4.3.1 The role of EGFR activation in protease-mediated barrier enhancement

EGF treatment has been shown to promote epithelial barrier function through modulation
of tight junctional proteins and the mucus layer, as well as by decreasing apoptosis (Lamb-
Rosteski et. al 2008; Seo et. al 2014; Wang et. al 2014; Yamaoka et. al 2008). EGF-mediated
epithelial barrier enhancement has been documented in other cell lines, namely MDCKSs (Singh
and Harris 2004; Garcia-Hernandez et. al 2014). The apical addition of EGF significantly
increased TER in SCBN monolayers compared to non-treated controls. Because EGF exhibited
similar effects on TER as protease stimulation, this suggested protease-mediated barrier
enhancement could be occurring through EGFR signalling. Direct EGFR processing by proteases
has been documented. The prostasin-matriptase cascade is able to cleave the extracellular
domain of EGFR to form a truncated receptor with tyrosine kinase activity and altered signalling

(Chen et. al 2008).
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Based on our observation that apical EGF stimulation increased TER in SCBN cell
monolayers, we investigated the effect of EGFR tyrosine kinase inhibition on the protease-
mediated increased TER using PD153035. Tyrosine kinase activity is required for cross-
phosphorylation of intracellular tyrosine residues on the receptor following ligand binding and
receptor dimerization that then activates downstream signalling events; therefore blocking
tyrosine kinase activity with PD153035 prevents signalling (Honegger et. al 1989). Inhibiting
EGFR prior to trypsin stimulation altered the overall response; although TER increased with the
same slope and in the same time frame after trypsin treatment, the maximal increase reached was
blunted and the sustained phase was significantly decreased in inhibitor-treated cells, suggesting
some requirement for EGFR activation in protease-mediated increased TER. The addition of
PD153035 10 minutes after trypsin stimulation, when the initiation phase was tapering to a
plateau, significantly decreased the sustained phase of the response. Unlike the immediate
decrease in TER seen following SBTI treatment, PD153035 treatment did not elicit a decrease
until approximately 20 minutes after its addition. This is likely due to the requirement for
PD153035 to get through the cell membrane and into the intracellular receptor domain prior to
having an effect (Fry et. al 1994).

Initiation of the trypsin response still occurred in the presence of PD153035, albeit at a
smaller magnitude than in control trypsin-treated cells. This suggests that EGFR is not being
activated directly by proteases, but is likely engaged through a transactivation mechanism.
Another initial cell surface target must be involved in initiating the response to trypsin and other

serine proteases.
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4.3.2 Bradykinin B(2) receptor is not involved in protease-mediated barrier enhancement
EGFR inhibition did not fully block the response to trypsin, suggesting some other cell

surface receptor is the initial protease target that mediates initiation of increased TER. One
putative target was the bradykinin B(2) receptor, constitutively expressed in rat colon (Cuthbert
and Margolius 1982). It has been shown to modulate tight junction permeability through an
ADAM17-EGFR transactivation mechanism that results in ZO-1 rearrangement (Dey et. al
2010). Proteases, specifically kallikreins, trypsin, and plasmin are known to indirectly activate
bradykinin B(2) receptor through cleavage of high molecular weight kininogen that releases the
9-amino acid peptide bradykinin (or other kinins) to engage the receptor (Bhoola et. al 1992).
More recently, proteases were shown to directly activate bradykinin B(2) receptor independent
of ligand-cleavage mechanisms (Hecquet et. al 2000). The bradykinin B(2) receptor has been
linked to increased severity of disease in murine models of DSS-induced colitis through
modulation of the tight junction, suggesting a B(2) receptor-mediated effect on epithelial
permeability (Marcon et. al 2013). Pre-treatment with the bradykinin B(2) receptor antagonist at
the concentration that effectively blocked bradykinin-mediated chloride secretion had no affect
on trypsin-mediated increased TER, suggesting that the B(2) receptor is not the initial cell
surface target of trypsin.
4.4 Mechanism of EGFR activation in protease-mediated increased TER

Although matriptase has been shown to directly cleave the extracellular domain of EGFR
to elicit altered signalling (Chen et. al 2008), our EGFR inhibitor experiments point to a
transactivation mechanism for EGFR following protease stimulation. Two well known
mechanisms of EGFR transactivation are 1) extracellular cleavage of membrane-bound EGFR

ligands by activated MMPs or ADAMs that can then engage the receptor and 2) intracellular
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phosphorylation of EGFR tyrosine residues by Src kinases (Lee et. al 1985; Biscardi et. al 1999).
Both of these mechanisms were examined in the context of protease-mediated barrier
enhancement.

4.4.1 Protease-induced EGFR activation does not involve cleavage by activated MMPs

MMPs activated via protease stimulation have been shown to cleave precursor ligands,
releasing the soluble ligand that can then bind the receptor. Thrombin-mediated PAR1 signalling
activates MMPs that cleave membrane-bound TGF-#, that then binds EGFR to increase
proliferation in HT-29 cell monolayers (Darmoul et. al 2004). Additionally, PAR2-MMP-
dependent EGFR transactivation drives cancer-associated cyclo-oxygenase-2 (COX-2)
expression in Caco-2 cell monolayers (Hirota et. al 2012). We determined the involvement of
MMP-mediated cleavage using two broad-spectrum MMP inhibitors. Pre-treatment with either
inhibitor had no affect on trypsin-induced increased TER at all doses investigated, suggesting
MMP-dependent extracellular cleavage of EGFR ligands does not occur in trypsin-induced
increased TER.

ADAMs are closely related to MMPs and have been shown to cleave EGFR ligands to
transactivate EGFR in a similar manner (Liu et. al 2006). Mice lacking ADAM-17 have
decreased sheddase activity; levels of released TGF-#, amphiregulin, epiregulin, and heparin
binding-EGF (HB-EGF) are decreased, and these mice exhibit a similar phenotype to egfr” mice,
suggesting a requirement for extracellular cleavage activity by ADAM-17 for the proper
activation of EGFR (Sahin et. al 2004). Pre-treatment with the ADAM-17 inhibitor, TAPI-1, had
no affect on trypsin-mediated increased TER, implying no ADAM-17-mediated extracellular
cleavage is required for protease-induced barrier enhancement. Inhibition of ADAM17 blocks
TGF-#-mediated EGFR activation, therefore these results suggest extracellular release of soluble
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TGF-# that can engage EGFR is not the mechanism by which proteases increase TER in our
system (Franovic et. al 2006).

4.4.2 Protease-mediated EGFR transactivation may involve Src kinase activity

The intracellular tyrosine kinase domain of EGFR contains Src-specific residues that are
phosphorylated by Src kinases (Biscardi et. al 1999). Intracellular Src-mediated EGFR activation
has been shown to modulate apoptosis in liver carcinoma cells and proliferation in lung
adenocarcinoma cells (Hou et. al 2015; Sutton et. al 2013). Src-dependent EGFR transactivation
is also implicated in trypsin-mediated chloride secretion in intestinal epithelial cell monolayers
(Buresi et. al 2002; van der Merwe et. al 2008). Src-mediated EGFR transactivation was
hypothesized to be one potential mechanism by which trypsin increases TER in SCBNs. We
showed that pre-treatment with the Src inhibitor, PP1, decreased trypsin-induced increased TER
in a concentration-dependent fashion; however treatment with trypsin did not increase levels of
phosphorylated Src and addition of PP1 10 minutes after trypsin stimulation did not decrease
trypsin-induced sustained TER, therefore further investigation is required. Micromolar
concentrations of PP1 have been shown to inhibit EGFR kinase activity, therefore pre-treatment
with PP1 in EGF-mediated increased TER would be an important experiment to perform to
ensure that the PP1-mediated decrease in the response to trypsin is dependent on Src inhibition,
and not off-target EGFR kinase inhibition (Hanke et. al 1996). Additionally, investigating
trypsin-induced phosphorylated EGFR levels following knockdown or pharmacological
inhibition of Src in SCBN cell monolayers would better support Src involvement in the EGFR

transactivation mechanism following protease addition.
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4.5 Downstream signalling pathways in protease-mediated barrier enhancement

Serine proteases have been shown to activate a variety of downstream intracellular
signalling pathways through interactions with ligand precursors, hormone precursors,
kininogens, growth factor receptors, and the most well documented PARS, G-protein coupled
receptors known to be cleaved and activated by proteases (Ramachandran and Hollenberg 2008).
Data from our study implicates protease-mediated EGFR activation in protease-mediated
increased TER. EGFR activation can simultaneously engage a variety of downstream signalling
pathways, depending on the ligand binding properties, dimerization, and phospho-tyrosine
residues implicated. EGFR activation has been shown to induce RAS/MAPK, NF-1B,
JAK/STAT, and PI3-K signalling (Jorissen et. al 2003).

4.5.1 Role of PI3-K in protease-mediated barrier enhancement

EGFR, ErbB3, and ErbB4 contain P13-K-specific tyrosine residues, and ErbB signalling
is known to activate P13-K (Ono and Kuwano 2006). EGF-mediated EGFR activation and PI13-K
recruitment has been shown to inhibit chloride secretion in T84 cell monolayers (Uribe et. al
1996). HB-EGF-induced PI3-K/Akt and ERK1/2 signalling significantly increase epithelial
restitution following ischemia in rats; a similar effect was shown in vitro with scratch-wounded
intestinal epithelial cell monolayers (El-Assal and Besner 2005). PI3-K activation has also been
shown to modulate tight junctional proteins, claudin-1 and -2, to increase permeability in HT-29
and Caco-2 cell monolayers (Mankertz et. al 2009; Li and Neu 2009).

Trypsin stimulation significantly increased Akt phosphorylation, suggesting PI13-K
activation is increased by proteases. We used the PI3-K inhibitors, LY294002 and wortmannin,
to investigate the effects of PI13-K on protease-mediated increased TER. P13-K inhibition prior to

trypsin stimulation significantly decreased the peak increase and sustained TER compared to
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trypsin-treated cells, suggesting PI13-K involvement in both phases of the trypsin response.
However, inhibiting PI13-K in the sustained phase of the trypsin response (after trypsin
stimulation) had no effect on the sustained response. These data, together with the EGFR
inhibition data suggest PI13-K is likely involved in only the initiation phase of the response.
Because EGFR is required for the sustained trypsin response, and PI13-K is likely not, P13-K may
be activated by the initial cell surface target cascade rather than EGFR signalling. Apart from
ErbB-mediated activation, P13-K can also be activated by other growth factor receptors as well
as G-protein coupled receptors. Epithelial restitution is enhanced in SK-CO15 intestinal
epithelial cells following activation of formyl peptide receptor-1 that significantly increases P13-
K activation (Babbin et. al 2007). Likewise, glutamine-mediated protection after heat stress in
intestinal epithelial cell (IEC)-6 cells was shown to be mediated through EGFR-independent P13-
K/Akt activation (Niederlechner et. al 2013). It is possible that the decrease seen in the sustained
phase of the response when PI3-K is inhibited prior to trypsin stimulation is occurring because
the initiation phase has been affected; however, more studies must be performed to determine
conclusively that PI13-K is not involved in the sustained phase, but is required for initiation of the
trypsin-mediated increased TER.

4.5.2 Role of ERK1/2 signalling in protease-mediated barrier enhancement

ERK1/2 signalling has been shown to modulate barrier function. Ouabain-induced
increased TER occurs through EGFR and ERK1/2 signalling in MDCK cells (Larre et. al 2010).
Likewise, PAR-induced epithelial cell chloride secretion has been shown to occur through
EGFR-ERK1/2 signalling in SCBN and T84 intestinal epithelial cell monolayers (Buresi et. al

2002; van der Merwe et. al 2007). IFN% mediates increased bacterial translocation across T84s
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through an ERK1/2-dependent mechanism, therefore ERK1/2 phosphorylation can have positive
and detrimental effects on intestinal epithelial barrier function (Smyth et. al 2012).

Trypsin stimulation induced a significant increase in phosphorylated ERK1/2 that was
blocked by the MEK1/2 inhibitor, U0126. Pre-treatment with U0126 decreased the maximal
increase in TER following trypsin stimulation, suggesting a requirement for ERK1/2 in initiating
protease-mediated enhanced barrier function. A caveat of inhibitor studies is the potential for
non-selective effects. U0126 also inhibits ERK5 at micromolar concentrations (Mody et. al
2001). ERKS5 is a separate arm of MAPK signalling with some similarities to ERK1/2 in
activation and substrate specificity; however, their downstream effects are distinct (Nishimoto
and Nishida 2006). It would be important to determine the involvement of ERK1/2 and/or ERK5
in our system to better understand the exact mechanism by which proteases enhance barrier in
intestinal epithelial monolayers.

The sustained phase did not decrease with ERK1/2 inhibition. Like P13-K, this finding
suggests an EGFR-independent activation of ERK1/2 in the protease-mediated response, as
EGFR was implicated in the sustained phase of the trypsin response. EGFR-independent ERK1/2
phosphorylation is well documented in the literature. Hirsutenone protects against oxidative
stress-induced tight junction deterioration through the activation of EGFR/Akt signalling and
EGFR-independent ERK1/2 signalling that increases heme oxygenase-1 (Seo et. al 2014).
Likewise, gastrin-releasing peptide (GRP)-mediated activation of GRP receptor was shown to
activate ERK1/2 signalling and cause increased proliferation and decreased apoptosis in liver

carcinoma cells (Li et. al 2010).
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4.5.3 p38 MAPK is not involved in protease-mediated increased TER

p38 MAPK is another MAPK signalling pathway that can be activated by growth factors.
p38 activation has been implicated in EGFR-induced epithelial cell migration and apoptosis
(Frey et. al 2004; Sheng et. al 2007); however, p38 MAPK inhibition had no affect on protease-
mediated increased TER, suggesting a p38-independent mechanism by which proteases enhance
barrier function in intestinal epithelium.

4.5.4 Role of PKC! in protease-mediated barrier enhancement

PKC isoforms have been shown to mediate intestinal epithelial barrier function. Atypical
PKC isoforms localize at the plasma membrane and participate in establishing epithelial polarity
as well as in modulation of tight junctional proteins (Chen et. al 2012; Jain et. al 2011; Swystun
et. al 2009). We found the protease-mediated barrier enhancement to be partially dependent on
P13-K signalling. P13-K signalling has been shown to activate PKC!, an atypical PKC isoform
with a potential involvement in enhancing the epithelial tight junction (Hirai and Chida 2003;
Swystun et. al 2009). This suggested a potential requirement for PKC! activity in protease-
mediated barrier enhancement.

Trypsin stimulation significantly increased phosphorylation of threonine-560 residue on
PKC! at 2 minutes that was sustained up to 60 minutes. Threonine-560 was used as a readout of
fully activated PKC! because substrate binding induces phosphorylation at threonine-410 that
exposes the kinase domain further to allow autophosphorylation of threonine-560, required for
full activity (Hirai and Chida 2003). Sustained activation of PKC! was not expected, as kinases
are generally thought to be dephosphorylated by phosphatases shortly after activation; however,
dephosphorylation kinetics may be regulated to increase activation time. The activation loop of

activated AGC kinases (PKA, PKB, PKC) can be protected from phosphatases in some
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circumstances, resulting in prolonged kinase activation (Chan et. al 2014). This could be one
explanation for prolonged PKC! activation induced by trypsin stimulation. Alternatively,
increased levels of phosphorylation may not be indicative of active PKC! present at the cell
junction, therefore blotting for phosphorylated PKC! present in the cell membrane fraction
following a fractionation protocol would be a useful technique to employ for a kinase known to
translocate to the membrane to modulate epithelial permeability.

Because trypsin stimulation significantly increased PKC! phosphorylation, we
investigated the requirement for PKC! in protease-mediated enhanced barrier function using 10
"M PKC! pseudosubstrate inhibitor (psi); this concentration was used because previous studies
in polarized SCBN monolayers grown on Snapwells™ used the same concentration in Ussing
chambers (Swystun et. al 2009). Pre-treatment with the psi decreased baseline TER but had no
affect on the change in TER following trypsin stimulation. These findings suggest a requirement
for PKC! activation in maintenance of baseline TER but not in protease-mediated barrier
enhancement in our system. Maintenance of intestinal epithelial barrier has been shown to
protect Caco-2 monolayers against oxidant-induced barrier disruption through overexpression of
PKC! and EGF-mediated PKC! activation (Banan et. al 2002). Likewise, levels of activated
atypical PKC have been shown to negatively correlate with disease state in IBD patient colonic
biopsies, suggesting a potential need for activated PKC! to maintain healthy epithelia (Wald et.
al 2011).

4.6 Summary and Future Directions

Our study has provided insight into the mechanisms governing protease-mediated barrier
enhancement in intestinal epithelium (Figure 4-1). We now know that initiating and maintaining
the response to proteases is dependent on ongoing proteolysis by the protease; however, the cell
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surface target requiring ongoing cleavage for both phases of the response has yet to be
determined.

Although not the initial protease target, EGFR is involved in the response to proteases.
EGFR activation occurs in an MMP-independent manner, and may be activated through Src,
although further work is required to examine whether Src activation occurs before or after EGFR
signalling. EGFR signalling occurs following homo- or heterodimerization with other ErbB
receptors that increases tyrosine kinase activity in the intracellular domain (Cochet et. al 1988;
Honegger et. al 1989). SCBNs express EGFR, ErbB2, and ErbB3 receptors, therefore
investigating the dimerization that occurs following proteases will be important to better
characterize ErbB signalling in protease-mediated enhanced barrier function.

We have identified PI3-K and ERK1/2 signalling to be important in initiating the response
to proteases; however, they do not appear to play a role in the sustained phase of the response.
These findings suggest an EGFR-independent activation of PI13-K and ERK1/2 that governs the
initiation phase. A targeted approach looking at known matriptase substrates may help determine
the initial cell surface target that activates these signalling pathways and initiates increased TER
in our system (Buzza et. al 2010).

PKC! is activated by trypsin, but does not seem to be important in trypsin-mediated
increased TER; PKC! inhibition decreased baseline TER but had no affect on the increase in
TER following trypsin stimulation. Use of small interfering (si)RNA for PKC! would confirm
the requirement for PKC! in maintaining the epithelial barrier and also determine its
involvement in the protease response.

Elucidating the mechanisms governing protease-mediated barrier enhancement contributes
to the current body of knowledge in intestinal epithelial barrier function in vitro. Confirmation of
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these findings in vivo will be important for translational applications. We have shown that apical
exposure of the intestinal epithelium to serine proteases results in increased TER, indicative of
decreased ionic flux through the pore pathway. The pore pathway (in concert with the leak
pathway and transcellular movement) is required to maintain ionic concentration gradients
required for the effective absorption and secretion of electrolytes and nutrients in the intestine
(McGuckin et. al 2009). Our study has contributed to the understanding of how the pore pathway
IS regulated, an important component of physiological functioning of the intestine.

Epithelial barrier function is known to occur early in IBD, and may be a primary factor in
disease pathogenesis. Elucidating the mechanisms underlying epithelial barrier function could
help identify those IBD patients in remission that are at a higher risk for relapse, as studies have
shown clinical and biochemical indices to be less informative than permeability tests in
determining risk of relapse (D’Inca et. al 1999); knowing the specific pathway(s) contributing to
barrier function would allow for the targeting of defective molecular components with more
selective drugs in IBD patients Understanding the intracellular mechanisms by which epithelial
barrier function occurs could contribute to new therapeutic targets to restore barrier function and

ameliorate a disease characterized by a disrupted epithelial barrier.

102



Figure 4-1. Summary of Results

Apical addition of serine proteases increases TER in intestinal epithelial cells. The protease
response is divided into two phases: an initial increase in TER up to a maximal point followed
by a sustained increase in TER over a period of time. Both phases of the response require
proteolytic activity. Protease-mediated increased TER occurs independently of PAR activation;
the initial cell surface target remains to be investigated. The initiation phase is partially mediated
through the P13-K and ERK1/2 pathways; p38 MAP kinase is not involved in protease-mediated

increased TER. The sustained increase in TER occurs through MMP-independent EGFR
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transactivation. Src may be involved in the activation of EGFR. The downstream effector

molecules of protease-mediated increased TER require further investigation.
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APPENDIX A: SUPPLEMENTARY DATA
A.1l. Pre-treatment with soybean trypsin inhibitor (SBTI) blocks trypsin-mediated

increased TER.

Confluent SCBN monolayers were mounted in Ussing chambers and pre-treated apically with
SBTI for 30 minutes then stimulated apically with trypsin. Confirms previous study (Swystun et.
al 2009) suggesting a requirement for the catalytic activity of trypsin to initiate protease

response, n=1.
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A.2. SCBNs express EGFR, ErbB2, and ErbB3 mRNA.

MRNA was isolated from confluent SCBN monolayers. PCR was used to amplify EGFR (lane
1), ErbB2 (lane 2), ErbB3 (lane 3), and ErbB4 (lane 4) receptors using primers described in
Table 2-2. PCR conditions were as follows: 95°C for 15 minutes followed by 95°C for 1 minute,

57°C for 1 minutes, and 72°C for 1 minute for 35 cycles, with a final 72°C step for 10 minutes.
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