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CHAPTER 1

INTRODUCTION

Helicobacter pylori

Helicobacter pylori is a Gram-negative, urease-, catalase-, and oxidase-positive
curved bacillus that possesses 4-5 sheathed polar flagella required for motility (Figure 1).
It is one of the most genetically diverse bacteria known, as evidenced by the fact that
virtually every isolate is unique regardless of whether cultured from different individuals
or simply different gastric biopsies from a single individual (136). H. pylori is
specifically adapted for survival within its gastric niche, and the majority of strains
express factors that have evolved to affect host cell signaling pathways, resulting in
enhanced virulence. Approximately 50% of the world’s population is colonized with H.
pylori, but only a subset of infected persons develops disease (242). Of these infected
individuals, approximately 10% develop peptic ulcer disease, 1% develop gastric
adenocarcinoma, and less than 0.1% develop mucosa associated lymphoid tissue (MALT)
lymphoma. H. pylori infection is most commonly acquired at a young age and is thought
to be passed from parent to child (84), and, although infection can be found in all regions
of the world, the prevalence of H. pylori colonization is higher in developing regions than

in developed countries (83, 84).

H. pylori identification and association with gastric disease

Although the presence of spirochaetes in human gastric mucosa had been noted



Figure 1. H. pylori is a gram-negative, curved bacillus that possesses 4 to 5 polar
flagella required for motility. Electron micrograph provided by and reprinted with the
permission of Aime T. Franco.



previously (98, 236), Marshall and Warren first conclusively demonstrated the presence
ofwhat is now known as H. pylori in 1983 by staining gastric biopsy sections using the
Warthin-Starry silver method (189). They described the bacterium as a curved bacillus
possessing polarized sheathed flagella found in close association with the surface
epithelium (189). It was noted that H. pylori was more prevalent in patients suffering
from chronic gastritis, although its presence was reported in about half of all routine
gastric biopsy specimens (189). Further study revealed that H. pylori was present in 100
out of 100 patients suffering from a duodenal ulcer (188). Although spiral gastric bacteria
had been described as commensal organisms in other mammals (78, 174, 320), the
“highly suspicious” association of this bacterium with polymorphonuclear infiltration in
the human antrum and a direct correlation to duodenal ulceration led these investigators
to pursue a hypothesis that this organism is pathogenic, playing a direct role in the
development of gastritis and duodenal ulceration (188, 189).

The pair of investigators successfully isolated and cultured H. pylori from a
gastric biopsy in 1984, initially naming it Campylobacter pyloridis (187). Despite
significant skepticism about his hypothesis by leaders in the gastroenterology field,
Marshall pressed on in his pursuit to prove that H. pylori is the causative agent of gastritis
and duodenal ulceration. Realizing the need for indisputable evidence, he went so far as
to test H. pylori’s capacity to fulfill Koch’s postulates by drinking a liquid broth culture
of the bacterium, documenting the resulting pathology by serial endoscopies, and
eradicating the infection via antibiotic treatment (185). In 1988, Marshall and Warren
published their most convincing data yet, a prospective double-blind trial of duodenal

ulcer relapse after eradication of Campylobacter pyloridis, in which it was demonstrated



that treatment with colloidal bismuth subcitrate in combination with the antibiotic
tinidazole could eradicate C. pyloridis in up to 70% of patients, with clearance resulting
in healing of 92% of ulcers and a mere 21% rate of relapse during a 12-month follow-up
period (186). Rauws and Tytgat gave credence to this work in a follow-up study in 1990
that concluded, “H. pylori eradication, without altering acid output, will become the
mainstay of duodenal ulcer treatment because it cures the disease,” (252). This has lead
to acceptance of a combination of triple-antibiotic therapy and bismuth supplementation
as the appropriate treatment for individuals seeking relief from H. pylori-induced gastric
disease. Marshall and Warren ultimately received the Nobel Prize in Medicine in 2005

for their discovery of H. pylori and its role in gastritis and peptic ulcer disease.

H. pylori epidemiology

H. pylori colonizes the stomachs of approximately half of the world’s population
(36, 202), and, according to a number of studies over the course of 2007-08, overall rates
of infection vary from a low of 11% to a high of 69% (Figure 2) (37). Infection of such
a large percentage of the population throughout the world suggests that H. pylori has
developed a very robust ability to colonize its host, though our understanding of its
mechanism of transmission remains rather limited. However, prevalence appears to vary
widely by geography, age, race, and socioeconomic status. Rates of colonization are
higher in developing countries than those in developed countries (247). This observation
is consistent with epidemiological studies suggesting that the strongest risk factors for H.

pylori infection include inadequate sanitation practices, socioeconomic status, and



Figure 2. The prevalence of H. pylori infection varies widely by geography.
Colonization rates are typically higher in developing countries than those in developed
countries. Reproduced from Marshall (184).



crowded or high-density living conditions (36, 107, 166, 180, 196). Epidemiologic data
suggests that most transmission tends to occur through close contact between individuals
within households (9, 154, 155, 192, 335). Multiple studies have demonstrated intra-
institutional and intra- familial clustering of H. pylori infection, further suggesting that
poor hygiene and crowded living conditions may facilitate transmission within these
groups (36, 107, 180, 196). Fortunately, many studies have also noted an overall decline
over time in prevalence both in developing and developed countries (37) that will likely

continue as standards of living improve around the world.

Colonization by H. pylori induces chronic inflammation

Although the majority of people colonized by H. pylori (80%-90%) do not display
any symptoms of disease (28), most, if not all, develop gastritis in response to the
presence of this pathogen. Chronic active gastritis is typically characterized by diffuse
infiltration of the gastric mucosa by white blood cells that represent chronic
inflammation, including lymphocytes, plasma cells, and macrophages. Many times,
scattered eosinophils and mast cells are also observed. The term “active” is applied to
gastritis when polymorphonuclear neutrophils are observed, which typically represents
acute inflammation (56). This neutrophilic component appears to persist in H. pylori-
induced chronic inflammation and is thought to significantly contribute to pathogenesis
through the release of a number of damaging inflammatory mediators like reactive
oxygen species (261).

The severity of gastritis is influenced by both the local and systemic immune

response in addition to local pro-inflammatory effects directly mediated by H. pylori.



Recognition of H. pylori by monocytes and macrophages occurs via activation of toll-like
receptors (TLR)s and leads to induction of an adaptive immune response, typically
polarized toward a Thl-cytokine pattern (144, 181, 287). Polarization toward a T helper
1 (Thl) response leads to increased atrophy and metaplasia (294); however, it is the
pattern of inflammation within the stomach, rather than the degree of inflammation,
which is thought to promote one of two mutually exclusive disease outcomes (261).
Chronic antral-predominant inflammation is associated with hyperchlorhydria and a
predisposition for duodenal ulceration, whereas corpus-predominant or pan-gastritis is
associated with hypochlorhydria and a predisposition for gastric ulceration and
adenocarcinoma (Figure 3) (17).

Almost 150 years ago, Virchow noted that many tumors arise in settings of
chronic inflammation (23, 58), and, later, Dvorak put forth a description of cancer as
“wounds that do not heal” (79), suggesting a direct link between chronic inflammation
and cancer. There are a number of mechanisms by which H. pylori-induced chronic
inflammation might promote carcinogenesis. For example, chronic inflammation is
known to induce increased tissue turnover, leading to hyperproliferation, which can result
in more frequent mitotic errors and increased rates of mutagenesis (300). This has led to
investigation of the role of H. pylori-induced chronic inflammation in the development of

gastric adenocarcinoma.

H. pylori is a risk factor for development of gastric adenocarcinoma
Gastric adenocarcinoma is the second leading cause of cancer-related death in the

world (241). Approximately 867,000 persons are diagnosed with the disease and 649,000



Duodenal Ulcer Phenotype Gastric Cancer Phenotype

-Around 10-15% of infected subjects -Around 1% of infected subjects
-Antral-predominant gastritis -Pan- or corpus-predominant gastritis
-high acid secretion -Hypo/achlorhydria

-protection from gastric cancer -Increased risk of gastric cancer

Figure 3. The pattern of H. pylori-induced inflammation promotes one of two
mutually exclusive pathophysiologic outcomes. Adapted from Amieva and EI-Omar
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persons die from this malignancy each year, with five-year survival rates in the United
States of less than 15% (53). Noncardia gastric cancer is typically classified as one of two
histologically distinct variants as first described by Lauren in 1965 (164). The first,
diffuse-type gastric adenocarcinoma, commonly affects younger persons, affects men and
women equally, and consists of individually infiltrating neoplastic cells that do not form
glandular structures and are not associated with intestinal metaplasia (286). The second,
intestinal-type adenocarcinoma, so-named for its origination from islands of intestinal
epithelium found in the gastric mucosa, occurs at a much later age, predominates in men,
and progresses through a well-defined series of preneoplastic histologic steps. These
steps, as proposed by Dr. Pelayo Correa in 1975 (55), begin with initiation by chronic
active nonatrophic gastritis and proceed through a continuum of stages consisting of
multifocal atrophy, intestinal metaplasia, dysplasia, and finally invasive carcinoma
(Figure 4) (51, 53, 56, 241, 286).

Colonization of the human stomach by H. pylori persists for decades, and
epidemiological studies in humans and experimental infections in rodents have clearly
demonstrated that long-term interactions between H. pylori and the host significantly
increase the risk for peptic ulcers, Non-Hodgkin’s lymphoma of the stomach, gastric
atrophy, and distal gastric adenocarcinoma (199, 240, 241, 246, 286, 314). Based upon
these data, the International Agency for Research on Cancer, a branch of the World Health
Organization, stated that H. pylori is a primary risk factor for gastric adenocarcinoma,
and, accordingly, classified H. pylori as a class I carcinogen in 1994. In recent years, a
number of randomized prospective studies have demonstrated that the eradication of H.

pylori in patient populations with a high-risk for the development of gastric cancer results
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Figure 4. The development of H. pylori-induced gastric adenocarcinoma progresses
through a well-defined series of histologic steps (55).



in the regression of pre-neoplastic lesions (54, 167, 169, 197, 362) and significantly
reduces the incidence of gastric cancer in persons who have yet to develop precancerous
lesions (343). In addition, eradication of H. pylori in experimental Mongolian gerbil
infection models results in significant reduction in gastric cancer development (221, 263).
Taken together, these studies indicate that anti-Helicobacter therapy may be effective in
the prevention of gastric cancer development, further supporting a role for H. pylori in
gastric carcinogenesis.

Since virtually all persons colonized with H. pylori develop superficial gastritis, it
is likely that the organism plays a causative role early in disease progression. However,
only a small percentage of colonized persons ever develop neoplasia, raising the
hypothesis that enhanced cancer risk may be related to H. pylori strain differences,
inflammatory responses governed by host genetic diversity [e.g. interleukin (IL) -1p)
polymorphisms] (81, 179), and/or specific interactions between host and microbial
determinants. Further, some studies have indicated that colonization with H. pylori
displays an inverse relationship with the development of gastroesophageal diseases
including gastroesophageal reflux disease, Barrett’s esophagus and esophageal
adenocarcinoma (50, 75, 175, 316, 322), as well as certain atopic diseases including hay
fever, asthma, and eczema (29, 47, 48). These observations underscore the importance of
identifying mechanisms that regulate the biological interactions of these organisms with
their hosts during carcinogenesis in order to determine the proper line of treatment on an

individual basis.
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Gastric adenocarcinoma may be derived from a specific stem cell population

Since the 19™ century, epithelial cancers have been thought to arise from resident
epithelial cells (129). More recently, this epithelial theory of cancer has been expanded to
suggest that tumors arise not differentiated cells of the epithelium, but rather from a
tissue-specific population of stem cells (110). A tumor mass itself is similar to an
abnormal organ in that it is made up of a heterogeneous mixture of cell types possessing a
broad range of proliferative capacities and levels of differentiation. The cancer stem cell
theory proposes that, within the cellular milieu of the tumor, there exist resident
progenitor or stem cells that, in the context of chronic inflammation, are forced into
multiple rounds of cell division in an environment conducive to the accumulation of
mutations (110). This population of cells, capable of extensive proliferation and
metastatic spread, gives rise to the heterogeneous mixture of cell types that make up the
tumor. A landmark paper published by Houghton et al. in 2004 demonstrated that, in a
mouse model of Helicobacter-induced gastric carcinogenesis, bone marrow-derived stem
cell (BMDC) engraftment within the gastric mucosa occurs in response to chronic
inflammation (128). Ultimately, all intraepithelial cancer cells observed in Helicobacter-
infected mice originated from BMDCs, suggesting an innate susceptibility of BMDCs to
neoplastic transformation. These experiments led to a new paradigm for gastric cancer—
chronic inflammation promotes tissue injury; resulting tissue stem cell failure leads to
recruitment and engraftment of BMDCs into the tissue stem cell niche; infiltrating
BMDCs initiate differentiation, but in doing so fail to regulate growth programs,
ultimately resulting in the development of cancer (171). Identification of bone marrow-

derived stem cells within the context of Helicobacter-induced gastric cancer has provided
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a new and exciting avenue of investigation that will hopefully allow anti-cancer therapies

to become more specifically directed and effective.

H. pylori virulence factors

H. pylori strains exhibit extreme genetic diversity from patient to patient (8, 106,
270, 309), and studies have demonstrated that the genetic composition of isolates can
change over time (136). Although this extraordinary diversity has hindered the search for
bacterial determinants associated with cancer, several genetic loci have been identified
that augment risk for carcinogenesis.

The cytotoxin associated gene (cag) pathogenicity island is a 40 kB locus present
in approximately 60% of U.S. H. pylori strains (7, 8, 43, 309). Although all H. pylori
strains induce gastritis, strains harboring the cag island (cag") augment the risk for severe
gastritis, atrophic gastritis, gastric ulcer disease, and distal gastric cancer compared to cag
strains (30, 59, 63, 64, 160, 239, 243, 244, 251, 265, 281, 311, 324). Cag genotype also
influences the topography of colonization in the human stomach, as H. pylori cag strains
are located predominately within the mucus gel layer, while disease-associated cag’
strains are found immediately adjacent and frequently adherent to epithelial cells (40).
Several cag genes encode products that form a type IV secretion system that acts as a
molecular syringe to inject bacterial products into host cells (Figure 5). One of these
proteins, CagE, is required for translocation of bacterial gene products into host cells.
Another component of the secretion system, Cagl, serves as a specialized bacterial

adhesin that binds to and activates the integrin osf3; receptor, triggering the delivery of
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bacterial molecules into the cytoplasm of host cells (163).The product of the terminal gene
of the cag island, CagA, is translocated into epithelial cells via this secretion system,
where it induces a number of host-cell alterations (Figure 6). CagA can be
phosphorylated by members of Src family of kinases at its tyrosine phosphorylation
motifs (glutamate-proline-isoleucine-tyrosine-alanine, EPIYA) found within the carboxy-
terminal variable region of the protein (16, 22, 225, 274, 275, 291, 292). Phospho-CagA
subsequently binds and activates three eukaryotic Src Homology 2 (SH2) domain-
containing proteins: the protein tyrosine phosphatase SHP-2, carboxy-terminal Src kinase
(Csk), and the adaptor protein Crk (119, 297, 303, 313). Phosphorylated and non-
phosphorylated CagA can also activate ERK 1/2, a member of the mitogen-activated
protein kinase (MAPK) family, leading to an intracellular signaling cascade that induces
morphological changes with resemblance to unrestrained stimulation by growth factors
(16, 22, 118, 119, 200, 225, 274, 275, 290, 292, 313). Non-phosphorylated CagA
interacts with Parl, a MARK kinase that phosphorylates microtubule-associated proteins
(268), leading to disruption of apical-junctional complexes in polarized MDCK epithelial
cells (10). CagA clearly induces the activation of several transcription factors, including
nuclear factor kB (NF-kB), activator protein 1 (AP-1), cAMP response element (CRE),
serum response element (SRE), and serum response factor (SRF), and f-catenin (33, 45,
77, 96, 123, 153, 198, 214, 352), though the role of CagA phosphorylation in regulating
these molecules remains unclear.

In addition to CagA, H. pylori translocates components of bacterial peptidoglycan
(PG) into host cells via its type IV secretion system (321). The bacterial enzyme, soluble

lytic transglyocosylase (Slt), encoded by the gene HP0645, functions in
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Figure 6. Translocation of CagA results in a number of host cell alterations,
exemplified by induction of the hummingbird phenotype. The yellow star represents

phosphorylation. Micrograph provided by and reprinted with the permission of Natasha
Schneider.



anhydromuropeptide release during PG turnover (Figure 7) (46). Mutation of H. pylori
slt results in an accumulation of G-M-tripeptide in the bacterial peptidoglycan layer (46)
and an approximately 40% reduction in the amount of disaccharide tripeptide liberated by
the bacteria compared to wild type (321). The host intracellular protein, nucleotide-
binding oligomerization domain containing 1 (Nod1), also known as caspase recruitment
domain 4 (CARD4), is a major pathogen-recognition protein that has been shown to
respond to intracellular peptidoglycan components, with the minimal moiety required for
recognition being ¥ -D-glutamyl-meso-DAP, a dipeptide primarily found in PG from
Gram-negative bacteria (Figure 7) (44). Activation of Nodl initiates a signaling cascade
through the CARD domain-containing kinase, RIP-like interacting CLARP kinase
(RICK), which ultimately results in increased NF-kB activity (44, 104, 105, 134, 321).
Accordingly, co-culture of an H. pylori slf mutant with cells expressing exogenous Nod1
results in attenuated NF-kB activity and IL-8 synthesis when compared to co-culture with
the parental wild type H. pylori (321), suggesting that H. pylori-mediated transcription of
NF-kB target genes is dependent on this host cell-signaling pathway.

H. pylori possesses another genetic locus linked to gastric cancer, vacA, which
encodes the bacterial toxin known as vacuolating cytotoxin A (VacA). Cover et al. first
described the ability of H. pylori broth culture supernatants to induce vacuolation of cells
in vitro in 1990 (59), and subsequently the toxin responsible for this phenomenon was
purified, cloned, and designated VacA. Unlike the cag island, virtually all H. pylori
strains examined possess vacA4 (18, 60), although cytotoxic activity is highly dependent
on vacA gene structure. Extensive study has demonstrated that the ability to induce

vacuolation is dependent on the formation of oligomeric VacA structures in the host
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Figure 7. H. pylori translocates components of bacterial PG into host cells via its
type IV secretion system. Upper panel: Soluble lytic transglyocosylase (slt) cleaves
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cell membrane that exhibit anion-selective channel activity (70, 137, 299, 310). In
additon to vacuolation and membrane channel formation, the activities of VacA include
disruption of endosomal and lysosomal activity, effects on integrin receptor-induced cell
signaling, interference with cytoskeleton-dependent cell functions, induction of apoptosis,
and immune modulation (162). Specifically, VacA has been shown to suppress T and B
cell activation-induced proliferation in vitro (31, 103, 295, 312), which may contribute to

H. pylori persistence through dysregulation of the adaptive immune response.

Rodent models of H. pylori infection

Since the discovery of H. pylori as an etiologic agent for gastric disease, a number
of animal models of experimental Helicobacter infection have been tested, including
mice, rats, cats, guinea pigs, ferrets, pigs, and macaques (129). The first studies to
suggest a carcinogenic role for Helicobacter species in the gut involved ferrets infected
with Helicobacter mustelae. Initially, the formation of gastric adenocarcinoma included
oral administration of a known carcinogen, N-methyl-N-nitro-N’-nitrosoguanidine
(MNNG), to previously infected ferrets (95). Later reports by the same group
demonstrated the spontaneous development of gastric adenocarcinoma in naturally
infected ferrets over longer periods of time without exposure to MNNG (91).

Although ferrets provided the first model of Helicobacter-induced carcinogenesis,
this system does not allow for analysis of host genetics that may play a role in
progression through the carcinogenic cascade. For this purpose, infection of several
inbred mouse strains with either H. felis or H. pylori have been utilized, although

progression to high-grade dysplasia and invasive gastric carcinoma appears to be more
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consistent with H. felis infection (129). The ability of Helicobacter to colonize a given
mouse line is strain-dependent, and the susceptibility of the C57BL/6 mouse to infection
has made it the preferred model for the study of metaplasia and gastric cancer formation.
Initial infection leads to infiltration of the gastric mucosa by both acute and chronic
inflammatory cell types and an increase in apoptosis of cells within the glandular
epithelium is observed. This is followed by an increase in proliferation that directly
results in expansion of the size and location of the proliferative zone, leading to atrophy
and metaplasia (129, 329). The lesions in mice infected with H. pylori do not typically
progress beyond this point; however, mice infected with H. felis consistently progress to
dysplasia and invasive cancer within 12 to 16 months post-infection (39, 93, 129).

The importance of developing a model in which infection with H. pylori, rather
than H. felis, results in the development of gastric carcinoma led to the development of
the insulin-gastrin (INS-GAS) mouse model by the laboratory of Dr. James Fox (328).
This mouse possesses a transgene within which the gastrin gene has been placed under
the control of a rat insulin promoter. A state of hypergastrinemia results from increased
serum gastrin levels and exhibits a synergistic effect with H. pylori infection leading to a
uniformly developed atrophy, intestinal metaplasia, and dysplasia by 6 weeks and
carcinoma by 24 weeks post-infection in male mice (92, 94). The INS-GAS mouse has
provided an effective model for investigating discrete host-microbial interactions that
culminate in gastric cancer within the context of biologic conditions induced by H.
pylori.

The INS-GAS mouse will certainly be a useful tool for the study of host genetics

in H. pylori-induced gastric cancer. Nonetheless, the most robust and useful model for
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studying the role of microbial factors in H. pylori-induced progression through the
carcinogenic cascade is the Mongolian gerbil. The experimental Mongolian gerbil model
was developed by Yokota et al. (359), after which multiple groups have reported the
development of poorly differentiated gastric adenocarcinoma in as high as forty percent
of male Mongolian gerbils with long-term H. pylori infection (124, 126, 227, 331, 368).
Further, infection results in sequential histopathological changes leading to gastric cancer
that closely resemble the carcinogenic cascade induced by H. pylori in humans.
Recently, our group has demonstrated that infection of male Mongolian gerbils with a
rodent-adapted strain of H. pylori rapidly and reproducibly induces the development of
gastric cancer by eight weeks post-infection, development of cancer is dependent on
specific bacterial virulence factors, and eradication by anti-Helicobacter therapy
decreased the incidence and severity of malignant lesions (97, 263), providing further

support for the Mongolian gerbil as a suitable model of experimental H. pylori infection.

p120°" regulates intercellular adhesion

p120°", originally identified as a substrate for Src- and receptor-tyrosine kinases
(254, 257, 259), is the prototypic member of the catenin (ctn) family, an Armadillo
domain protein subfamily whose members interact with the cadherin cytoplasmic tail and
modulate cadherin function (254, 255, 279, 289). Cadherins are a family of cell-cell
adhesion receptors that are important in several physiological processes, including
development, morphogenesis, and cancer (301, 357). E-cadherin is the most well-defined
cell-cell adhesion molecule in epithelial tissues, and its turnover is regulated by binding

of p120°" to the cadherin juxtamembrane domain (Figure 8) (12, 13, 74, 108, 135, 220,

21



254, 307, 358). pl120ctn is not required for proper trafficking of nascent E-cadherin, but
associates with E-cadherin once it has reached the cell surface (74, 201, 258). If p120°"
is absent, E-cadherin is immediately turned over and either recycled or degraded (74,
258). This mechanism is postulated to be dependent on signaling to the regulatory
domain of p120°" (258), likely through phosphorylation. These signaling events may
modulate affinity for E-cadherin and involve competition with other proteins for E-
cadherin binding, although the exact mechanism remains undefined (258). Regardless,
the core function of p120°™ is to control the amount of E-cadherin available at the cell

surface (74, 135, 258, 347), thereby regulating cell-cell adhesive strength.

p120ctn contains an amino-terminal regulatory domain

Multiple isoforms of p120°" arise from alternative N-terminal splicing events
resulting in differential usage of four distinct start codons (Figure 9) (149, 204). All
contain a central Armadillo Repeat Domain and a carboxy-terminal tail with unknown
function, and isoforms 1-3 contain an amino-terminal regulatory domain. Isoforms are
co-expressed at different levels depending on the cell type, with epithelial cells normally
expressing isoforms 3 and 4, whereas mesenchymal cells express full-length isoform 1 (4,
14, 149, 204, 258). In addition, isoform 1 possesses a 100 amino-acid N-terminal coiled-
coil domain that appears to be important in inhibition of Ras homolog gene family,
member A, (RhoA) activity (355). This isoform is preferentially expressed in motile cell
types such as fibroblasts and macrophages, and its expression promotes increased cell
migration and invasion (355). Isoform 3 lacks this domain, and is expressed in sessile

cells such as epithelial cells. Isoform 4 lacks both the coiled-coil and regulatory domains,
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Figure 8. p120°" binding of the juxtamembrane domain of E-cadherin targets E-
cadherin to the plasma membrane and regulates its turnover. Adapted from
Reynolds et al. (258).
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Figure 9. Multiple isoforms of p120°" arise from alternative N-terminal splicing
events resulting from differential usage of four distinct start codons. All contain a
central Armadillo Repeat Domain and a carboxy-terminal tail with unknown function,
and isoforms 1-3 contain an amino-terminal regulatory domain. The protein also contains
three internal alternatively spliced sequences known as exons A, B, and C. It can be
phosphorylated at a number of tyrosine (yellow) and serine/threonine residues (purple).
Adapted from Reynolds and Ferguson (258).
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is rarely observed at the protein level, and is of unknown physiological significance. The
protein also contains three internal alternatively spliced sequences known as exons A, B,
and C. Exon B contains a functional nuclear export signal (317), while the role of Exon
A is unknown and Exon C is rarely present.
p120ctn is phosphorylated at a number of sites by assorted Src- and receptor-
tyrosine kinases

Multiple ligand-receptor pathways have been implicated in signaling to p120°"
through phosphorylation events, including protein kinase C (PKC)- and epidermal growth
factor receptor (EGFR)- dependent pathways (183, 345), both of which are activated by
H. pylori (147, 222). The majority of these sites have been mapped to the regulatory
domain of p120°" (Figure 9), indicating a likely role in the regulation of p120°" function,
but the consequences of phosphorylation at individual serine/threonine and tyrosine
residues has only recently begun to be investigated. Observations made in cells
overexpressing isoform 4, which lacks the regulatory domain and, thus, most
phosphorylation sites, have revealed likely roles for phosphorylation events in 1) positive
and negative regulation of cell-cell adhesion via direct interaction with Src family
members, 2) motility and scattering activities induced by receptor-tyrosine kinase
signaling, and 3) promotion of protein-protein interactions by acting as a scaffold for
protein tyrosine phosphatases (PTP)s (61, 182, 258). Accordingly, association of p120°™"
with E-cadherin at the plasma membrane leads to phosphorylation at several serine and
threonine residues independent of cadherin-cadherin dimerization, and mutation of these
residues reduces p120-dependent stabilization of stabilization of E-cadherin (100). Fyn-

dependent phosphorylation of p120°" at Tyr112 prevents interaction with RhoA, whereas
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Fyn/Src-dependent phosphorylation at Tyr217 promotes this interaction, thereby
modulating cellular motility and scattering (42). The PTP Src homology phosphatase-1
(SHP-1), which is activated by binding to tyrosine-phosphorylated proteins, binds to
p120°" in a manner dependent on EGF-stimulated tyrosine phosphorylation of p120°"
(148). Dysregulation of all of these cellular processes has been associated with
carcinogenesis, implicating differential phosphorylation of p120°" in the development of

cancer.

p120°™ is mislocalized in several cancer types

Reduced expression or aberrant redistribution of p120°" has been observed in a
number of different epithelial malignancies, including gastric, colorectal, bladder, breast,
prostate, lung, pancreatic, melanoma, and endometrial tumors (138, 142, 190, 308).
Three of these studies examined p120°" in sections of human gastric tumors by
immunohistochemistry, and demonstrated reduced overall expression as well as strong
cytoplasmic staining within the same tumor sections (138, 141, 142). This altered
subcellular localization is common throughout many additional types of cancer and has
been suggested to contribute to a metastatic phenotype, though its consequences remains
undefined.

In cancer cell lines, loss of E-cadherin or overexpression of p120°" have been
shown to result in mislocalization of p120°" to the cytoplasm (254), due to lack of
cadherin binding sites in the former or saturation of cadherin binding sites in the latter.
These cytoplasmic pools of p120°" induce a range of cell-type dependent morphological

changes related to the promotion of cell motility and metastasis. A striking branching
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phenotype has been observed in fibroblasts (13, 256), while lesser effects, such as
abnormal lamellipodia formation, have been noted in epithelial cells (12, 13). These
alterations in cell morphology are the result of p120°" interactions with Rho GTPases
(13). Cytoplasmic pl120°" potently inhibits RhoA, likely through a direct guanine
nucleotide dissociation inhibitor (GDI)-like manner (12, 13, 220), and activates Ras-
related C3 botulinum toxin substrate 1 (Racl) and cell division cycle 42, GTP binding
protein (Cdc42), through a proposed indirect interaction with Rac guanine exchange
factors (GEF)s (13, 108, 220), leading to increased cell motility and scattering, a

hallmark of cancer.

p120°" relieves transcriptional repression by Kaiso

In addition to aberrant cytoplasmic localization, p120°", found at low levels in the
nucleus of normal cells, is present at increased levels within the nucleus of cadherin-
deficient cells (258, 262, 317, 356) as well as some tumors (190, 272, 337). The
mechanism resulting in its nuclear translocation remains unknown, though it is not
dependent on conventional nuclear localization sequences (NLS)s (262). p120°" has
been shown to colocalize with microtubules at the nuclear periphery in E-cadherin
deficient cell lines (262), suggesting that interactions with the cytoskeleton may be
required for transport to the nucleus.

Recent evidence has revealed that nuclear p120°" acts to relieve transcriptional
repression mediated by Kaiso (Figure 10), a member of the broad complex, tramtrak,
bric a brac/pox virus and zinc finger (BTB/POZ) family (72). Kaiso acts as a dual

specificity repressor that recognizes both sequence-specific consensus sites (CTGCNA)

27



h
Phosphorylatlon"

g p-catenin
. @ o-catenin

E-cadherin

- . —

MMP-7 MMP-7

Figure 10. Nuclear p120‘" relieves Kaiso-mediated transcriptional repression of
mmp-7.  Activation of pl20°" is hypothesized to occur via alterations in the
phosphorylation state of specific residues. Relief of Kaiso-mediated repression may
occur through steric hindrance of Kaiso:DNA interactions.
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and methylated CpG nucleotides (73, 237, 250). With regard to sequence-specific
binding, the Kaiso/p120°" complex has been shown to modulate non-canonical Wnt
signals (152) and, along with T cell factor (TCF)/pB-catenin complexes, coordinately
regulate canonical Wnt gene targets such as peroxisome proliferators-activated receptor-
v (PPAR-y), c-Myc, c-Fos, Cyclin D1, and mmp-7 (237, 288), all of which are activated
by infection with H. pylori. The mechanism of Kaiso-mediated repression involves both
histone modifications via recruitment of macromolecular histone deacetylase corepressor
complexes (72), as well as interfering with B- catenin:TCF complex formation (237).
Further, translocation of p120“" to the nucleus is required to relieve Kaiso-mediated
repression, which may occur through steric disruption of Kaiso:DNA interactions (150,
237). In at least three human cell lines, exogenous p120°" overexpression resulting in
nuclear localization of p120°" inhibits Kaiso mediated transcriptional repression of mmp-
7 as evidenced by chromatin immunoprecipitation analysis (288), suggesting a

coordinated regulation of Wnt gene target transcription that involves p120°".

Matrix metalloproteinases
The matrix metalloproteinases (MMP)s are made up of a family of at least
twenty-five enzymes that are thought to play a role in tissue breakdown and remodeling
during both normal and pathological processes (132, 339). MMPs are primarily
distinguished from other classes of proteases by their dependence on metal ions
(specifically zinc) and neutral pH for activity (132, 336, 339). Almost all MMPs share
homologous protein sequences and contain four basic domains: 1) a pre-domain/signal

sequence that directs secretion from the cell, 2) a latency/pro-domain that must be
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cleaved to render an active protein, 3) a zinc-binding catalytic domain, and 4) a hinge
region followed by a hemopexin-like domain that confers much of the substrate
specificity to the individual MMP (Figure 11) (339). However, MMP-7 along with
MMP-23 and MMP-26, lacks the C-terminal hemopexin domain common to the other
MMP members (132), meaning that it contains only the minimal number of domains,
(pre-, pro-, and catalytic) required for secretion and activity.

MMPs are synthesized as latent enzymes (zymogens) that can be stored in
inflammatory cell granules but are usually secreted or membrane-associated via direct
anchoring within the membrane or tethering to other cell surface-associated proteins,
including integrins, CD44, and cell-surface-associated heparan sulphate proteoglycans
(35, 57, 80, 363, 364). These molecules are kept inactive by an interaction between a
cysteine-sulphydryl group in the propeptide domain with the zinc ion bound by the
catalytic domain (293). Activation within the local microenvironment via proteolytic
processing results in digestion of structural proteins of the extracellular matrix (ECM)
leading to discrete modifications of tissue architecture (132, 282, 339). In addition to
ECM substrates, MMPs cleave a number of cell surface molecules and other non-matrix
proteins, including proteinase inhibitors, clotting factors, chemotactic molecules, latent
growth factors, growth factor binding proteins, cell surface receptors, and cell-cell and
cell-matrix adhesion molecules (57, 193, 249). This wide range of substrates affords
these molecules influence over a number of physiological and pathological processes,
such as embryonic development, tissue morphogenesis, wound repair, cancer, and
inflammatory diseases (80, 132, 282, 293, 336). The activity of MMPs is not only

regulated at the level of proteolytic processing, but is also strictly controlled by a group
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Figure 11. MMPs share homologous protein sequences. They typically contain four
basic domains: 1) a pre-domain/signal sequence that directs secretion from the cell, 2) a
latency/pro-domain that must be cleaved to render an active protein, 3) a zinc-binding
catalytic domain, and 4) a hinge region followed by a hemopexin-like domain that
confers much of the substrate specificity to the individual MMP. MMP-7 lacks the C-
terminal hemopexin domain.
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of common inhibitors, the tissue inhibitors of metalloproteinases (TIMP)s, as well as by
a2-macroglobulin (57, 282). The balance between the various MMPs and their inhibitors

is thought to be a major determinant of their function within the tissue microenvironment.

Matrix metalloproteinase-7

MMP-7 is secreted as a 28-kDa proenzyme that is activated by removal of a 9-
kDa prodomain from the N-terminus by a variety of proteins including endoproteinases,
plasmin, and trypsin (132, 215, 282, 339). MMP-7 is one of the few MMPs that is
expressed in polarized glandular epithelium, and constitutive expression has been
observed in the ductal and glandular epithelium of normal mammary and parotid glands,
liver, pancreas, prostate, and the peribroncial glands and conducting airways in the lung
(57, 215, 282, 293). Its function is restricted by its release into either apical or basolateral
compartments or both, although immunohistochemical analyses have demonstrated
MMP-7 staining in the glandular epithelium to be primarily apical and lumenal (68, 112).

MMP-7 has broad substrate specificity against components of the ECM and is
known to cleave elastin, type IV collagen, fibronectin, vitronectin, aggrecan, and
proteoglycans (132, 215, 282, 339). Like other members of the MMP family, MMP-7
can regulate numerous non-ECM bioactive molecules, mainly by facilitating the
ectodomain shedding of cell-surface molecules like tumor necrosis factor-o (TNF-o)
precursor (102, 206), Fas ligand (FasL) (88, 248, 318), heparin-binding epidermal growth
factor (HB-EGF) (49, 364), E-cadherin (218), and p4-integrin (323), many of which are

likely involved in carcinogenesis. Additional biological roles for MMP-7 in the immune
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system are only now being elucidated. In the mouse small intestine, MMP-7 is
constitutively co-expressed with pro-o-defensins, leading to their activation and
enhancement of bacterial killing (19, 283, 340). MMP-7 also functions during acute
inflammation and wound repair, as evidenced by a recent report demonstrating that, in a
mouse model of acute lung injury, MMP-7 is required for formation of chemotactic

gradients that direct neutrophil migration (172).

MMP-7 plays a role in carcinogenesis

Although MMP-7 is associated with a number of physiological and pathological
remodeling processes, the most important is probably carcinogenesis. Over-expression of
MMP-7 occurs within the tumor cells themselves, as opposed to tumor-associated stromal
or endothelial cells, in epithelial-derived malignancies of many organs (132), including
the lung (132), skin (143, 145, 156), breast (117), prostate (41, 113, 234), uterus (69, 173,
315), head and neck (133, 233, 333), colon (2, 3, 194, 207, 231, 349, 360), liver (101,
232, 350), pancreas (69, 139, 173, 351), esophagus (1, 228, 271, 306, 348, 354), and the
stomach (1, 5, 6, 121, 125, 194, 277, 353). Microarray-based expression analyses have
demonstrated that MMP-7 is expressed >6-fold in human gastric adenocarcinoma
specimens compared to non-neoplastic tissue (121). In mice, over-expression via a
transgene that expresses human MMP-7 under the control of the mouse mammary tumor
virus (MMTV)-long terminal repeat promoter/enhancer leads to hyperproliferation and
increased cancer susceptibility of the mammary epithelium (267). Human carcinoma cell
lines transfected with wild type or activated MMP-7 possess enhanced tumorigenic

potential as opposed to vector control cells in an orthotopic injection model (342).
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Conversely, mice with a genetic predisposition for intestinal adenocarcinoma [multiple
intestinal neoplasia (Min) mice] that are then bred onto a background of MMP-7
deficiency develop fewer cancers than wild-type mice (338). This evidence, along with
the observations of increased MMP-7 expression seen in a high proportion of
premalignant lesions in the colon (polyps) (302), pancreas (metaplastic duct lesions) (69),
and stomach (gastric ulcers) (69, 269), suggests that this enzyme may play an important
role early in carcinogenesis.

There are a number of mechanisms through which it has been suggested that
MMP-7 promotes carcinogenesis.  Apoptosis or programmed cell death is the
physiological process by which unwanted cells are eliminated and can be triggered by a
wide range of stimuli. One of the major inducers of apoptosis is FasL, a transmembrane
stimulator of the death receptor Fas. MMP-7 has been shown to shed the ectodomain of
membrane-bound FasL, potentiating the induction or inhibition of apoptosis, depending
on the duration of exposure (88, 248). Constitutive expression can result in chronic
solubilization of FasL, and it has been suggested that this deregulated expression
somehow selects for a population of cells with reduced sensitivity to apoptotic stimuli
(88). Additionally, MMP-7 cleavage of cell surface-associated TNF-a to produce soluble
TNF-a may increase apoptosis via binding to the TNF-receptor 1 (206).

MMP-7 cleavage of non-ECM proteins can also promote tumorigenesis by
augmenting tumor growth. MMP-7 increases cellular proliferation by cleaving pro-HB-
EGF to yield mature HB-EGF, which promotes cell survival by stimulating the ErbB4
EGF receptor and inhibiting apoptosis (364), a signaling pathway that we have previously

demonstrated to be activated by H. pylori (147). MMP-7 is also known to regulate the
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insulin-like growth factor (IGF) axis through its proteolytic action on IGF binding
proteins (IGFBP)s (203). The bioavailability of IGFs is regulated by interactions with the
IGFBPs, of which MMP-7 is able to degrade all six family members, thereby favoring
cancer cell growth and survival (213). Further, MMP-7 can proteolytically activate the
secreted form of ADAM28, a member of the A Disintegrin and Metalloproteinase
(ADAM) family, which can, in turn digest IGFBP-3 (205).

Angiogenesis is the physiological process of growth and development of new
blood vessels, a process that is essential for tumor growth and invasion into surrounding
tissues. MMP-7 expression has been detected within vascular endothelial cells found
near tumor cells in a variety of human cancers (211, 285). In primary gastric cancer
biopsies, immunohistochemical staining demonstrated that increased MMP-7 expression
correlates with greater microvessel density (367). Subcutaneous injection of human
colon cancer cells that endogenously express high levels of MMP-7 into nude mice
resulted in increased blood vessel formation that was abrogated by injection of an MMP-
7-specific antisense oligonucleotide (216). These results, coupled with evidence that
MMP-7 accelerates the proliferation of human umbilical vein endothelial cells in vitro
(131, 216), suggest that MMP-7 may directly induce angiogenesis through the induction
of increased vascular endothelial cell proliferation.

MMP-7 can facilitate cancer invasion through direct cleavage of ECM
components or indirectly by proteolytic activation of other MMPs, including MMP-2 and
MMP-9 (326, 327). Accordingly, studies have demonstrated that MMP-7 promotes the
in vitro invasiveness of cancer cell lines originating from a number of organs including

the stomach, and that expression levels correlate in vivo with tumor invasiveness (2, 5,
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132, 139, 282, 304, 348-351). MMP-7 has also been shown to cleave E-cadherin from
the cell surface, generating an 80 kDa ectodomain fragment that inhibits E-cadherin in a
paracrine manner, thus limiting cell-cell adhesion and promoting invasion (165, 218).
Additionally, MMP-7 is responsible for shedding of E-cadherin in vivo; in an
experimental model of acute lung injury, soluble E-cadherin fragments were detected in

the bronchio-alveolar lavage fluid of wild type mice, but not from mmp-7"" mice (195).

MMP-7 expression is regulated at the level of transcription

The promoter region of the human mmp-7 gene contains several consensus
binding sites for known activators of transcription, including two functional Tcf binding
sites, an AP-1 binding site, and at least two Ets binding sites (66, 288), as well as a
binding site for the transcriptional repressor, Kaiso, overlapping one of the ETS binding
sites (Figure 12), suggesting that transcriptional regulation of mmp-7 is mediated by
multiple intracellular signaling pathways. Mmp-7 transcripts are found in the tumor
epithelium of approximately 90% of intestinal adenomas resulting from germ line-
inactivating mutations in the adenomatosis polyposis coli (APC) tumor suppressor gene
(302, 338). Under normal conditions, free cytoplasmic f-catenin, a proto-oncoprotein
involved in intestinal tumorigenesis, rapidly associates with a complex that includes
APC, axin, and glycogen synthase kinase 3-f (GSK3-B), which results in
phosphorylation of f-catenin by GSK3-f3, polyubiquitination, and degradation by the 26S
proteosome (209, 230). A loss-of-function mutation in APC leads to the stabilization and
accumulation of cytoplasmic B-catenin, resulting in efficient transport to the nucleus (85,

116) , where it interacts with members of the Tcf/lymphoid enhancer factor-1 (LEF-1)

36



-216

-176

-136

-96

-56

-16

TCF/LEF
TGCAGCAGACAGAAAAAAAAATCCIIIGEEEEEEC A A
ETS Kaiso ETS
ATTGTGTGEHICCTG ATAACGATGTAATAC[FTCCTCG
TCF/LEF
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AP-1
TAGACTCTAAAAAGAAAGAAAACACTCAAATRGAGTCAICCT

ATTTCCACATTCGAGGCTGAGAAGCTATATAAATTTCTGC

AGTCACTAGCAGAAAACAACCAATCAACCATAGGTCCAA

Figure 12. The human mmp-7 promoter region contains consensus binding sites for
TCF/LEF, ETS, Kaiso, and AP-1 (highlighted). The nucleotide sequence from -216 to
+22 bp relative to the transcription initiation site at +1, indicated by the arrow, is shown.

(288)
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DNA binding protein family to transactivate transcription of target genes (25, 130). In
murine intestinal tumors, immunohistochemical staining combined with in situ
hybridization reveals an overlap of nuclear f-catenin accumulation with mmp-7
transcripts (67). Overexpression of a stable mutant form of p-catenin induces
endogenous MMP-7 expression in primary hepatocytes (168). Further, cotransfection of
colon cancer cell lines with a mouse matrilysin promoter-luciferase reporter and a stable
mutant form of B-catenin upregulates luciferase expression in a Tcf-dependent manner.
This induction can be abrogated by co-expression of the cytoplasmic domain of E-
cadherin, which blocks association of f-catenin with Tcf factors by sequestering
cytoplasmic [-catenin (67). Together, these data suggest that (3-catenin transactivation
may be required for transcriptional upregulation of MMP-7.

Although B-catenin clearly transactivates the mouse MMP-7 promoter in vitro, its
accumulation is not sufficient to induce human MMP-7 promoter activity (66). The
abundance of 3-catenin/Tcf complex does not consistently correlate directly with MMP-7
levels in tumor cell lines. Rare dysplastic glandular structures within mouse intestinal
tumors have also been shown to display accumulation of (3-catenin within the nucleus,
however they do not express similarly high levels of mmp-7 transcripts (67). Further, the
sequence and position of Tcf binding sites within the promoter of (3-catenin target genes
determines the extent of their (-catenin responsiveness (109). Therefore, nuclear 3-
catenin accumulation in conjunction with increased activity of other transcription factors
appears to be required for activation of mmp-7 transcription.

As mentioned previously, the human mmp-7 promoter shares in common with

other MMP family members a consensus binding sequence for members of the AP-1
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family of transcription factors. Basal promoter activity appears to be highly dependent
on an AP-1 site that is usually located at approximately 70 bp upstream of the
transcription start site (26). Alterations in AP-1 activity in response to a variety of
stimuli, particularly those mediated by the Ras family of small G proteins, regulate the
promoter of a number of target genes, including mmp-7 (26, 76, 341). More recently, it
was demonstrated that upregulation of mmp-7 transcription requires a functional AP-1
binding site and is specifically mediated by the AP-1 family member, c-jun (361, 365),
indicating that coordination between AP-1 and B-catenin are involved in transcriptional
regulation of mmp-7.

Collaboration between Ets and AP-1 transcription factors has been shown to
regulate the promoters of several genes associated with tumorigenesis, including MMP
family members (76). Accordingly, co-expression of members of the polyomavirus
enhancer activator 3 (PEA3) subfamily of Ets transcription factors and c-jun or co-
expression of PEA3 and pB-catenin synergistically activate the human MMP-7 promoter in
human embryonic kidney 293 (HEK293) cells. Co-transfection of vectors encoding all
three transcriptions factors, PEA3 family members, 3-catenin, and c-jun further augments
MMP-7 promoter activity, and the synergistic effect of P-catenin/PEA3 on MMP-7
promoter activity is enhanced by ectopic expression of the Tcf family member, Lef-1.
Co-expression of all four transcription factors, B-catenin, PEA3, c-jun, and Lef-1 induces
the highest level of mmp-7 promoter activity and is sufficient to upregulate endogenous
mmp-7 expression, as evidenced by reverse trancription polymerase chain reaction (RT-
PCR) (66, 109), indicating that coordinated regulation of mmp-7 expression is

orchestrated by the interaction of several known transcriptional activators.
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H. pylori infection results in increased MMP-7 expression

MMP-7 can be induced by a variety of stimuli, and bacterial contact is among the
most potent. Co-culture of epithelial cell lines, including colon, lung, and bladder, with a
variety of Gram-negative mucosal pathogens leads to sustained production of
proteolytically active MMP-7 to levels 50-fold over those in unexposed cells (176).
Analysis of gastric biopsies from patients infected with H. pylori revealed significantly
increased MMP-7 expression when compared with uninfected patients or patients
infected with cag strains of H. pylori (24, 68, 344). In addition, it has been shown that
co-culture of gastric epithelial cells with H. pylori results in a marked upregulation of
MMP-7 expression in a cag-dependent manner (Figure 13) (24, 68, 344).
Immunostaining of human primary gastric glands co-cultured with H. pylori ex vivo
revealed that MMP-7 was localized to the advancing edge of migrating gastric epithelial
cell colonies, including lamellipodia, and plays a role in increased gastric gland spreading
due to increased epithelial cell migration (344). Co-culture experiments using
pharmacologic inhibitors indicate that stimulation of the MAPK signaling pathway,
specifically extracellular regulated kinase 1/2 (ERK1/2), is required for H. pylori-
mediated upregulation of MMP-7 expression (68). Pharmacologic inhibition of the Rho
family of small GTPases, specifically RhoA via activation of NF-xB and AP-1
transcription factors and Rac via activation of NF-kB, attenuates H. pylori-induced mmp-
7 promoter activity (344). Although mmp-7 is a known target gene of the Wnt signaling
pathway, which, as mentioned previously, is activated in response to H. pylori, the role of

this signaling pathway in MMP-7 upregulation remains undefined.
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Figure 13. H. pylori stimulates increased MMP-7 expression in a cag-dependent
manner. (A) AGS cells were cultured in the absence or presence of the H. pylori cag”
strain 60190 or its isogenic cagAd’, cagE”, or vacA™ null mutant derivatives at an MOI of
100. Concentrated 24 hour co-culture supernatants were subjected to Western blot
analysis. (-), cells incubated with medium alone. A representative blot is shown. Anti-
actin blots served as normalization controls for AGS cell viability under different
experimental conditions. (B) Densitometric analysis of multiple Western blot repetitions
performed on at least 3 occasions. *p<0.05 vs. AGS cells alone.



H. pylori induces alterations in p120°" phosphorylation and localization

The ability of H. pylori to stimulate changes in the phosphorylation state and
localization of p120°" has only recently been described (158). In biopsies positive for H.
pylori infection, phosphorylation of p120°" at Tyr228 was weakly increased and showed
a membranous localization different from that of non-phosphorylated p120°", whereas in
H. pylori-negative biopsies, phosphorylated p120°" was coexpressed with the non-
phosphorylated form and also observed diffusely within the cytoplasm. Infection of
primary gastric cell cultures resulted in increased recruitment of non-phosphorylated
p120°" to perinuclear vesicles and an increase in phosphorylated p120°" expression at the
cell membrane and the leading edge of migrating cells. Further, phosphorylated p120°™"
was detected within the nucleus by six hours post-infection. These results suggest that H.
pylori may be able to mediate alterations in p120°" that could be involved in increased

MMP-7 expression and the development of gastric cancer.

Summary and dissertation goals

Gastric adenocarcinoma is strongly associated with the presence of H. pylori, and
both microbial and host factors influence the risk for carcinogenesis. In Chapter II, H.
pylori-mediated induction of increased MMP-7 expression in gastric epithelial cells was
examined in vitro. A novel role for H. pylori in the stimulation of the p120°"/Kaiso
signaling axis leading to relief of Kaiso-mediated repression of mmp-7 transcription was
described. These experiments demonstrated p120°™ may be involved in the development
of gastric injury through H. pylori-mediated alterations in its subcellular localization and

phosphorylation state and through interactions with Kaiso that lead to increased
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transcription of target genes. Increased expression of MMP-7 in response to H. pylori
infection may alter a number of processes involved in carcinogenesis, including the
inflammatory response, proliferation, and apoptosis. In Chapter III, the role of MMP-7 in
an experimental mouse model of H. pylori-induced gastric injury was investigated.
Bacterial challenge of mice deficient in MMP-7 resulted in increased inflammation and
cellular turnover when compared to wild type mice, suggesting that MMP-7 may serve a
protective role within H. pylori-infected gastric mucosa. Taken together, these data
indicate that H. pylori stimulates increased gene transcription through dysregulation of a
number of signaling pathways and that upregulation of these host effectors mediates the
development of malignant lesions. Molecular delineation of signaling events activated by
such host-microbial interactions will not only improve our understanding of H. pylori-
induced carcinogenesis, but may also provide mechanistic insights into other

malignancies.

43



CHAPTER 11

p120°" AND KAISO REGULATE HELICOBACTER PYLORI-INDUCED
EXPRESSION OF MATRIX METALLOPROTEINASE-7

Summary

H. pylori is the strongest known risk factor for gastric adenocarcinoma, yet only a
fraction of infected persons develop cancer. One H. pylori constituent that augments
disease risk is the cag pathogenicity island, which encodes a secretion system that
translocates bacterial effector molecules into host cells. MMP-7, a member of a family of
enzymes with tumor-initiating properties, is over-expressed in pre-malignant and
malignant gastric lesions, and H. pylori cag” strains selectively increase MMP-7 protein
levels in gastric epithelial cells in vitro and in vivo. We now report that H. pylori-
mediated mmp-7 induction is transcriptionally regulated via aberrant activation of p120°",
a component of adherens junctions. H. pylori increases mmp-7 mRNA levels in a cag-
and p120°"-dependent manner and induces translocation of p120°" to the nucleus in vitro
and in a novel ex vivo gastric gland culture system. Nuclear translocation of p120°" in
response to H. pylori relieves Kaiso-mediated transcriptional repression of mmp-7, which
is implicated in tumorigenesis. These results indicate that selective and coordinated
induction of mmp-7 expression by H. pylori cag isolates may explain in part the

augmentation in gastric cancer risk associated with these strains.
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Introduction

Helicobacter pylori induces an inflammatory response in the stomach that persists
for decades, and biological costs incurred by this pathogen include an increased risk for
gastric adenocarcinoma and non-Hodgkins lymphoma of the stomach (52, 111, 208, 219,
240, 241, 246, 314). However, only a fraction of colonized persons ever develop
neoplasia, and enhanced cancer risk is related to strain-specific differences, aberrant host
responses, and/or specific interactions between microbial and host determinants.

H. pylori strains that possess the cag pathogenicity island increase the risk for
cancer compared to strains that lack this genetic locus (241). The cag island encodes
proteins, such as CagE, that form a type IV secretion system which translocates
components of bacterial peptidoglycan and CagA, the product of the terminal gene of the
island, into host cells (15, 21, 225, 276, 292, 321). Following translocation,
peptidoglycan initiates innate immune signaling via activation of the intracellular pattern
recognition receptor, Nod-1, and the transcriptional activator NF-xB (321). Intracellular
CagA undergoes Src-dependent tyrosine phosphorylation and activates a eukaryotic
phosphatase, SHP-2, leading to dephosphorylation of host cell proteins and cellular
morphological changes (21, 120, 276, 291). Recently, CagA has been shown to activate
B-catenin and induce NF-kB-mediated IL-8 release from gastric epithelial cells (33, 96).
The presence of the cag island also influences the topography of colonization in the
stomach, as H. pylori cag strains predominate within the mucus gel layer, while cag”
strains are found immediately adjacent to epithelial cells (40).

Matrix metalloproteinase (MMP) -7 is a member of a family of zinc-dependent

proteolytic enzymes with tumor-initiating properties and is expressed and secreted by
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epithelial cells (57, 80). We and others have previously demonstrated that H. pylori cag”
strains selectively upregulate MMP-7 protein levels in gastric epithelial cells (68, 344).
Over-expression of MMP-7 occurs in pre-malignant and malignant gastric lesions (1, 6,
121, 125, 194, 269, 277, 353), and genetic polymorphisms linked to increased MMP-7
expression are associated with H. pylori infection status, gastric ulceration (a precursor
for gastric cancer), and tumor-related survival among gastric cancer patients (115, 159).
In mice, over-expression of MMP-7 leads to hyperproliferation and increased cancer
susceptibility (267), and cell lines that over-express MMP-7 develop enhanced
tumorigenic potential (342). Conversely, mice with a genetic predisposition for intestinal
adenocarcinoma that are then bred onto a background of MMP-7 deficiency develop
fewer cancers than wild-type mice (338). Taken together, these data suggest that MMP-7
may play an important role early in gastric carcinogenesis.

A host molecule that has been implicated in regulation of MMP-7 expression is
p120°". p120°" was originally identified as a substrate for Src- and receptor-tyrosine
kinases (254, 257, 259) and is a member of the catenin (ctn) family, an Armadillo domain
protein subfamily whose members interact with the cadherin cytoplasmic tail and
modulate cadherin function (254, 255, 279, 289). Aberrant redistribution of p120°" has
been observed in a number of epithelial malignancies, including gastric cancer (138, 141,
142, 190, 308). Typically found at low levels in the nuclei of normal cells, increased
levels of p120°" have been observed in nuclei of tumor cells (190, 272, 337), and recent
evidence has revealed that nuclear p120°" acts to relieve transcriptional repression
mediated by Kaiso, a member of the BTB/POZ (72). The Kaiso/p120°" complex can

modulate non-canonical Wnt signaling (152) and, along with TCF/B-catenin complexes,
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coordinately regulate canonical Wnt gene targets such as cyclin DI and mmp-7 (237,
288), both of which are up-regulated by H. pylori (24, 45, 68, 122, 344). Since MMP-7
exerts cancer-initiating properties and is specifically induced by contact with H. pylori in
vitro and in vivo, we sought to define the molecular pathways underpinning increased
MMP-7 expression in order to define a potential tumor-promoting response to this

pathogen.

Experimental procedures
H. pylori strains: The H. pylori strains 7.13 or SS1 were grown in Brucella broth with 5%
fetal bovine serum (FBS) for 18 hours with shaking in an atmosphere of 5% CO; at 37°C,
harvested by centrifugation, and added to gastric epithelial cells at a multiplicity of
infection (MOI) of 100. The 7.13 isogenic cag4d™ and cagE™ null mutant strains were
constructed by insertional mutagenesis using aphA (conferring kanamycin resistance) (96)
and were selected on Brucella agar containing kanamycin (25 ug/ml). For luciferase
assays, H. pylori strains were cultured on agar plates containing 10% horse serum in an
atmosphere of 5% CO, at 37°C for 48 hours. Bacteria were harvested in phosphate
buffered saline (PBS), pH 7.4, added to host cells at an MOI of 100 and routinely

monitored using an inverted microscope (model TS 100, INTAS).

Cell culture and reagents: MKN28 human gastric epithelial cells (kindly provided by Dr.
Robert Coffey, Vanderbilt University) were grown in Royal Park Memorial Institute
(RPMI) medium 1640 (Mediatech, Inc.) supplemented with 10% heat-inactivated FBS, 2

mM L-glutamine, and 20 ug/ml gentamicin in an atmosphere of 5% CO, at 37°C.
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Phoenix 293 cells (generously provided by Dr. Todd Graham, Vanderbilt University) were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM L-glutamine, 50 units of penicillin/ml, and 50 ug of

streptomycin/ml in an atmosphere of 5% CO, at 37°C.

Primary gastric cell extraction and culture: All animal studies were approved by the
Vanderbilt Institutional Animal Care and Usage Committee. Stomachs were removed
from euthanized 8-week old male FVB/n mice (Harlan), ligated at the pylorus and
esophagus, inverted, and injected with 1 ml of 0.5 mg/ml collagenase A as previously
described (344). Stomachs were then washed in Hank’s balanced salt solution (HBSS) 3
times at 37°C. Tissue was incubated in 10 ml of I mM dithiothreitol (DTT) for 15
minutes at 37°C with shaking, washed in HBSS 3 times at 37°C, and incubated in 0.37
mg/ml collagenase for 30 minutes at 37°C. Following the first collagenase digestion,
samples were washed again in HBSS (3 times, 37°C) and incubated for a further 30
minutes in collagenase (0.37 mg/ml, 37°C). Tissue was triturated using a wide mouthed
pipette and larger fragments of tissue were allowed to settle under gravity for 45 seconds.
The supernatant containing isolated gastric cell colonies was removed and transferred to a
clean 50 ml conical tube, shaken vigorously to release additional cell colonies, and left on
ice to sediment for 45 minutes. The supernatant was then carefully removed and
discarded, and isolated cell colonies were plated in chamber slides. Colonies of gastric
epithelial cells were cultured in DMEM NUT Mix F-12 (HAM) supplemented with 10%

FBS and 1% antibiotic-antimycotic solution and incubated in a humidified incubator at
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37°C under an atmosphere of 5% CO,. Cell colonies were cultured for up to 72 hours and

the medium was changed every 24 hours.

siRNA constructs:  pSUPER.retro.puro (Oligoengine) plasmid containing a human-
specific targeting sequence directed towards p120°" was kindly provided by Dr. Albert
Reynolds, Vanderbilt University (74, 183). pSUPER.retro.puro (Oligoengine) plasmid
containing a scrambled non-targeting sequence was kindly provided by Dr. Howard
Crawford, SUNY-Stonybrook. Non-targeting siRNA oligos (D-001210-01) or ON-
TARGETplus SMARTpool siRNA oligos directed towards Kaiso (ZBTB33; L-019982-

00) were purchased from Dharmacon.

Viral production and retroviral transduction: Phoenix 293 packaging cell lines at 50%
confluence were transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Fresh medium was added 24 hours post-transfection, and
tissue culture medium was collected and filtered through a 0.45 um filter 72 hours post-
transfection. For retroviral transduction, MKN28 cells at 50% confluence were incubated
overnight with freshly harvested virus containing 4 ug/ml of polybrene. To generate
stable cell lines, cells transduced with the pSUPER.retro.puro virus were selected with
puromycin (1.5 ug/ml) for 48 hours. Clonal populations were selected using cloning rings

and limiting dilution techniques.

Luciferase assay: The plasmids 4xKBS-pGL3 and p120-pCMV were kindly provided by

Dr. Juliet M. Daniel, McMaster University (150). To monitor Kaiso-dependent gene
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expression, MKN28 cells were cultured in 24-well plates and co-transfected with 100 ng
4xKBS-pGL3, 4 ng phRL Null, and 100 ng p120°"-pCMV or 100 ng of the empty vector
pCMV for 12 hours using Genejuice (Novagene) as recommended by the manufacturer’s
instructions. Transfection efficiency ranged from 10 to 15%. Eighteen hours post-
transfection, cells were co-cultured with H. pylori or medium alone. After 48 hours, cells
were harvested in 100 pl reporter lysis buffer (Promega) and luciferase activity was
determined in a dual channel luminometer. Results were normalized for transfection

efficiency by co-transfection with the Renilla luciferase plasmid (phRL Null).

Transient transfection of siRNA: MKN28 cells (1.5 x 10°) in 12-well plates were
transiently transfected using DharmaFECT 2 transfection reagent (Dharmacon) according
to the manufacturer’s instructions. Briefly, transfection reagent (1.0 ul/well) was mixed
with siRNA oligos (2.5 ul of 20 um solution/well) in 100 ul Opti-MEM (Life
Technologies). Cells were incubated with the transfection mixture for 24 hours, fresh

medium was added, and bacterial co-cultures were performed 24 hours later.

Real time RT-PCR: MKN?28 gastric epithelial cells were grown to confluence and then
co-cultured with H. pylori or medium alone for 2, 4, 8, or 12 hours. RNA was prepared
from co-cultures using TRIzol Reagent following the manufacturer’s instructions
(Invitrogen). RT-PCR was performed using TagMan reverse transcription reagents
(Applied Biosystems), which was followed by real-time quantitative PCR using the
TagMan gene expression assay and a 7300 real-time PCR system (Applied Biosystems).

mmp-7, p120°", and Kaiso cDNA were quantified using the human-specific mmp-7
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TagMan gene expression primer set (Hs00159163 ml), CTNNDI TaqMan gene
expression primer set (Hs00609741 ml), and ZBTB33 TagMan gene expression primer
set (Hs00406811 ml), respectively, and expression levels were normalized to levels of

18S rRNA.

Immunofluorescence:  Gastric cells were cultured in glass chamber slides and
subsequently co-cultured with H. pylori or medium alone. Six hours post-infection, cells
were washed twice with Dulbecco’s phosphate buffered saline (DPBS) containing calcium
chloride, and fixed in 4.7% paraformaldehyde in DPBS for 15 minutes at room
temperature. Cells were then subjected to antigen retrieval by immersion in diH,0,
followed by immersion in citrate buffer (pH=6.0, 8 mM citric acid, 2 mM sodium citrate
tribasic dihydrate) and heating in a 1200-watt microwave for 15 minutes at 20% power.
After cooling for 30 minutes at room temperature, cells were rinsed in diH,0, incubated
with DPBS containing 3% bovine serum albumin (BSA; Sigma) and 0.1% Triton X-100
for 20 minutes, followed by incubation in 3% BSA for 1 hour at room temperature. Slides
were immunostained with mouse monoclonal anti-p120°" antibody (pp120, BD
Bioscience), rabbit anti-p120“" antibody (F1aSH), mouse monoclonal anti-Kaiso antibody
(6F/6F8, BD Bioscience), mouse monoclonal anti-Kaiso antibody (11D), rabbit polyclonal
anti-Kaiso antibody, or rabbit anti-H. pylori antibody (DakoCytomation) at a
concentration of 1:100 overnight at 4°C. Washed slides were incubated with goat anti-
mouse AlexaFluor 488-conjugated antibody (Molecular Probes), goat anti-mouse
AlexaFluor 546-conjugated antibody (Molecular Probes), or goat anti-rabbit AlexaFluor

488-conjugated antibody (Molecular Probes) at a concentration of 1:100 for 2 hours at
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room temperature. Washed slides were then incubated with TOTO-3 dimeric cyanine
nucleic acid dye at a concentration of 1:100 for 20 minutes at room temperature
(Molecular Probes). Slides were mounted using ProLong Gold antifade reagent
(Invitrogen). Imaging was performed on a Zeiss LSM 510 Confocal Microscope using a
63X/1.40 Pan-APOCHROMAT oil objective at room temperature and acquisition was
performed with the manufacturer’s proprietary software. All 3D reconstructions and
fluorescence profile analyses were performed using the Zeiss LSM Image Examiner 3.2

software.

Chromatin immunoprecipitation: Chromatin immunoprecipitation (ChIP) experiments
were performed as previously described (114). Briefly, MKN28 cells were grown to
confluence in 10 cm dishes, and then incubated with 1.6% formaldehyde (Sigma) in PBS
for 10 minutes at room temperature. The crosslinking reaction was stopped by adding
glycine to a final concentration of 0.14 M. Cells were washed twice with PBS and
harvested in 250ul ChIP radio immunoprecipitation assay (RIPA) buffer [SOmM Tris, pH
8.0, 150mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
5mM EDTA] containing protease inhibitor cocktail (P2714; Sigma). Cells were subjected
to sonication consisting of eight 10-second pulses at 50% amplitude and centrifuged at
14,000 x g at 4°C for 15 minutes. For each immunoprecipitation, supernatant containing 1
mg total protein as quantified by the Bradford assay (Pierce) was pre-cleared by the
addition of 10 ug mouse IgG conjugated to protein A sepharose beads (PAS; Zymogen)
with rocking at 4°C for 1 hour. PAS beads were removed by centrifugation. Two ug of

antibody and 30 ul PAS beads were added for each immunoprecipitation with rocking at
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4°C overnight. PAS beads were concentrated by centrifugation and washed twice with 1
mL of ChIP RIPA buffer, four times with 1 mL of IP Wash buffer (100mM Tris, pH 8.5,
500mM LiCl, 1% NP-40,1% deoxycholate), followed by 2 washes with ChIP RIPA
buffer. During each wash, samples were rotated for 5 minutes at 4°C. Two hundred ul of
Crosslink Reversal Buffer (125 mM Tris, pH 6.8, 10% B-mercaptoethanol, 4% SDS) was
added directly to PAS beads from each sample and boiled for 30 minutes. DNA was
purified by phenol-chloroform extraction and precipitated with ethanol. DNA pellets were
resuspended in 20 ul PCR-grade water. Five ul of resuspended DNA was subjected to
PCR to amplify the mmp-7  promoter region  (forward  primer:
TAGAGGCAGTGTTCCCCATT, reverse primer: CCAAATCCTGTGGTTCTCC) as
previously described (288). PCR products were electrophoresed on a 1.5% agarose gel at

100 V for 30 minutes.

Western analysis: Cells were lysed in RIPA buffer (50 mM Tris, pH 7.2, 150 mM NacCl,
1% Triton X-100, 0.1% SDS) containing protease inhibitor cocktail, and protein
concentrations were quantified by the Bradford assay. Proteins (30 ug) were separated
by SDS-PAGE and transferred to polyvinylidene difluoride membranes (PVDF, Pall
Corporation, Ann Arbor, MI). Protein levels were assessed by Western blotting using
mouse monoclonal anti-p120°" antibody (1:1000, pp120), anti-E-cadherin antibody
(1:1000, BD Bioscience), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (1:2000, Chemicon), or goat polyclonal anti-actin antibody (1:2000, C-11, Santa
Cruz Biotechnology). Primary antibodies were detected using goat anti-mouse or donkey

anti-goat (1:2500, Santa Cruz Biotechnology) horseradish peroxidase-cojugated
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secondary antibodies and visualized by Western Lightning Chemiluminescence Reagent
Plus (PerkinElmer Life Sciences) according to the manufacturer’s instructions on a
Syngene Chemigenius system. For analysis of exogenous p120°" expression, transfected
cells were harvested in lysis buffer (20 mM Tris-HCI pH 7.5, 1 mM ETDA, 100 mM
NaCl, 1% Triton X-100, 0.5% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 x
complete protease inhibitors [Roche], 1 mM Na3;VO,, 1 mM sodium molybdate, 20 mM
NaF, 10 mM sodium pyrophosphate, 20 mM B-glycerophosphate), separated by SDS
PAGE, and transferred to PVDF membranes. Protein levels were assessed by Western

blotting using anti-p120°" antibody (pp120) and anti-GAPDH antibody (Abcam).

Subcellular fractionation: Fractionation was performed as described by Frey et al. (99).
Briefly, cells were lysed in low-detergent buffer (20 mM HEPES, 2 mM EDTA, 2 mM
EGTA, 0.5 mg/ml digitonin) containing protease inhibitors, centrifuged for 40 minutes at
100,000 x g, and the soluble fraction was collected. The residual pellet was resuspended
in high detergent buffer (10 mM Tris pH 7.4, 2 mM EDTA, 2 mM EGTA, 1% Triton,
0.2% deoxycholate, 0.1% SDS) containing protease inhibitors, centrifuged for 5 minutes

at 20,000 x g, and the membranous fraction was collected.

Immunoprecipitation:  Prior to collection, MKN28 cells were treated with sodium
pervanadate to inhibit endogenous phosphatase activity as previously described (183).
Cells were then lysed in IP Lysis Buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, 0.2% sodium deoxycholate) containing protease inhibitor cocktail,

phosphatase inhibitor cocktails 1 and 2 (Sigma), and 150 mM vanadate/ 300 mM H,0,,
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harvested, and protein concentrations were quantified by the Bradford assay. One mg
total protein was isolated from each sample, and total volumes were equilibrated with IP
Lysis Buffer. Twenty uL of mouse IgG (Sigma) was added, followed by 30 minutes of
incubation at 4°C with rolling. Then, 20 uL of protein A/G PLUS-agarose
immunoprecipitation reagent (Santa Cruz Biotechnology) was added, followed by 30
minutes of incubation at 4°C with rolling. Samples were centrifuged at 4°C for 10
minutes at 10,000 x g. The supernatants were then isolated and incubated overnight with
1 ug of the appropriate IP antibody (pp120, BD Bioscience; or c-myc, 9E10, Santa Cruz
Biotechnology) at 4°C with rolling. Thirty-five ul of protein A/G PLUS-agarose
immunoprecipitation reagent was added to each sample, followed by 1 hour of incubation
at 4°C with rolling. Samples were centrifuged at 10,000 x g at 4°C for 2 minutes, and the
supernatant discarded. The remaining protein A/G reagent was washed 6 times with 500
uL cold PBS containing 150 mM vanadate/ 300 mM H,0O,. After the last wash, 75 ul of
Laemmli buffer was added to each sample and boiled for 5 minutes. The samples were
centrifuged at room temperature at 10,000 x g for 5 minutes, and the supernatants were
analyzed by Western blot analysis. Immunoblotting was performed using a mouse
monoclonal anti-phospho-tyrosine antibody (1:200, PY99, Santa Cruz Biotechnology) and

anti-phospho-p120 antibodies (1:1000; pY 96, pY228, pY291; BD Bioscience).

Quantitative culture of adherent bacteria: H. pylori:MKN28 cell co-cultures were
washed twice after 24 hours with PBS, pH 7.6 to remove non-adherent bacteria, and total
cell extracts were harvested as described (68). Serial 10-fold dilutions of 1-ml aliquots of

cell extracts were cultured on 5% sheep blood agar plates, and incubated for 3 to 5 days
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under microaerobic conditions before H. pylori colonies were counted. Results are

expressed as colony forming units (cfu) per ml.

Statistical analysis: The student’s ¢ test was used to evaluate the data, and significance
was defined as P<0.05. Fluorescence intensity profiles were generated by creating
Lowess spline curves of the XY data output from the Zeiss LSM image examiner

software.

Results

H. pylori-mediated mmp-7 expression is transcriptionally regulated and is dependent on a
functional cag pathogenicity island.

We and others previously demonstrated that MMP-7 protein levels are increased in
gastric cells following co-culture with H. pylori (68, 344), and that this is dependent on
specific genes within the cag island (e.g. cagE but not cagd) (68). cagE encodes a
homolog of VirB4, a protein involved in toxin export in Bordetella pertussis. Based on
homology, CagE is postulated to function as a NTPase, which is required for energy-
dependent delivery of CagA and other cag island substrates from the bacterial cytoplasm
directly into host cells (20). Inactivation of cagFE, therefore, results in a non-functional
type IV cag secretion system. To determine whether increased MMP-7 protein expression
was transcriptionally mediated, MKN28 human gastric epithelial cells were co-cultured
with the H. pylori wild-type cag " strain 7.13, a 7.13 cag4” mutant, a 7.13 cagE” mutant, or
medium alone. At defined time points, steady-state mmp-7 mRNA levels were assessed
by real time RT-PCR. Levels of mmp-7 mRNA began to increase 4 hours post-infection

with the wild-type strain 7.13 and peaked by 8 hours at levels approximately 12-fold
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above control (Figure 14). Inactivation of cagA4 had no significant effect on H. pylori-
mediated mmp-7 induction (Figure 14), confirming our previous results for MMP-7
protein expression (68). However, inactivation of cagE significantly attenuated mmp-7
expression (Figure 14), indicating that H. pylori strain 7.13 induces cag-dependent

transcriptional up-regulation of mmp-7 in human gastric epithelial cells.

Kaiso binds the mmp-7 promoter region in gastric epithelial cells.

Recent data have shown that Kaiso mediates transcriptional repression of mmp-7 in
colonic epithelial cells (288); therefore, we used laser scanning immunofluorescent
microscopy to determine whether gastric epithelial cells that produce MMP-7 in response
to H. pylori (Figure 14) also express Kaiso. As shown in Figure 15A, Kaiso is expressed
throughout the cell, including the nuclei, in MKN28 cells. These results were confirmed
using additional monoclonal and polyclonal anti-Kaiso antibodies (Figure 16).

The human mmp-7 promoter contains two conserved copies of the consensus Kaiso
site, one of which overlaps an Ets transcription factor consensus site and is in close
proximity to AP-1 and TCF/Lef transcription factor binding sites (288). Kaiso has
previously been shown to bind this region of the mmp-7 promoter in at least three human
epithelial cell lines by chromatin immunoprecipitation assay (288). Although the
immunofluorescence data in Figure 15A indicate that Kaiso is present in the requisite
subcellular locale to function as a transcriptional repressor, it is not known whether Kaiso
binds to the mmp-7 promoter in MKN28 cells. Therefore, primers specific for this region
of the mmp-7 promoter were used for ChIP to confirm that Kaiso can bind and regulate

mmp-7 in gastric epithelial cells. mmp-7 promoter fragments were specifically detected
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Figure 14. H. pylori infection of MKN28 cells results in an increase in mmp-7
steady-state mRNA levels in a cagE-dependent manner. MKN28 cells were co-
cultured with the H. pylori cag” strain 7.13 (MOI=100), the 7.13 cagAd or cagE  isogenic
mutants, or medium alone. At defined time points, RNA was extracted, subjected to
reverse transcription, and analyzed in triplicate by real time PCR. Data represent fold
induction of mmp-7 mRNA in cells co-cultured with H. pylori versus medium alone from
experiments performed on at least 4 occasions. Error bars, standard error of the mean
(SEM). *, P<0.05 versus medium alone. *, P<0.05 versus cagkE’.
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Figure 15. MKN28 cells express the transcriptional repressor, Kaiso, which binds
the promoter region of mmp-7. (A) MKN28 cells were fixed and incubated with
amonoclonal anti-Kaiso antibody (6F/6F8) or PBS alone, followed by incubation with an
anti-mouse AlexaFluor-488 antibody and TOTO-3 nucleic acid dye. Cells were
visualized by laser scanning immunofluorescent microscopy and are represented as
projection images of a Z-stack. Kaiso, green; nuclei, red; 630X magnification. (B)
MKN28 cells were subjected to chromatin immunoprecipitation analysis using a
monoclonal anti-Kaiso antibody (6F/6F8), mouse IgG (negative control), or input DNA
alone (positive control) followed by PCR amplification using human mmp-7 promoter-
specific primers. Experiments were performed on at least 2 occasions. Products were
visualized by agarose gel electrophoresis and a representative gel is shown.
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Figure 16. MKN28 cells express the transcriptional repressor, Kaiso. MKN28 cells
were fixed and incubated with an anti-Kaiso antibody or PBS alone, followed by
incubation with an AlexaFluor-488 antibody and TOTO-3 nucleic acid dye. Cells were
visualized by laser scanning immunofluorescent microscopy and are represented as
projection images of a Z-stack. Kaiso, green; nuclei, red. 630X magnification. (A)
Staining with a mouse monoclonal anti-Kaiso antibody (11D) and anti-mouse
AlexaFluor-488 secondary antibody. (B) Staining with a rabbit polyclonal anti-Kaiso
antibody and anti-rabbit AlexaFluor-488 secondary antibody.



in input fractions and Kaiso immunocomplexes, but not in isotype control
immunocomplexes (Figure 15B), indicating that Kaiso binds specifically to the promoter
region of mmp-7 in MKN28 cells.

H. pylori strain 7.13 alters subcellular distribution of p120°" and induces aberrant
localization of p120°" to the nucleus.

Interactions between p120°™ and Kaiso can coordinately regulate genes implicated
in carcinogenesis (72, 73, 150, 152, 237, 288), and translocation of p120°" to the nucleus
relieves Kaiso-mediated transcriptional repression of mmp-7 (150, 237, 288). To
determine whether H. pylori infection alters total p120“" levels, MKN28 cells were co-
cultured with H. pylori strain 7.13 (MOI=100) or medium alone and subjected to Western
blot analysis (Figure 17A). Densitometric analysis of multiple immunoblot experiments
indicated that total p120°" levels were not significantly altered following infection when
compared to uninfected controls (data not shown). Similarly, mRNA levels of p120°", as
measured by real time RT-PCR, remained unchanged by infection with H. pylori (Figure
18A).

We next sought to determine whether H. pylori may induce alterations in
subcellular localization of p120°". MKN28 cells were co-cultured with H. pylori strain
7.13 and, at defined time points, total cell lysates were fractionated into a soluble fraction
containing cytosolic components and an insoluble fraction containing nuclear and
membranous components. Immunoblot analysis of these fractions revealed that H. pylori
significantly decreased soluble, and concomitantly increased insoluble levels of p120°™"

over 24 hours of infection (Figure 17B). Immunoblot analysis performed on cells co-
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Figure 17. H. pylori alters subcellular localization of p120°" and induces aberrant
localization of p120°™ to the nucleus. (A) MKN28 cells were co-cultured with H. pylori
strain 7.13 (MOI=100) or medium alone. At defined time points, total protein was
extracted and analyzed by Western blot using a monoclonal anti-p120°" antibody
(pp120). Experiments were performed on at least 3 occasions. A representative blot is
shown. Anti-actin blots served as normalization controls for MKN28 viability under
different experimental conditions. (B) MKN28 cells were co-cultured with H. pylori
strain 7.13 (MOI=100). At defined time points, total protein was extracted, subjected to
subcellular fractionation, and analyzed by Western blot using an anti-p120°" antibody.
Representative blots are shown. Anti-GAPDH and anti-E-cadherin antibodies served as
normalization controls for purification of soluble and insoluble subcellular fractions,
respectively. (C) Densitometric analysis of multiple Western blot repetitions performed
on at least 3 occasions. Graph represents fold pl120 expression in infected versus
uninfected cells. Error bars = SEM. *, P<0.05. ** P<0.01. *** P<0.001. vs. time 0.
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Figure 18. H. pylori infection or increases in MKN28 cell confluence over time did
not contribute to changes in total or subcellular p120°" levels. (A) MKN28 cells
were co-cultured with the H. pylori cag’ strain 7.13 (MOI=100) or medium alone. At
defined time points, RNA was extracted, subjected to reverse transcription, and analyzed
in triplicate by real time PCR. Data represent fold p/20“" mRNA expression in cells co-
cultured with H. pylori versus medium alone from experiments performed on at least 3
occasions. Error bars, SEM. (B) MKN28 cells were cultured with medium alone. At
defined time points, total protein was extracted, subjected to subcellular fractionation,
and analyzed by Western blot using an anti-p120°" antibody. The graph represents
densitometric analysis of multiple Western blot repetitions performed on at least 3
occasions. Error bars, SEM.
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cultured with medium alone showed no alteration in soluble or insoluble p120°" levels
(Figure 18B), indicating that increases in cell confluence over time did not contribute to
changes in subcellular p120°" levels. These results demonstrate that H. pylori alters the
distribution, but not the total amount, of the cellular p120°" pool.

Having identified alterations in the subcellular localization of p120°", we next
determined if H. pylori strain 7.13 could induce nuclear translocation of p120°" in
MKN28 cells. Cells were co-cultured with H. pylori strain 7.13 or medium alone for 6
hours, and p120°" localization was assessed by laser scanning immunofluorescent
microscopy. Nuclear and perinuclear aggregations of p120“™ were observed in cells co-
cultured with H. pylori when compared with medium alone (Figure 19A). As shown in
Figure 19B, p120°" specifically co-localized with Kaiso in the nuclei of infected but not
uninfected cells, placing these molecules in position to potentially regulate genes

implicated in carcinogenesis.

H. pylori strain 7.13 alters the phosphorylation state of p120°".

Having demonstrated that infection with H. pylori strain 7.13 induces nuclear
translocation of p120°", we next sought to identify the mechanism underlying H. pylori-
induced aberrant subcellular distribution of p120°". Previous studies have suggested that
phosphorylation of a number of tyrosine residues within the p120°" regulatory domain
may play a role in p120°" signaling (42, 183, 253, 280). Therefore, we investigated
whether H. pylori infection similarly altered levels of p120°" tyrosine phosphorylation.
MKN28 cells were co-cultured with H. pylori strain 7.13 and, at defined time points, cells

were treated with phosphatase inhibitors, harvested, and subjected to

64



medium alone

H. pylori7.13

| ...

p120 Nuclei H. pylori

Figure 19. H. pylori induces aberrant localization of p120™ to the nucleus in
MKN28 cells. MKN28 gastric epithelial cells were co-cultured with H. pylori strain 7.13
or medium alone for 6 hours. (A) Cells were fixed and incubated with a monoclonal anti-
p120°" antibody (ppl20) and a polyclonal anti-H. pylori antibody, followed by
incubation with an anti-mouse AlexaFluor-546 antibody, anti-rabbit AlexaFluor-488
antibody, and TOTO-3 nucleic acid dye. Cells were visualized by laser scanning
immunofluorescent microscopy and are represented as projection images of a Z-stack.
p120°", green; nuclei, red; H. pylori, blue. 630X magnification. Localization of p120°"
in 3-dimensions is represented by orthogonal views of infected cells. (B) Cells were
fixed and incubated with a rabbit polyclonal anti-p120°" antibody (FlaSH) and a
monoclonal anti-Kaiso antibody (6F/6F8), followed by incubation with an anti-mouse
AlexaFluor-546 antibody, anti-rabbit AlexaFluor-488 antibody, and TOTO-3 nucleic acid
dye. Cells were visualized by laser scanning immunofluorescent microscopy and are
represented as a single transverse image through the middle of the cell. p120°", green;
Kaiso, red; nuclei, blue. Uninfected, 630X magnification. Infected, 1260X
magnification. Graph indicates fluorescence intensity as measured linearly through the
nucleus demonstrating co-localization of Kaiso and p120°" within the nuclei of infected
cells.
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Figure 19, continued.
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immunoprecipitation using an anti-p120“" antibody. Of interest, immunoblot analysis of
p120°™ immunocomplexes using a general anti-phospho-tyrosine antibody revealed that
H. pylori significantly decreased total tyrosine phosphorylation when compared to
uninfected controls (Figure 20), suggesting that dephosphorylation of p120°" tyrosine
residues may contribute to alterations in subcellular localization. To define which
specific residues might be dephosphorylated, immunoblot analysis was performed using
anti-phospho antibodies targeting three specific p120°" residues: Y228, Y291, and Y96.
However, levels of phosphorylation at each of these residues were not significantly
altered by infection (Figure 20A), indicating that other, as of yet uncharacterized,

tyrosine phosphorylation sites represent targets for dephosphorylation by H. pylori.

H. pylori relieves Kaiso-mediated transcriptional repression in a cag pathogenicity
island-dependent manner.

H. pylori induces an increase in transcription of mmp-7 in MKN28 gastric
epithelial cells. Having also shown that Kaiso binds the promoter region of mmp-7 and
that H. pylori induces aberrant localization of p120°" to the nucleus, we next sought to
determine if inhibition of Kaiso-mediated transcriptional repression was required for
mmp-7 transcriptional upregulation. We utilized the pGL3-4xKBS plasmid (4xKBS),
which carries four tandem copies of the consensus Kaiso binding site upstream of the
luciferase reporter gene (150). Previous studies suggest that the ability to inhibit Kaiso-
mediated transcriptional repression of an artificial promoter such as 4xKBS requires
p120°" levels greater than those endogenously present within cells (150). Therefore, we

co-transfected MKN28 cells with 4xKBS and a p120°" expression vector prior to H.
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Figure 20. H. pylori infection of MKN28 cells results in reduced levels of p120°"
tyrosine phosphorylation. (A) MKN28 cells were co-cultured with H. pylori strain 7.13
(MOI=100) or medium alone. At defined time points, total protein was extracted,
subjected to immunoprecipitation with an anti-p120°" antibody (pp120), and analyzed by
Western blot using a total anti-phospho-tyrosine antibody (pY99) or anti-phospho-
antibodies specific to the p120°" tyrosine residues 228, 291, or 96. Experiments were
performed on at least 3 occasions. A representative blot is shown. Anti-p120°" blots
(pp120) served as normalization controls for MKN28 viability under different
experimental conditions. As a negative control, 500 ug total protein from uninfected and
infected samples taken 6 hours post-infection was subjected to immunoprecipitation with
an anti-c-myc antibody (9E10). (B) Densitometric analysis of multiple Western blot
repetitions performed on at least 3 occasions. Graph represents percent total tyrosine
phosphorylation as determined by Western blotting with pY99 antibody in infected
versus uninfected cells. Error bars = SEM. *, P<0.05, **, P<0.001 vs. uninfected cells
treated with medium alone.
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pylori co-culture (Figure 21A). Expression of exogenous p120°" did not significantly
relieve Kaiso-mediated transcriptional repression in uninfected cells (Figure 22).
However, co-culture with H. pylori strain 7.13 resulted in a significant inhibition (~2.5-
fold) of Kaiso-mediated repression of luciferase expression when compared to medium
alone (Figure 21B). Inactivation of cagFE, but not cagA, significantly attenuated the
ability of H. pylori strain 7.13 to relieve Kaiso-mediated transcriptional repression
(Figure 21B). These results demonstrate that H. pylori relieves Kaiso-mediated
transcriptional repression in a cagE-dependent manner and that p120°" is likely required

for this inhibition.

p120™" is required for H. pylori-mediated upregulation of mmp-7 expression.

To demonstrate coordinated regulation of H. pylori-induced mmp-7 expression by
p120°" and Kaiso, siRNA was used to suppress levels of endogenous p120°". MKN28
cells were retrovirally transduced with pRetroSuper vector containing sequences
encoding either scrambled siRNA or human-specific p120°" siRNA. Clonal populations
of transduced cells were isolated and expanded and, as shown in Figure 23A, a >75%
reduction in levels of p120°" was achieved. Since H. pylori has previously been shown
to bind to components of epithelial tight junctions, we established that p120°" deficiency
did not alter bacterial binding to MKN28 cells. As assessed by quantitative culture, H.
pylori strain 7.13 bound to cells transduced with p120“"-specific siRNA as avidly as cells
transduced with scrambled siRNA, thereby eliminating the possibility that differences in
bacterial adherence mediate p120°"-dependent responses (Figure 23B).

MKN28 cells stably transduced with control or p120°"-specific siRNA were then
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Figure 21. H. pylori infection of MKN28 cells mediates a release of Kaiso from its
putative binding site on a luciferase reporter plasmid. MKN28 cells were co-
transfected with 100 ng 4xKBS-pGL3, 4 ng phRL Null, and 100 ng of the empty vector
pCMV or 100 ng p120°"-pCMV for 12 hours. (A) Eighteen hours post-transfection, total
protein was extracted and analyzed by Western blot using a monoclonal anti-p120°"
antibody (pp120). A representative blot is shown. Anti-GAPDH blots served as
normalization controls for MKN28 viability under different experimental conditions. (B)
Eighteen hours post-transfection with p120“"-pCMV, cells were co-cultured with H.
pylori strain 7.13 or its cagA™ or cagE isogenic mutants. After 48 hours, cells were
harvested and luciferase activity was determined in a dual channel luminometer. Data are
represented as fold luciferase activity for experiments performed on at least three
occasions. Error bars, SEM. *, P<0.01 versus medium alone. #, P<0.05 vs. cagE".
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Figure 22. Exogenous expression of p120‘" does not significantly relieve Kaiso-
mediated transcriptional repression in uninfected cells. MKN28 cells were
cotransfected with 100 ng 4xKBS-pGL3, 4 ng phRL Null, and 100 ng of the empty
vector pCMV or 100 ng p120°"-pCMV for 12 hours, and the medium subsequently
replaced. After 48 hours, cells were harvested and luciferase activity was determined in a
dual channel luminometer. Data are represented as relative light units (firefly luciferase
vs. renilla luciferase) for experiments performed on at least three occasions. Error bars,
SEM.
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Figure 23. p120°" is required for the H. pylori-mediated increase in steady-state
mmp-7 mRNA levels. (A) MKN28 cells were retrovirally transduced with either
scrambled (control) or human p120°"-specific siRNA (p120i), and clonal populations
were selected. Total protein was extracted from control or p120i cells and analyzed by
Western blot using a monoclonal anti-p120“" antibody (pp120). GAPDH Western blots
served as normalization controls for cell viability under different experimental
conditions. (B) Control or p120i cells were incubated with H. pylori strain 7.13
(MOI=100) for 24 hours. Cells were washed to remove non-adherent bacteria, harvested,
and plated in serial dilutions on blood agar plates. Data represent the number of colony
forming units for experiments performed on at least 3 occasions. (C) Vector control or
p120i cells were co-cultured with H. pylori strain 7.13 (MOI=100) or medium alone. At
defined time points, total RNA was extracted, subjected to reverse transcription, and
analyzed in triplicate by real time PCR. Data are represented as the percent maximum
induction of mmp-7 expression in infected versus uninfected cells for experiments
performed on at least 3 occasions. Error bars, SEM. *, P<0.05 versus medium alone. #
P<0.05 versus p120i cells.
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co-cultured with H. pylori strain 7.13 or medium alone. At defined time points, steady-
state mmp-7 mRNA levels were assessed by real time RT-PCR. As expected, levels of
mmp-7 mRNA were significantly increased by 8 hours in control MKN28 cells infected
with H. pylori, but this increase was attenuated in infected p120°"-deficient cells (Figure
23C), indicating that p120°" is required for H. pylori to induce transcription of mmp-7 in
this system. Results were confirmed in two other clonal cell populations transduced with

p120°"-specific siRNA (data not shown).

Suppression of Kaiso in pl120°"-deficient cells restores the ability of H. pylori to induce
mmp-7.

To more robustly demonstrate that p120°" and Kaiso coordinately regulate H.
pylori-induced mmp-7 expression, we transiently transfected control or p120“"-deficient
MKN28 cells with scrambled or Kaiso-specific siRNA. Real time RT-PCR analysis
indicated that Kaiso expression was significantly reduced using Kaiso-specific, but not
scrambled, siRNA (Figure 24A). H. pylori strain 7.13 was then co-cultured with p120°"-
deficient/Kaiso-deficient, p120°"-deficient/Kaiso-wild-type, or wild-type control MKN28
cells and mmp-7 mRNA expression was quantified by real-time RT-PCR. Inhibition of
Kaiso in p120°"-deficient cells restored the ability of H. pylori to induce expression of
mmp-7 (Figure 24B), indicating a role for both of these transcriptional elements in H.

pylori-mediated up-regulation of MMP-7.
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Figure 24. Suppression of Kaiso protein expression in p120i cells restores H. pylori-
mediated increases in mmp-7 mRNA levels. Control or pl120i cells transiently
transfected with scrambled siRNA, and p120i cells transiently transfected with Kaiso-
specific siRNA were co-cultured with H. pylori strain 7.13 (MOI=100) or medium alone.
At defined time points, total RNA was extracted, subjected to reverse transcription, and
analyzed in triplicate by real time PCR. (A) Data are represented as an average
percentage of kaiso expression in uninfected pl120i cells at each time point for
experiments performed on at least 3 occasions. (B) Data are represented as the percent
maximum induction of mmp-7 expression in infected versus uninfected cells for
experiments performed on at least 3 occasions. Error bars, SEM. *, P<0.05 and **,
P<0.01 versus p120i cells.
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H. pylori induces aberrant localization of p120°" to the nucleus in ex vivo gastric cell
colonies.

Our current data demonstrate that H. pylori induces increased transcription of
mmp-7 through a p120°"-dependent mechanism involving inhibition of Kaiso-mediated
transcriptional repression. We next extended these results using a model of H. pylori
infection that more closely recapitulates cellular organization in the stomach. Gastric cell
colonies were isolated from 8-week-old male FVB/n mice, co-cultured with the mouse-
adapted H. pylori strain SS1 or medium alone for 6 hours, and p120°" localization was
assessed by laser scanning immunofluorescent microscopy. Mouse-adapted H. pylori
strain SS1 was used for these studies since gastric cell colonies were harvested from
mice. Consistent with our results in MKN28 cells, nuclear aggregations of p120°" were
observed to specifically co-localize with Kaiso in cells co-cultured with H. pylori, but not
in cells incubated with medium alone (Figure 25). These results indicate that, similar to
cultured gastric epithelial cells, H. pylori can alter p120°" localization in a model system

that approximates events within colonized gastric mucosa.

Discussion
MMP-7 is a host effector that mediates carcinogenesis and is induced by H. pylori
within infected human gastric mucosa. Our current experiments identified the
p120°"/Kaiso signaling pathway as a regulator of microbially-induced expression of this
carcinogenic factor by 1) demonstrating that H. pylori can alter the topography of p120°™"
localization within gastric epithelial cells in vitro and in a physiologically relevant ex vivo
primary gastric cell culture system, 2) establishing that H. pylori can inhibit Kaiso-

mediated transcriptional repression of an artificial luciferase promoter, 3) capitalizing on
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medium alone

H. pylori SS1

Nuclei

H. pylori

Figure 25. H. pylori induces aberrant localization of p120°™ to the nucleus in ex vivo
gastric cell colonies. (A) Primary murine gastric epithelial cell colonies were co-
cultured with H. pylori strain SS1 or medium alone for 6 hours. Cells were fixed and
incubated with a monoclonal anti-p120°" antibody (pp120) and a polyclonal anti-H.
pylori antibody, followed by incubation with an anti-mouse AlexaFluor-546 antibody,
anti-rabbit AlexaFluor-488 antibody, and TOTO-3 nucleic acid dye. Cells were
visualized by laser scanning immunofluorescent microscopy and are represented as
projection images of a Z-stack. pl120°", green; H. pylori, blue; nuclei, red. 630X
magnification. Localization of p120°" in 3-dimensions is represented by orthogonal
views of infected cells. (B) Primary murine gastric epithelial cell colonies were co-
cultured with H. pylori strain SS1 or medium alone for 6 hours. Cells were fixed and
incubated with a rabbit polyclonal anti-p120“" antibody (F1a.SH) and a monoclonal anti-
Kaiso antibody (6F/6F8), followed by incubation with an anti-mouse AlexaFluor-546
antibody, anti-rabbit AlexaFluor-488 antibody, and TOTO-3 nucleic acid dye. Cells were
visualized by laser scanning immunofluorescent microscopy and are represented as a
single transverse image through the middle of the cell. p120°", green; Kaiso, red; nuclei,
blue. Uninfected, 630X magnification. Infected, 1260X magnification. Graph indicates
fluorescence intensity as measured linearly through the nucleus demonstrating co-
localization of Kaiso and p120°" within the nuclei of infected cells.

76



auole wnipsw

LSS HoiAd 'H

Merge
W

=

3
Aisuajul

souasalon|4

Nuclei

Kaiso

p120

20 30 40 50

10

um

igure 25, continued.

F

77



a gastric cell model of p120°"-deficiency to demonstrate a requirement for p120°" in the
transcriptional upregulation of mmp-7, and 4) combining transient gene silencing
techniques with a p120°"-deficient model system to delineate an interaction between
p120°" and Kaiso. Collectively, these studies indicate that H. pylori co-opts p120°" as a
signaling molecule to relieve Kaiso-mediated repression of mmp-7.

p120°" is a multidimensional protein that performs several distinct functions
within host cells. pl120°" can regulate E-cadherin, a cell-cell adhesion molecule that
functions as a component of the adherens junction of epithelial tissues, and turnover of E-
cadherin is regulated by binding of p120°" to the cadherin juxtamembrane domain (12,
13, 74, 135, 254, 255, 257, 259, 279, 289, 307). Studies have demonstrated that loss of
E-cadherin or overexpression of p120°" results in mislocalization of p120°" to the
cytoplasm (254), where it induces a range of morphological changes that promote cell
motility and metastasis. The effects of p120°" appear to involve physical and functional
interactions with Rho GTPases and their regulators, GAPs and GEFs (13, 108, 220).
Based on our current data, a role for p120°" in altering cell morphology and motility
induced by H. pylori warrants further investigation, and such studies are ongoing in our
laboratory.

Nuclear p120°" relieves transcriptional repression exerted by Kaiso, which acts as
a dual specificity repressor that recognizes both sequence-specific consensus sites
(CTGCNA) and methylated CpG nucleotides (73, 237, 250). Since H. pylori infection
has been associated with gastric cancer and nuclear mislocalization of p120°" in human
gastric epithelium (158), we investigated mislocalization of p120“" in conjunction with

altered expression of the oncogenic molecule MMP-7. Infection of p120°"-deficient
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gastric epithelial cells clearly demonstrated that p120°" is required for H. pylori-mediated
increases in mmp-7 transcription. Further, silencing Kaiso expression in p120“"-deficient
cells restored the ability of H. pylori to induce mmp-7 transcription, indicating that an
interaction between p120°" and Kaiso, whether direct or indirect, is also required.

To date, the signals that induce nuclear translocation of p120°" remain undefined
(71), and delineation of these pathways is critical for understanding the relevance of
p120°"/Kaiso-mediated transcriptional regulation in the context of carcinogenesis. For
example, it will be important to determine which subcellular pool of pl120" is
responsible for relief of Kaiso-mediated transcriptional repression. Our subcellular
fractionation data suggest that p120°" from a free cytoplasmic pool translocates to the
nucleus. However, work from Weydig et al. demonstrated that H. pylori mediates
internalization of p120°" found in adherens junctions at the plasma membrane (334),
which may then be translocated to the nucleus. pl120°" is also phosphorylated at a
number of sites by Src- and receptor tyrosine kinases (253), and multiple ligand-receptor
pathways have been implicated in signaling to p120°" through phosphorylation, including
PKC and EGFR -dependent pathways (183, 346), both of which are activated by H.
pylori (146, 222). However, our data demonstrate that H. pylori mediates a decrease in
total pl120“" tyrosine phosphorylation, indicating a previously undescribed role for
protein tyrosine phosphatases in H. pylori-mediated signaling to p120°". It remains
undefined whether signaling to p120°" by H. pylori occurs directly or through another
cellular intermediary.

Our current results have also provided insights into the augmentation in cancer

risk exerted by cag’ strains and indicate that oncogenic epithelial responses such as
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MMP-7 expression may be regulated by different microbial effectors. Previous studies
from our laboratory and others have demonstrated that intracellular events with
carcinogenic potential, such as B-catenin nuclear translocation, are dependent upon the
presence of CagA within host cells, which, in turn, is mediated by a functional cag
secretion system (96, 210, 297). Our new data indicate that aberrant activation of p120“"
is dependent on a functional cag secretion system, but not CagA per se, suggesting that
other substrates translocated by the cag island may mediate p120“" signaling. One
candidate is H. pylori peptidoglycan, which is translocated into host cells by the cag type
IV secretion system and sensed by intracellular Nodl, which then activates NF-kB-
dependent responses such as secretion of IL-8 and B-defensin 2 (32, 321). Another
possibility based on a recent investigation (163) is that binding of CagL to cell surface
asB; integrins can alter local membrane dynamics and eventuate in the assembly of focal
adhesions that trigger integrin signaling cascades (20), which may aberrantly activate
p120°",

It is of interest that the H. pylori strain we used to infect murine gastric colonies
(SS1) has been reported to contain a non-functional cag island. We specifically chose a
mouse-adapted H. pylori strain for these studies since we were examining murine cells;
hence the choice of strain SS1. However, results from a recent paper (Ferrero et al.,
2008) have suggested that H. pylori can activate NF-kB signaling in mouse gastric
epithelial cells via a cag pathogenicity island-independent pathway, suggesting that
signaling pathways in murine cells may be activated by different microbial components
than corresponding pathways in human cells. We also did not analyze the functional

effects of p120°"/Kaiso interactions in murine gastric glands, only differences in
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localization. Differences in model systems may have contributed to these results. In
contrast to MKN28 human gastric epithelial cell monolayers, our gastric gland culture
model uses tissues isolated from mice that contain not only epithelial cells but also
stromal and lamina propria cells. Thus, there are several potential reasons that may
explain the ability of H. pylori strain SS1 to induce nuclear localization of p120°" in
murine gastric epithelial cells. Collectively, these data indicate that multiple H. pylori
disease-related virulence constituents may be required for collaborative functional
interactions between Kaiso, p120°", and B-catenin in the nucleus in order to mediate
expression of certain Wnt target genes such as mmp-7.

Gastric adenocarcinoma is strongly associated with the presence of H. pylori, and
both microbial and host factors influence the risk for carcinogenesis. Interactions
between H. pylori and epithelial cells play an important role in the development of gastric
injury. p120°" is a multifunctional host protein that orchestrates epithelial responses with
carcinogenic potential. Our results indicate that p120“" is aberrantly activated by H.
pylori and regulates expression of the carcinogenic effector, mmp-7. Molecular
delineation of pathways activated by host-microbial interactions will not only improve
our understanding of H. pylori-induced carcinogenesis, but may also provide mechanistic
insights into other malignancies that arise within the context of inflammatory states (e.g.

ulcerative colitis and colon cancer).
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CHAPTER III

HELICOBACTER PYLORI INFECTION RESULTS IN ENHANCED
INFLAMMATION AND CELLULAR TURNOVER IN MMP-7-DEFICIENT
MICE

Summary

Approximately half of the world’s population is infected with H. pylori, the
strongest known risk factor for gastric adenocarcinoma. This organism employs a
number of strategies that facilitate persistence within the gastric microenvironment, one
of which is co-opting host cell signaling pathways, leading to enhanced virulence and
development of gastric disease. MMP-7, a member of a family of enzymes with tumor-
initiating properties, is over-expressed in pre-malignant and malignant gastric lesions,
and H. pylori cag’ strains selectively increase MMP-7 protein levels in gastric epithelial
cells in vitro and in vivo. Our experiments now demonstrate that, in a murine model of
H. pylori-mediated injury, inflammation is increased in the absence of MMP-7. MMP-7-
deficiency also leads to increased epithelial cell turnover within the gastric mucosa, and
is not dependent on MMP-7-mediated bacterial killing. Collectively, these studies
indicate that H. pylori-mediated induction of MMP-7 may serve to protect the gastric

mucosa from pathophysiological processes that promote carcinogenesis.

Introduction

Infection with the gastric pathogen Helicobacter pylori induces an inflammatory

response that persists for decades resulting in an increased risk for peptic ulceration,
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gastric adenocarcinoma, and non-Hodgkins lymphoma of the stomach. H. pylori has
specifically adapted to survive within the gastric niche, and a strategy employed by this
organism that facilitates persistence is co-opting host cell signaling pathways, which can
result in enhanced virulence.

One host molecule that may influence disease outcome is matrix
metalloproteinase-7, a member of a family of proteolytic enzymes that play important
roles in tissue destruction and remodeling during both normal and pathological processes
(132, 339). MMP-7 is one of a small number of MMPs that are expressed in polarized
glandular epithelium, and over-expression is present in epithelial-derived malignancies of
a number of organs, including the stomach (1, 5, 6, 121, 125, 194, 277, 353).
Microarray-based expression analyses have demonstrated that MMP-7 is expressed >6-
fold in human gastric adenocarcinoma specimens compared to non-neoplastic tissue
(121). In mice, over-expression of MMP-7 leads to hyperproliferation and increased
cancer susceptibility of the mammary epithelium (267). Conversely, mice with a genetic
predisposition for intestinal adenocarcinoma (Min mice) that are then bred onto a
background of MMP-7 deficiency develop fewer cancers than wild type mice (338).
These data, along with reports of increased MMP-7 expression in a high proportion of
premalignant lesions in the colon (polyps) (302), pancreas (metaplastic duct lesions) (69),
and stomach (gastric ulcers) (69, 269), suggest that this enzyme plays an important role
early in the progression to gastric cancer.

There are several putative mechanisms whereby MMP-7 may promote
carcinogenesis. MMP-7 cleaves the ectodomain of membrane-bound FasL, potentiating

the induction or inhibition of apoptosis, depending on the duration of exposure (88, 248,
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330). In addition, MMP-7 is known to increase cellular proliferation by activation of
HB-EGF, which promotes cell survival by stimulating the ErbB4 EGF receptor (364), a
signaling pathway that is activated by H. pylori (147).

Our group and others have demonstrated that H. pylori infection increases
expression of MMP-7 in vitro and in vivo (24, 68, 226, 344). Because MMP-7 influences
cellular turnover and is specifically induced by contact with H. pylori, we sought to more
clearly define the role of MMP-7 in H. pylori-induced inflammation in vivo by
experimental infection of wild type and MMP-7-deficient C57BL/6 mice. Here we
demonstrate that infection of mmp-7"" mice with a rodent-adapted strain of H. pylori
results in an augmented inflammatory response and increased levels of apoptosis and
proliferation compared to wild type mice, suggesting that MMP-7 may mediate the host

response to this pathogen.

Experimental procedures
H. pylori strains: The mouse-adapted H. pylori strain SS1 was grown in Brucella broth

with 5% FBS (Gibco) for 18 hours with shaking in an atmosphere of 5% CO; at 37°C,

and then harvested by centrifugation, as described previously (226).

Mice and experimental infections: MMP-T7-null mice developed as previously described
(338), were obtained from Dr. Lynn Matrisian. Briefly, a 6.5 kb fragment spanning the
mmp-7 coding region was cloned from a 129/Sv library. A 1.6 kb phosphoglycerate

kinase neomycin cassette was then inserted within the region spanning exons 3 and 4
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(266), and this construct was electroporated into R1 embryonic stem (ES) cells. Three
targeted clones were microinjected into C57BL/6 blastocysts after karyotype analysis.
mmp-7"" heterozygous F; mice were backcrossed to C57BL/6 mice beyond the N,
generation. For experimental infections, 6- to 8-week old wild type male and mmp-7"
C57BL/6 mice were used. All experiments were approved by the Vanderbilt Institutional
Animal Care and Use Committtee. Five hundred ul Brucella broth containing 5.0 x 10
CFU H. pylori or 500 ul Brucella broth alone were used as inocula and were delivered to
fasted mice via orogastric gavage every 48 hours for a total of three inoculations, as
described previously (96).

Mice were euthanized at 12 or 36 weeks post-challenge. These time-points were
selected based on previous data demonstrating that inflammation (12 weeks) and pre-
malignant lesions (e.g. hyperplasia, 36 weeks) develop by these intervals. At necropsy,
linear strips extending from the squamocolumnar junction through the proximal
duodenum were fixed in 10% neutral buffered formalin, and paraffin-embedded by the
Vanderbilt Human Tissue Acquisition and Pathology Shared Resource. Approximately
one-fourth of the stomach from each mouse was homogenized, plated, and incubated
under microaerobic conditions at 37°C for 5-6 days, as described previously (96). H.

pylori was verified by Gram’s stain, urease, catalase, and oxidase reactions.

Tissue staining and immunohistochemical analysis: Five um paraffin-embedded sections
were cut and placed on slides for analysis. For scoring of inflammation, samples were
stained with hematoxylin and eosin. Indices of inflammation and injury in the gastric

corpus and antrum were scored on an ordinal scale from 0 to 3 in increments of 1 by a
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single pathologist blinded to treatment groups as described previously (96). Individual

component scores were combined to yield a single score of inflammation for each mouse.

Immunohistochemical analysis of MMP-7 expression was performed using a rat
anti-MMP7 monoclonal antibody (87). Briefly, sections were deparaffinized in xylene,
rehydrated using a graded series of ethanol, and microwaved in 10 mM citrate buffer for
10 minutes to allow antigen retrieval. Sections were then blocked for 1 hour with 10%
goat serum and incubated overnight at 4°C with anti-MMP-7 antibody diluted 1:500 or
the corresponding isotype control (rat 1gG2a, BD Biosciences, San Jose, CA). The
sections were then incubated with an alkaline-phosphatase conjugated goat anti-rat
antibody (Abcam, Cambridge, MA) for 1 hr at room temperature. Next, sections were
incubated with Vector Red substrate using the alkaline phosphatase substrate kit 1
(Vector Labs, Burlingame, CA) according to the manufacturer’s directions. Slides were
then rinsed with distilled water and counterstained with Mayer’s hematoxylin (Sigma, St
Louis, MO). Slides were mounted using an aqueous mounting medium (“Fluoro-Gel”,
Electron Microscopy Sciences, Hatfield, PA). All other immunohistochemical analyses
were performed by the Vanderbilt Immunohistochemistry Core. Briefly, sections were
rehydrated and placed in heated Target Retrieval Solution (Labvision, Fremont, CA). For
anti-H. pylori, anti-CD3, and anti-CD20 staining, antigen retrieval was performed by
incubation with citrate buffer (pH=6.0) in a pressure cooker for 15 minutes followed by
cooling at room temperature for 10 minutes. For all slides, endogenous peroxidase was
then neutralized with 0.03% hydrogen peroxide containing sodium azide for 5 minutes,
followed by a casein-based protein block (DakoCytomation, Carpinteria, CA) to

minimize nonspecific staining. For anti-myeloperoxidase (MPO) and anti-CD20
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staining, sections were incubated with mouse Ig blocking reagent (MKB-2213; Vector)
for 60 minutes. Next, sections were incubated with rabbit polyclonal anti-H. pylori
(B0471; Dako; 1:100) for 30 minutes, rat polyclonal anti-MPO (MCA771G; Serotec;
1:400) for 60 minutes, rabbit polyclonal anti-CD3 (A0452; Dako; 1:50) for 30 minutes,
mouse monoclonal anti-CD20 (Dako; M0755; 1:200) for 30 minutes, rabbit polyclonal
anti-Ki-67 (VP-K451; Vector Laboratories, Burlingame, CA; 1:2000) for 60 minutes, or
rabbit anti-human cleaved caspase-3 (Promega, Madison, WI; 1:600) for 60 minutes. For
anti-MPO staining, sections were incubated with rabbit polyclonal anti-rat IgG (Dako;
70494; 1:100) for 30 minutes. Slides were then subjected to the Dako Envision+
HRP/DAB System (DakoCytomation). Slides were counterstained with Mayer’s

hematoxylin, dehydrated, and coverslipped.

Statistical analysis: The Student’s ¢ test was used for statistical analyses of intergroup

comparisons. Significance was defined as p < 0.05.

Results

H. pylori infection results in increased expression of MMP-7 in the stomachs of wild type
C57BL/6 mice.

We previously demonstrated that gastric biopsies from human patients infected
with H. pylori exhibit elevated levels of MMP-7 expression in a focal pattern (68).
McCaig et al. determined that experimental infection of INS-GAS mice with another
Helicobacter species, H. felis, results in increased MMP-7 expression in protein extracts
harvested from mouse corpus as early as 3 months, which persisted to 9 months post-

infection (191). In order to validate our mouse model infected with H. pylori, we first
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established that challenge of wild type C57BL/6 mice with H. pylori strain SS1 results in
increased MMP-7 expression. Wild type mice were challenged with SS1 or Brucella
broth alone and levels of MMP-7 expression were determined by immunohistochemistry.
All mice challenged with H. pylori were successfully infected. Twelve weeks post-
challenge, there was no evidence of MMP-7 expression in the stomachs of control mice
inoculated with broth alone. In contrast, MMP-7 was detected in the stomachs of 58% (7
of 12) of mice challenged with H. pylori. Immunolabeling was focal and localized
exclusively to gastric epithelial cells (Figure 26), consistent with its epithelial-cell
derivation (57, 80), which mirrors the expression pattern previously observed in human
subjects (68). These results indicate that experimental infection of C57BL/6 mice with H.

pylori strain SS1 induces gastric epithelial MMP-7 expression.

H. pylori-induced gastric inflammation is augmented in the absence of MMP-7.

To determine whether induction of MMP-7 is physiologically relevant within the
context of H. pylori-induced inflammation in vivo, we next infected wild type and mmp-7
”~ mice in three independent experiments. All mice challenged with H. pylori were
successfully infected. By 12 and 36 weeks post-challenge, all H. pylori-infected wild type
and mmp-7" mice had developed gastritis. The most extensive inflammation was
observed at the transition zones between the antrum or cardia and the corpus.
Inflammatory cells, consisting of polymorphonuclear cells and large mononuclear cells,
were observed within the lamina propria, and the infiltrate separated and displaced the

glands. Gastric pits were lengthened and lined by less mature flattened epithelial cells

with basophilic cytoplasm; mitotic figures were frequently identified. Within the
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Broth Control | H. pylori

Figure 26. Infection of wild type CS7BL/6 mice with H. pylori results in increased
MMP-7 expression. Wild type mice were inoculated with either Brucella broth (negative
control) or H. pylori. Twelve weeks post-infection, mice were sacrificed and stomachs
were analyzed for MMP-7 expression by immunohistochemistry. Arrows indicate
positive staining for MMP-7. 100X magnification.
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submucosa, edema often accompanied the cellular infiltrate.

In contrast to infected wild-type mice, H. pylori-colonized mmp-7" mice
developed significantly enhanced inflammation (Figure 27). Acute inflammatory scores
were significantly higher in infected mmp-7"" mice when compared with wild type mice at
12 weeks (P=0.0006) and scores exhibited a similar trend at 36 weeks (P=0.0823) (Figure
28A). Analysis of inflammation within specific regions of the stomach revealed
significantly increased levels of acute inflammation in both the antrum (P=0.0012) and
corpus (P=0.0212) at 12 weeks post-infection and in the antrum (P=0.004) at 36 weeks
post-infection (Figure 28B). Chronic inflammatory scores were increased in infected
mmp-7"" compared to wild type mice at 12 weeks post-infection (P=0.0731) and this
difference was statistically significant at 36 weeks post-infection (P=0.0014) (Figure
28C). Similar to acute inflammation, chronic inflammatory scores were significantly
higher in the corpus (P=0.0254) at 12 weeks post-infection and in both the antrum

(P=0.0009) and corpus (P=0.0063) at 36 weeks post-infection (Figure 28D).

Immunohistochemical analysis of immune cell infiltrate correlates with scoring of
inflammation.

Based on the difference in global inflammatory scores induced by MMP-7
deficiency, we next sought to immunophenotype the inflammatory infiltrate.
Immunohistochemical analysis was performed using antibodies to MPO, CD3, and CD20
in order to identify neutrophils, T cells, and B cells, respectively. For each sample, the
number of specific immune cells per high-powered field of view was quantified for the
maximum number of random fields of view available per sample. Staining for specific

immune cell types correlated well with overall histopathological scoring. At 36 weeks
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Figure 27. H. pylori challenge of mmp-7" mice results in significantly enhanced
inflammation compared to wild type mice. Representative images of H&E stained
sections from the antrum (A & C) and corpus (B & D) of wild type mice (A & B) and
mmp-7" mice (C & D) infected for 12 weeks. +/+, Wild Type; -/-, mmp-7". 100X
magnification.
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Figure 28. MMP-7 deficiency augments acute and chronic inflammatory scores in
the presence of H. pylori infection. A & B) Acute inflammation. C & D) Chronic
inflammation. Panels A and C represent combined antral and corpus inflammatory scores.
Data are shown as vertical scatterplots with mean values. +/+, Wild Type; -/-, mmp-7". In
panels B and D, A=antrum, C=corpus. *, p<0.05; **, p<0.01; *** p<0.001; vs. wild type.
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post-infection, mmp-7"mice had significantly more neutrophils (P=0.0390) and T cells
(P=0.003) when compared with wild type mice (Figure 29). Infected mmp-7"" mice also
exhibited increased numbers of B cells compared to wild type mice, however, the
difference was not statistically significant.

The ability of H. pylori to colonize the stomachs of mmp-7""mice does not differ compared
to wild type mice.

MMP-7-mediated cleavage of a-defensins in the murine small intestine has been
shown to be required for bactericidal activity (19, 340). When compared to wild type
mice, mmp-7"" mice are more susceptible to infection of the lower GI tract with both
Escherichia coli and Chlamydia trachomatis, indicating that MMP-7 has important
functions in intestinal mucosal defense in the mouse (235, 340). Since H. pylori-induced
inflammation was more intense in mmp-7"" mice, we next determined if MMP-7 might
play a role in gastric mucosal defense, which could explain our observed differences in
levels of inflammation. Immunohistochemical analysis for H. pylori was performed on
tissue samples obtained from mice infected with H. pylori for 12 weeks. There were no
differences in colonization density on either the mucosal surface or within the lumen in
wild type versus mmp-7"" mice (Figure 30), indicating that MMP-7 likely does not play a
role in the initial host response to H. pylori challenge.

Cellular turnover is increased in H. pylori-infected mmp-7"" mice compared to wild type
mice.

H. pylori infection results in increased rates of cellular turnover (34, 178, 245,
284, 325), and elevated levels of MMP-7 have previously been demonstrated to augment

levels of proliferation and apoptosis (88, 206, 248, 364). Therefore, we next sought to
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Figure 29. MMP-7 deficiency augments neutrophil and T cell infiltration in
response to H. pylori infection. Immunohistochemical analysis for neutrophils (MPO)
and T cells (CD3) was performed on sections from mice infected for 36 weeks. Data are
shown as vertical scatterplots with mean values. Points represent the average number of
cells per high-power field for each mouse. +/+, Wild Type; -/-, mmp-7". *, p<0.05; **,
p<0.01; vs. wild type.
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Figure 30. H. pylori colonization density does not differ between wild type and
mmp-7" mice. Immunohistochemical analysis for H. pylori was performed on sections
from mice infected for 12 weeks and colonization density was scored on an ordinal scale
from 0 to 4. Colonization densities at both the mucosal surface (top panel) and within the
gastric lumen (bottom panel) did not differ between wild type and mmp-7"" mice for
either the antrum or corpus. Data are shown as vertical scatterplots with mean values.
+/+, Wild Type; /-, mmp-7".
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determine whether proliferation and apoptosis were increased in wild type mice infected
with H. pylori compared to infected mmp-7"" mice. Immunohistochemical analysis for
Ki67, a marker of actively dividing cells, and active caspase-3, a marker for cells
undergoing apoptosis, was performed on a subset of samples obtained from experiments
in which mice were infected with H. pylori for 12 or 36 weeks. For each sample, the
number of positive cells and the total number of cells were quantified in at least ten high-
powered fields. Of interest, mmp-7" mice exhibited significantly higher levels of
proliferation at both 12 (P=0.003) and 36 (P=0.0177) weeks post-infection (Figure 31).
In wild type mice, virtually all epithelial cells that stained positively for Ki67 were
located within the neck region of the gastric glands. In contrast, staining in mmp-7"" mice
extended bidirectionally from the isthmus. A similar trend was observed for apoptosis at
both 12 (P=0.0007) and 36 (P=0.0192) weeks (Figure 32). In contrast to proliferation,
apoptotic cells were present among superficial epithelial cells and were primarily
localized to the upper one third of the gastric foveolae. These results suggest that
increased levels of inflammation present in MMP-7-deficient mice may result in
enhanced rates of cellular turnover, likely influenced by paracrine signaling from

infiltrating immune cells (82, 86, 229, 296).

Discussion
MMP-7 is a host effector that is induced by H. pylori in epithelial cells within
infected gastric mucosa. Our experiments now demonstrate that, in a murine model of H.
pylori-mediated injury, inflammation is increased in the absence of MMP-7. MMP-7-

deficiency also leads to increased epithelial cell turnover within the gastric mucosa, and
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Figure 31. H. pylori challenge of mmp-7/' mice results in significantly increased
levels of proliferation compared to wild type mice. Representative images of anti-
Ki67 staining (top panels). The percentage of cells positive for Ki67, a marker of
proliferation, was calculated for 10 high-powered fields for each mouse. The average of
these 10 fields is represented by a single dot in the vertical scatterplot. +/+, Wild Type; -

/-, mmp-7". * p<0.05; ** p <0.01; versus wild type.
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Figure 32. H. pylori challenge of mmp-7 " mice results in significantly increased
levels of apoptosis compared to wild type mice. The percentage of cells positive for
active caspase-3, a marker of apoptosis, was calculated for 10 high-powered fields for
each mouse. The average of these 10 fields is represented by a single dot in the vertical
scatterplot. +/+, Wild Type; /-, mmp-7". *, p <0.05; ** p <0.01; versus wild type.
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is not dependent on MMP-7-mediated bacterial killing. Collectively, these studies
indicate that H. pylori-mediated induction of MMP-7 may serve to protect the gastric
mucosa from pathophysiological processes that promote carcinogenesis.

Numerous studies suggest that MMP-7 plays a role in carcinogenesis (1, 3, 5, 6,
69, 125, 267, 277, 330, 338, 353). As persistent inflammation induced by H. pylori
promotes the development of gastric adenocarcinoma, our results demonstrating that
levels of H. pylori-induced inflammation were increased within the stomachs of mmp-7"
mice when compared to wild type mice were somewhat unexpected. However, one
potential mechanism through which an augmentation of acute and chronic inflammation
observed in mmp-7" mice may occur is dysregulation of epithelial-derived
chemoattractant production. Gastric epithelial cells secrete IL-8, a lymphocyte- and
neutrophil-activating chemotactic cytokine, in response to H. pylori infection (33, 43, 62,
65, 89, 140, 260, 278), which establishes a haptotactic gradient towards the epithelial
surface. Li et al. have demonstrated that, in mouse model of acute lung injury, MMP-7
promotes a transepithelial gradient of KC, the murine functional homolog of human IL-8,
by ectodomain shedding of syndecan-1, a heparan sulfate proteoglycan found on
epithelial cell surfaces (172). KC associates with shed syndecan-1, establishing a
gradient that drives neutrophils toward the alveolar lumen. In mmp-7"" mice, neutrophils
exhibit an impaired ability to migrate from the interstitium into the alveolar luminal
compartment due to a lack of this gradient, trapping the neutrophils at the epithelial-
matrix interface. We speculate that H. pylori-infected mmp-7"" mice may similarly lack
the ability to establish proper chemoattractant gradients within the stomach, preventing

transepithelial migration of neutrophils and other immune cells into the lumen of gastric
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glands where they would normally respond to microbial infection. In turn, retention of
these immune cells in the interstitium may manifest as increased levels of inflammation.
Future studies will be required to definitively define the mechanisms underpinning these
observations.

H. pylori infection results in increased levels of cellular turnover within the
gastric epithelia through a number of mechanisms (229, 325), and both apoptosis and cell
proliferation are increased in precancerous lesions in the context of H. pylori infection
(38, 178, 245). Many functions of MMP-7 that have been described to date are thought
to promote apoptosis and proliferation (88, 206, 248, 330, 364). Our results, however,
indicate that both of these cellular phenotypes are augmented in H. pylori-infected mice
lacking MMP-7 when compared to wild type mice, in a manner that is directly related to
levels of H. pylori-induced inflammation. The importance of the microenvironment in
the regulation of apoptosis and proliferation is firmly established and can be influenced
by complex interactions between factors derived from both epithelial and non-epithelial
compartments (319). H. pylori infection induces an influx of a number of immune cells,
including neutrophils, that can augment cell damage via increases in oxidative stress,
leading to increased apoptosis (82, 212, 298). Therefore, in the context of chronic H.
pylori infection, recruitment of leukocytes into the gastric mucosa results in the activation
of signaling cascades that can activate apoptosis. In turn, epithelial cell loss reciprocally
stimulates the proliferative response of epithelial cell precursors, in order to compensate
for reduced cell mass. We speculate that, in mmp-7" mice, increased numbers of
infiltrating immune cells further augment this process, accounting for the differences

observed when compared to infected wild type mice.
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Infection with H. pylori is strongly associated with the development of gastric
adenocarcinoma, and both microbial and host factors influence the risk for
carcinogenesis. Interactions between H. pylori, epithelial cells, and other cells found
within the gastric microenvironment play an important role in the development of gastric
injury. MMP-7 is a multifunctional host protease that mediates a number of
pathophysiological processes associated with the promotion of tumor development. Our
results indicate that MMP-7 expression is increased by H. pylori and regulates levels of
inflammation and epithelial cell turnover. Molecular delineation of pathways activated
by host-microbial interactions will not only improve our understanding of H. pylori-
induced carcinogenesis and persistence, but may also provide mechanistic insights into

other malignancies that arise within the context of inflammatory states.
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CHAPTER 1V

CONCLUSION

Summary

The discovery of H. pylori within the stomach of its human host over 25 years ago
has been one of the most important findings within the field of cancer biology to date,
leading to H. pylori’s identification as an etiologic agent responsible for the development
of gastric adenocarcinoma and the award of the 2005 Nobel Prize for Medicine and
Physiology to Dr. Barry Marshall and Dr. Robin Warren. For centuries, the mysterious
cause of a variety of gastric ailments, including gastritis, ulceration, and cancer, remained
unknown. Physicians could treat the symptoms of gastric disease through the use of
bismuth compounds and, more recently, acid-reducing pharmaceutical agents such as
ranitidine, cemetidine, and proton pump inhibitors, but were unable to attack the
underlying cause, leaving their patients on treatment regimens for life. Marshall and
Warren’s discovery led to simple treatments involving triple-antibiotic therapy combined
with bismuth supplementation that have improved the quality of life for thousands
suffering from gastritis and ulceration. With gastric cancer being the second leading cause
of cancer-related death world-wide, eradication of H. pylori has already resulted in
reduction in rates of gastric cancer in most developed nations and will hopefully provide a
reduction in mortality rates worldwide as detection and treatment becomes more

widespread in developing countries.
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All people colonized by H. pylori develop some level of superficial gastritis, and
the chronicity of this inflammation is thought to lead to disease. The ubiquitous nature of
H. pylori-associated inflammation itself suggests that inflammation likely plays an
important role in the bacterium’s life cycle, possibly by disrupting glandular architecture
in order to promote nutrient release or provide access to particular compartments within
the cellular milieu, although, the advantage provided this pathogen by a
hyperinflammatory microenvironment remains unclear. It is clear, however, that the
survival mechanisms employed by H. pylori, facilitating its persistence within the gastric
niche and avoidance of detection by the immune system, trigger the dysregulation of a
number of host-cell signaling pathways, many of which play a role in the initiation and
promotion of malignant disease. Therefore, in addition to its importance in the field of
gastroenterology, the discovery of H. pylori as a causative agent of gastric cancer has
provided an exceptionally valuable model of inflammation-associated cancer that
continues to provide insight into other malignancies.

Transcriptional upregulation of host effector molecules is a common theme both in
the response to infection by pathogens and within transformed cells or tissues exhibiting
premalignant lesions. This dissertation work was designed to address the mechanism by
which H. pylori infection increases transcription of MMP-7 in human gastric epithelial
cells, with specific respect to both the bacterial side (i.e. virulence factors) and the host
side (i.e. signaling cascades and transcription factors). We also sought to determine the
functional role of MMP-7 subsequent to transcriptional upregulation as it relates to the
development of gastric disease through the use of a mouse model of experimental H.

pylori infection. At the time this project was undertaken, only three manuscripts had been
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published on the topic of H. pylori and MMP-7. Our group and others had demonstrated
that infection of gastric cell lines with H. pylori increased MMP-7 expression in a cag-
dependent manner, and patients colonized with H. pylori had elevated levels of MMP-7
expression when compared to uninfected patients (24, 68, 344). Further, a number of
cell-signaling molecules were implicated in this upregulation, including ERK1/2, RhoA,
and Rac, as well as at least two transcription factors, NF-xB and AP-1 (68, 344). Taken
together, these data suggested that a complex interplay of bacterial and host effector
molecules potentiates in increased expression of MMP-7, a molecule known to be
upregulated in a number of epithelial malignancies.

In Chapter II, the p120°"/Kaiso signaling axis was identified as a critical mediator
of H. pylori-associated MMP-7 induction. Previously, exogenous overexpression of
p120°™ was shown to result in translocation of p120°" to the nucleus and relief of
transcriptional repression of Wnt/f-catenin target genes by the host molecule, Kaiso (288).
However, a role for this signaling cascade in normal physiological processes had yet to be
described. We demonstrated that, in gastric epithelial cells, Kaiso binds the promoter
region of mmp-7 (Figure 16) and infection with H. pylori results in the release of Kaiso-
mediated repression of an artificial construct in a cag-dependent manner (Figure 21).
Furthermore, we demonstrated that H. pylori infection alters p120°" phosphorylation and
results in its translocation to the nucleus (Figures 19 & 20), and that p120°" is required
for H. pylori-mediated increases in mmp-7 expression (Figure 23), likely due to an
interaction with Kaiso (Figure 24). These data suggest a novel mechanism of
pathogenesis utilized by cag” H. pylori strains by which intracellular signaling pathways

involving p120°" are aberrantly activated, resulting in a release of Kaiso-mediated
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repression and increased transcription of the Wnt/B-catenin target gene, MMP-7 (Figure
33).

A role for MMP-7 in the promotion of tumorigenesis has clearly been established
in the literature. In Chapter III, we examined the role of H. pylori-induced increases in
MMP-7 expression in a mouse model of H. pylori-mediated gastric carcinogenesis. We
demonstrated that chronic infection of mmp-7"" C57BL/6 mice results in increased levels
of inflammation, including increased numbers of neutrophils, T cells, and B cells when
compared to wild type mice (Figures 26-28). As persistent inflammation induced by H.
pylori promotes the development of gastric adenocarcinoma, these results were somewhat
unexpected. We speculate that one mechanism through which inflammation is
augmented in mmp-7" mice is dysregulation of epithelial-derived chemoattractant
production. In addition, MMP-7 typically functions to enhance cellular turnover.
However, increased rates of proliferation and apoptosis were observed in mmp-7"" mice
when compared with wild type mice (Figures 31 & 32). Rates of cellular turnover are
influenced by complex interactions of factors derived from both epithelial and non-
epithelial compartments. In the context of chronic H. pylori infection, recruitment of
leukocytes into the gastric mucosa results in the activation of signaling cascades that
drive apoptosis. In turn, epithelial cell death stimulates the proliferative response of
epithelial cell precursors, in order to compensate for lost cells. We hypothesize that, in
mmp-7"" mice, increased numbers of infiltrating immune cells further augment this
process, accounting for the differences observed when compared with wild type mice.

Taken together, these data demonstrate that H. pylori dysregulates host cell-

signaling mechanisms leading to specific increases in transcription of mmp-7. Interaction
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H. pylori infection results in increased MMP-7 expression through

transcriptional regulation of mmp-7 via aberrant activation of p120°™. This is cag-
dependent, indicating a role for either a direct physical interaction between the type IV
secretion system and the host cell or injection of a yet unidentified bacterial effector
molecule. Aberrant activation of p120°™ may occur through alterations in phosphorylation
at specific residues, as H. pylori infection results in decreased levels of p120°" tyrosine

phosphorylation.
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of H. pylori with gastric epithelial cells leads to aberrant activation of p120°" in a cag-
dependent manner. Signaling to p120°", likely through alterations in phosphorylation,
induces alterations in its subcellular localization, including its translocation to the nucleus,
where it can interact with Kaiso to inhibit Kaiso-mediated transcriptional repression.
Increased mmp-7 transcription follows, resulting in increased MMP-7 protein expression
and secretion by gastric epithelial cells. In mice, infection with H. pylori results in focal
increases in MMP-7 protein expression, localized specifically to epithelial cells. Increased
levels of MMP-7 have a protective effect within the gastric epithelium, as infection of
mice deficient in MMP-7 results in enhanced levels of inflammation and cellular turnover
compared to wild type mice. Although MMP-7 plays a protective role in this
experimental model of H. pylori infection, MMP-7 is a multifunctional molecule that has
been demonstrated to enhance the progression of several epithelial-derived malignancies
other than gastric cancer, making it an ideal target for therapeutic intervention. Therefore,
it will be important to delineate more specific functional roles of MMP-7 within the
context of H. pylori infection in order to reveal how MMP-7 may serve to limit disease

progression in this and other models of gastric cancer.

Preliminary data and future directions
Kaiso binds the promoter region of several Wnt/p-catenin target genes implicated in
carcinogenesis.
Kaiso not only represses transcription of mmp-7, but is also known to bind the
promoter region of several other Wnt/pB-catenin target genes in a sequence-specific

manner, including PPAR-y, c-Myc, c-Fos, Cyclin DI (237, 288), all of which are activated
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by infection with H. pylori. Further, Kaiso can bind to methylated CpG nucleotides (73,
250), implicating it in the transcriptional regulation of a number of yet unidentified target
genes. Therefore, it will be important to identify other carcinogenesis-related genes that
are transcriptionally regulated via this H. pylori/p120°"/Kaiso signaling axis. Toni Nagy,
a doctoral candidate in this lab, has already identified at least three more genes that appear
to be regulated by this mechanism. She co-cultured MKN28 gastric epithelial cells that
had been stably transfected with either scrambled or p120“"-specifc siRNA with H. pylori
7.13 or medium alone, extracted total RNA, and subjected the RNA to real time RT-PCR
to measure steady-state levels of c-Myc or cyclin DImRNA. mRNA levels of both genes
were increased in infected scrambled control cells when compared to uninfected (Figure
34). However, increases were attenuated in pl120°" siRNA-transfected cells when
compared to scrambled controls, demonstrating that p120°" is required for H. pylori-
mediated transcriptional upregulation of these genes. In the future, RNA microarray
technology could be utilized in combination with these cell lines in order to identify a
panel of genes that are dependent on pl120°" for H. pylori-mediated transcriptional
upregulation. Once confirmed by real time RT-PCR, it would be important to determine if
the increased expression of candidate genes is dependent not only on p120°", but also on
Kaiso. This could be accomplished through experiments similar to those in Figure 24, in
which cells transfected with p120°"-specific siRNA alone or cotransfected with p120°"-
and Kaiso-specific siRNA are infected with H. pylori. Real time RT-PCR analysis could
confirm whether co-transfection restores H. pylori-mediated increases in steady-state
levels of mRNA corresponding to candidate genes compared to transfection of p120°"-

specific siRNA alone.
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Figure 34. H. pylori infection of MKN28 cells results in an increase in c-Myc and
cyclin DI steady-state mRNA levels in a p120“"-dependent manner. MKN28 cells
transfected with scrambled control siRNA (scrambled) or human p120“"-specific siRNA
(p120i) were co-cultured with the H. pylori cag” strain 7.13 (MOI=100) or medium alone
for 24 hours. RNA was extracted, subjected to reverse transcription, and analyzed in
triplicate by real time PCR. Data represent fold induction of mRNA in cells co-cultured
with H. pylori versus medium alone from experiments performed on at least 2 occasions.
Error bars, SEM.
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The function of p120°" is mediated by alterations in its phosphorylation state.

p120°" is phosphorylated at a number of sites, the majority of which have been
mapped to its regulatory domain, indicating a likely role in the regulation of p120°"
function. However, the consequences of phosphorylation at individual serine/threonine
and tyrosine residues have only recently begun to be investigated. Multiple ligand-
receptor pathways have been implicated in signaling to p120°" through phosphorylation
events, PKC and EGFR -dependent pathways (183, 345), both of which are activated by
H. pylori (147, 222). Our immunoblot analyses using a general anti-phospho-tyrosine
antibody demonstrated that H. pylori infection significantly decreases total tyrosine
phosphorylation of p120°", but we were unable to identify the specific residues which
might be involved (Figure 19). This observation, in combination with results indicating
H. pylori-mediated alterations in p120°" subcellular localization at corresponding time
points, supports a suggested role for dephosphorylation in dissociation of p120°" from E-
cadherin and the adherens junction complex (258), which may facilitate its nuclear
translocation. As more antibodies directed towards specific phosphorylated p120°"
residues become available, it will be important to test them in similar experiments to
identify other, as of yet uncharacterized, residues that represent targets for both
phosphorylation and dephosphorylation by H. pylori. In addition, the use of
pharmacological inhibitors directed towards signaling molecules activated by H. pylori,
such as Src, PKC, and EGFR, could be utilized to identify what upstream pathways may

be required for alterations in the phosphorylation state of p120°".
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Rho family GTPases are regulated by p120°".

Rho family GTPases are critical mediators of cytoskeletal dynamics and cell-cell
adhesion (11). Several groups have demonstrated that p120°" can inhibit RhoA (12, 220),
and activate Rac and Cdc42 (108, 220). Cytoplasmic p120“" promotes cell motility via
activation of Racl and Cdc42 resulting in actin polymerization and formation of
lamellipodia and filopodia at the leading edge of the cell. RhoA inhibition via p120°" can
also promote the reorganization of actin structures in the leading edge of cells and a
reduction in adhesion at the cell’s trailing end, essentially increasing contractility across
the cell body (217, 264). Taken together, these data suggest that coordinated regulation of
these Rho GTPases by p120“" could exert profound effects on cell motility and adhesion.
H. pylori infection of gastric epithelial cells in vitro leads to dramatic cell spreading and
increased cell motility, as evidenced by induction of the hummingbird phenotype in AGS
cells (Figure 6). The results described in Chapter II clearly demonstrate that H. pylori
induces alterations in the subcellular localization and phosphorylation state of p120°"
(Figures 17 & 20), likely leading to specific signaling events. Therefore, future studies
should be directed towards elucidating a role for p120°" regulation of Rho GTPases in H.
pylori-mediated alterations in cellular morphology and motility.

Rho GTPases also mediate signaling cascades, such as MAP kinase pathways and
NF-kB, that could extend the effects of p120°" to additional signaling events induced by
H. pylori (11). Wroblewski et al. demonstrated a requirement for RhoA and, to a lesser
extent, Rac in H. pylori-mediated induction of an artificial mmp-7 promoter construct
(344), suggesting that Rho GTPase signaling is required for increases in MMP-7

expression in response to H. pylori. Future studies should examine the role of p120°" in
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regulation of Rho GTPases in response to H. pylori. Cells transfected with scrambled or
p120°"-specific siRNA could be infected with H. pylori and then subjected to assays of
GTPase activation, such as the rhotekin pull-down assay, to ascertain whether p120°" is
required for activation fo Rho family GTPases. As suggested in Chapter I, it will also be
important to determine which specific molecules (i.e. RhoA, Rac, and Cdc42) fall within
the p120°" signaling cascade that leads to increased MMP-7 expression. In addition,
further study of this pathway may also reveal a requirement for p120°" and Rho GTPases
in the increased transcription of a number of other genes related to carcinogenesis.
Increases in mmp-7 expression mediated by H. pylori are dependent on activation of host
cell signaling pathways by specific bacterial virulence factors.

In Chapter II, we demonstrated that H. pylori-mediated induction of mmp-7 is
dependent on a functional cag pathogenicity island but not on cagA, as an H. pylori 7.13
cagE" isogenic mutant had an attenuated ability to increase steady-state levels of mmp-7
mRNA, while a cagA™ mutant induced increases similar to wild type bacteria (Figure 14).
Mmp-7 is considered a prototypical target gene of B-catenin. However, Dr. Aime Franco,
a previous graduate student in our lab, demonstrated that CagA is required for the
activation of f-catenin in AGS gastric epithelial cells (96). The disparity between these
results is apparent—how does an H. pylori cagA”™ isogenic mutant activate transcription of
mmp-7 if it does not activate B-catenin? One possibility is that CagA is not required for (3-
catenin activation in MKN28 cells. Transfection of a p-catenin-responsive luciferase
construct into these cells followed by infection with wild type and cagA™ strains of H.
pylori could be used to determine if the isogenic cag4™ mutant can activate [-catenin in

these cells. Another possibility is that other activators of transcription, such as the PEA3
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and AP-1 family of transcription factors, are sufficient to activate mmp-7 transcription
once Kaiso-mediated repression has been relieved. ChIP analysis could be used to
convincingly determine which transcription factors bind to the mmp-7 promoter in
response to H. pylori, including 3-catenin. Pharmacological inhibition or siRNA towards
individual transcription factors found to bind could then be utilized to discern the
contribution of each molecule to the total increase in mmp-7 mRNA.

There are a number of other bacterial virulence factors specific to H. pylori that
may be involved in the upregulation of mmp-7. We created isogenic mutants of two genes
in H. pylori 7.13: vacA and sit. Infection of gastric epithelial cells with the vac4™ mutant,
which lacks functional vacuolating cytotoxin, led to increases in mmp-7 steady-state
mRNA levels similar to that of wild type (Figure 35A). Infection with the s/# mutant,
which lacks soluble lytic transglycosylase, resulting in an approximate 75% (P<0.0001)
reduction in the amount of bacterial PG translocated into the host cell, showed an
approximately 75% reduction in mmp-7 expression when compared to wild type (Figure
35B), indicating that PG is required for upregulation of mmp-7. Intracellular bacterial PG
is recognized by Nodl, which in turn activates a signaling cascade that culminates in
activation NF-kB, a transcription factor required for H. pylori-mediated increases in mmp-
7 expression in AGS cells (344). To confirm the role of NF-kB in our system, we
transfected MKN28 gastric epithelial cells with dominant negative IkBa or dominant
negative IKKf, inhibitors of NF-kB activation, or sonicated salmon sperm DNA, and
infected them with H. pylori 7.13. H. pylori-mediated increases in mmp-7 expression
were significantly attenuated in cells transfected with either of the dominant negative

constructs compared to cells transfected with salmon sperm DNA (Figure 36), confirming
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Figure 35. H. pylori-induced increases in mmp-7 steady-state mRNA levels are
dependent on slt, but not vacA. MKN28 cells were co-cultured with the H. pylori cag”
strain 7.13 (MOI=100) or medium alone. At specified time points, RNA was extracted,
subjected to reverse transcription, and analyzed in triplicate by real time PCR. Data
represent fold induction of mRNA in cells co-cultured with H. pylori versus medium alone
from experiments performed on at least 3 occasions. A) The H. pylori vacA™ mutant
induces mmp-7 expression to the same levels as wild type. B) At 8 hours post-infection,
the H. pylori slt mutant’s induction of mmp-7 is attenuated compared to wild type. Error
bars, SEM. *** p <0.001 vs. wild type.
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Figure 36. H. pylori-induced increases in mmp-7 steady-state mRNA levels are
dependent on NF-xB. (A) MKN28 gastric epithelial cells were cotransfected with an
NF-kB responsive luciferase reporter, Renilla luciferase construct (control for transfection
efficiency) and either sonicated salmon sperm DNA (SS), a dominant negative IxBa
construct (dnlkBa), or a dominant negative IKKf construct (dnIKKf) using Fugene 6
(Roche, Indianapolis, IN) according to the manufacturer’s instructions. Cells were co-
cultured with H. pylori 7.13 (MOI=100) or medium alone. Twenty-four hours post-
infection, cell lysates were analyzed for relative luciferase assay, confirming that the
dominant negative constructs significantly attenuated NF-kB activity. (B) MKN28 gastric
epithelial cells were transfected with either SS, dnlkBo, or dnlKKf construct using
Fugene 6. Cells were co-cultured with H. pylori 7.13 (MOI=100) or medium alone. Eight
hours post-infection, RNA was extracted, subjected to reverse transcription, and analyzed
in triplicate by real time PCR. Data represent fold induction of mRNA in cells co-cultured

with H. pylori versus medium alone from experiments performed on at least 3 occasions.
Error bars, SEM. *** p <0.001 vs. uninfected. ###, p <0.001 vs. SS.
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the requirement for functional NF-xB in H. pylori-induced mmp-7 expression in MKN28
gastric epithelial cells.

Taken together, these data indicate that PG and NF-kB, a bacterial molecule and
host effector linked indirectly through a signaling pathway involving Nod1 and the kinase
RICK (134), are required for H. pylori-mediated increases in mmp-7 expression. A role
for Nod1 in the activation of NF-kB specifically in response to H. pylori PG has only been
demonstrated for an artificial NF-kB-responsive luciferase construct in HEK293 cells
expressing exogenous Nod1 (321). Therefore, the physiologic role of Nodl and RICK in
the recognition of PG as intermediaries in NF-kB and activation and subsequent mmp-7
transcription must to be defined in a gastric epithelial cell system. siRNA or dominant
negative constructs directed towards Nodl and RICK could be utilized prior to infection
with H. pylori to determine the requirement of these molecules for NF-kB activation and

increased mmp-7 expression.

MMP-7 regulates turnover of glandular epithelial cells.

Hyperproliferation induced by H. pylori can promote tumorigenesis. MMP-7
increases cellular proliferation by cleaving pro-HB-EGF to yield mature HB-EGF.
Soluble HB-EGF can bind ErbB4 EGF receptor leading to activation and stimulation of
cellular proliferation (364), a receptor that we have previously demonstrated to be
activated by H. pylori in a metalloproteinase-dependent manner (147). Although
proliferation was increased in mmp-7"" mice when compared to wild type mice in our
experimental animal model of H. pylori infection (Figure 31), we attribute this more to

paracrine signaling by increased numbers of inflammatory cells in the mmp-7" mice than
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lack of MMP-7, as the presence of functional MMP-7 typically enhances proliferation in
vitro (112, 213). Further, infection of MKN28 cells stably transfected with scrambled
control siRNA led to significantly increased doubling times when grown in 3D culture
compared to uninfected cells or infected cells stably transfected with mmp-7-specific
siRNA (Figure 37), suggesting that H. pylori-mediated increases in MMP-7 expression
also contribute to hyperproliferation in vitro. Additional work should include a
determination of the molecules activated by MMP-7 that lead to increased proliferation in
vitro, and, taken together, the data above indicate that HB-EGF is the most likely
candidate. To determine whether HB-EGF activates ErbB4 in response to H. pylori, cells
could be pre-treated with neutralizing antibodies targeted towards HB-EGF, infected with
H. pylori, and the phosphorylation state of the ErbB4 receptor analyzed by
immunoprecipitation and immunoblot with a phospho-tyrosine antibody. To determine if
MMP-7 plays a role in activation of ErbB4 in response to H. pylori, a similar experiment
could be performed in which cells stably transfected with control scrambled siRNA or
mmp-7-specific siRNA could be infected with H. pylori and the phosphorylation state of
the ErbB4 receptor analyzed. It will also be important to utilize residue-specific anti-
phospho antibodies to determine which residues of ErbB4 are involved in the cell
signaling response.
H. pylori infection leads to significantly enhanced levels of inflammation in mmp-7"" mice
when compared to wild type mice.

As increased expression of MMP-7 typically correlates with enhanced
carcinogenesis (1, 5, 6, 121, 125, 194, 277, 338, 353), we anticipated that mmp-7/' mice

would exhibit lower levels of H. pylori-induced inflammation, the precursor to the
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Figure 37. H. pylori infection of wild type MKN28 cells stably led to significantly
increased doubling times when grown in 3D culture compared to MMP-7-deficient
MKN28 cells or uninfected cells. (A) MKN28 cells were stably transfected with either a
scrambled control siRNA construct (Scrambled) or a human mmp-7-specific siRNA
construct (MMP-71; kindly provided by Dr. Howard Crawford, SUNY-Stoneybrook) as
described in Chapter II. To confirm successful knock down of mmp-7 expression, RNA
was extracted, subjected to reverse transcription, and analyzed in triplicate by real time
PCR. Data represent percent mmp-7 mRNA expression. (B) Cell proliferation assays in
three dimensions were carried out as described in Lynch et al (177). Briefly, 2 x 10* cells
were plated into 48-well plates that were coated with 100 ul of a basement membrane
matrix (Matrigel, BD Biosciences) and 100 ul. Cells were co-cultured with H. pylori 7.13
(MOI=100) or medium alone beginning 2 days after plating. Cells were retrieved from
the three-dimensional matrix by treating with dispase (BD Biosciences), and viable cells
were counted using a trypan blue exclusion assay. Data represent the number of cells per
well from experiments performed in duplicate on at least 3 occasions. -, Medium Alone. +,
H. pylori 7.13. *, p <0.05 vs. MMP-7i or uninfected cells.
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development of gastric cancer. Unexpectedly, infection of mmp-7" mice resulted in
significantly higher levels of inflammation when compared to wild type mice (Figure 26
& 27). Increased expression of MMP-7 is also thought to result in increased rates of
cellular turnover (88, 206, 248, 330, 364). However, we found that infection of mmp- 7"
mice resulted in significantly higher levels of proliferation and apoptosis when compared
to wild type mice (Figures 31 & 32). Taken together, these results indicate that levels of
inflammation in these mice correspond to levels of proliferation and apoptosis, suggesting
that one may influence the other. Only one study in the literature has demonstrated
enhanced inflammation and disease in animals deficient in MMP-7 relative to wild type
animals. Li et al. showed that, in mouse model of acute lung injury, MMP-7 generates a
transepithelial gradient of KC by ectodomain shedding of syndecan-1 (172). KC
associates with shed syndecan-1, providing a chemotactic gradient that drives neutrophils
toward the alveolar lumen. As a consequence of mmp-7 deficiency, neutrophils exhibited
an impaired ability to advance from the interstitium into the alveolar luminal compartment
due to a lack of this gradient. We suggest that H. pylori-infected mmp-7"" mice may lack
the ability to produce proper chemoattractant gradients, preventing transepithelial
migration of neutrophils and other immune cells into the lumen of gastric glands where
they would normally respond to microbial infection. In turn, retention of these immune
cells in the interstitium manifests itself as increased levels of inflammation.

Future experiments should be designed to address whether MMP-7 regulates the
activity of an epithelial-derived neutrophil chemotactic factor within the gastric mucosa.
As H. pylori infection induces significantly increased levels of IL-8 (33, 43, 62, 65, 89,

140, 260, 278), KC, the same murine functional homolog of IL-8 found to be important
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in the bleomycin-induced lung injury model, may also be important in the stomach. Wild
type and mmp-7"" mice could be challenged with H. pylori, sacrificed, and protein
levels of KC could be measured in sera, gastric mucosal scrapings, and gastric tissue
homogenates. If KC does play a role in neutrophil egress, serum levels of KC should be
similar between wild type and mmp-7" mice. However, levels in tissue homogenates
would be expected to be higher in mmp-7"" mice compared with wild type, as KC would
not track along its gradient nor be taken up by advancing neutrophils, leading to its
accumulation. Levels in mucosal scrapings may be higher in wild type mice with KC
being driven towards the glandular compartments and translocating into the gastric
lumen.

Li et al. used several key pieces of information to determine that syndecan-1 is
the molecule responsible for correct distribution and effective chemoattraction by KC,
including the fact that IL-8 must be associated with heparan sulfate to have neutrophil
chemotactic activity (332) and to bind to its receptor, CXCR2 (127), and that syndecan
proteoglycans, a source of heparan sulfate on the cell surface, are shed in response to
inflammation by a metalloproteinase (27, 90). Mammals express four different
syndecans, type I transmembrane proteoglycans found on most all adherent cells (238).
Although syndecan-1 is important for neutrophil efflux in the lungs, expression of all four
syndecans in H. pylori-infected gastric tissue from wild type and mmp-7"" mice should be
examined by immunohistochemistry. If one of these molecules associates with KC to
form a chemotactic gradient, expression will likely be reduced or absent in gastric glands
from wild type mice when compared to mmp-7"" mice due to clearance upon endocytosis

by infiltrating neutrophils and localization to the glandular lumen. Further, KC could be
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immunoprecipitated from mucosal scrapings followed by immunoblot for each syndecan
to determine if shed syndecans are able to associate with KC in wild type mice but not in
mmp-7"" mice.

It is possible that expression of a number of other pro-inflammatory chemokines,
such as macrophage-inflammatory protein (MIP) -2 (223, 224, 273), IL-1p (94, 151, 161,
366), TNF-a (151, 157, 161, 170, 305), known to be upregulated in response to H. pylori,
may be dysregulated in mmp-7"" mice. These molecules may include not only those that
influence neutrophil efflux, but also those that regulate infiltration by T and B cells. In
addition, it is possible that MMP-7 may function in the activation of anti-inflammatory
chemokines, such as IL-10 and IL-4, which are known to antagonize immune cell tissue
infiltration. Dysregulation of such anti-inflammatory signals could account for the
increased levels of inflammation in mmp-7 mice compared to wild type mice.
Therefore, expression of a number of chemokines should be examined in H. pylori-
challenged wild type and mmp-7"" mice. Ultimately, MMP-7 may function directly in the
regulation of chemokine expression or indirectly through mechanisms that facilitate the
formation of chemotactic gradients similar to that seen with KC and syndecan-1.

It is also possible that the pattern of H. pylori-induced inflammation may be very
different in an acute model of experimental infection as compared to our chronic
infection model. Increased levels of MMP-7 may result in increased proliferation and
apoptosis at these early time points in wild type mice when compared with mmp-7"" mice,
similar to the increased proliferation observed in vitro (Figure 37). Because these effects
are exerted prior to chronic infiltration of immune cells into the gastric mucosa, they may

not be observed in infections lasting 12 weeks or longer. Experiments are currently
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underway to infect wild type and mmp-7"" mice for only 24 and 48 hours. We will again
compare patterns of inflammation and rates of apoptosis and proliferation between wild
type and mmp-7"" mice at these early time points.

Although the experiments in Chapter III have shed some light on the role of
MMP-7 in H. pylori-induced inflammation in vivo, the requirement for infections lasting
over a year in order to induce carcinoma makes it difficult to asses the role of MMP-7 in
carcinogenesis in this system. INS-GAS mice develop hypergastrinemia due to increased
serum gastrin levels that exhibits a synergistic effect with H. pylori infection leading to a
uniformly developed atrophy, intestinal metaplasia, and dysplasia by 6 weeks and
carcinoma by 24 weeks post-infection in male mice (92, 94). To define the role of MMP-
7 in an in vivo model of H. pylori-induced cancer, we are in the process of backcrossing
C57/BL6 mmp-7"" mice onto the FVB/N INS-GAS background. Once crossed onto this
background, the INS-GAS mmp-7"" mice will be infected with the carcinogenic H. pylori
strain 7.13 and monitored for the development of premalignant lesions as well as gastric
cancer. According to the data from C57BL/6 mice, we expect that, in the absence of
mmp-7", the development of gastric cancer would be enhanced, as inflammation is a key
mediator of H. pylori-induced cancer. However, it is possible that MMP-7 may function
directly in yet undefined signaling pathways that promote carcinogenesis, outweighing
the parcrine influence of increased infiltration by immune cells. The results of these
experiments will add to our understanding of the function of MMP-7 in vivo, possibly

demonstrating a protective role for MMP-7 that has yet to be described.
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Final Remarks

The discovery of H. pylori and its subsequent identification as an etiologic agent in
the development of gastric disease has resulted in a paradigm shift in the way that
physicians think about and treat gastric ailments. Prior to Marshall and Warren’s
presentation of their discovery to the medical community, gastroenterologists sought to
treat the symptoms of disease, unknowingly allowing the underlying cause to persist.
Upon widespread acceptance of their findings, progress in the field of H. pylori
pathogenesis was rapid and far-reaching, leading to the development of antibiotic
therapies that could simply and effectively cure painful gastritis and ulceration through the
eradication of H. pylori. Furthermore, when viewed in the context of Dr. Pelayo Correa’s
established model of the histopathologic progression of gastric disease to gastric cancer
(Figure 4), scientists soon began to direct their attention towards the role of H. pylori in
the development of gastric adenocarcinoma. Resulting discoveries have had extensive
impact in the field of cancer biology and produced new models of inflammation as an
inducer and promoter of carcinogenesis.

Although over half of the world’s population is infected with H. pylori, only a
fraction of colonized persons ever develop neoplasia, and enhanced cancer risk is related
to strain-specific differences, aberrant host responses, and/or specific interactions between
microbial and host determinants—a theme repeated time and time again throughout the
literature. The work described in Chapter II has identified a host cell-signaling pathway,
the p120°"/Kaiso axis, that is co-opted by H. pylori during the course of infection.

Aberrant activation of this signaling pathway is dependent on specific microbial factors
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(i.e. a functional cag pathogenicity island) and leads to increased transcription of mmp-7, a
select target gene of Wnt/B-catenin signaling. p120°" is a multidimensional protein that
performs several distinct functions within host cells related to cell-cell adhesion,
morphology, motility, and gene transcription. Molecular delineation of signaling
pathways and gene transcription regulated by H. pylori-mediated p120°" signaling will not
only improve our understanding of H. pylori-induced carcinogenesis, but may also provide
mechanistic insights into other malignancies that arise within the context of inflammatory
states.

Extensive literature exists describing the role of the matrix metalloproteinases in
host cells. Yet, when it comes to determining the full range of their myriad functions, we
have only begun to scratch the surface. The development of research tools allowing
analysis of the specific roles of individual members of the MMP family, such as
pharmacologic inhibitors and fluorescent signaling beacons, will likely bear out numerous
unidentified functions of individual MMPs and, in doing so, reshape our over-arching
view of MMP function within the context of disease. Although MMP-7 function was
initially associated with normal physiologic processes such as wound healing and repair,
the majority of recent research has focused on the role of MMP-7 in the promotion of
carcinogenesis. However, the work described in Chapter III suggests a novel role for
MMP-7 in protection from inflammation-induced disease, emphasizing the importance of
the dichotomous nature of MMP-7 function in determining disease outcome. The success
of future research into this molecule’s role in carcinogenesis necessitates an investigation
of both its numerous beneficial and adverse functions, as well as how the balance among

them becomes dysregulated, resulting in the development of disease.
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The pathogenesis of H. pylori infection is a dynamic process influenced by the
bacterium, the host, and interactions between the two over the host’s lifetime. Effective
prevention of gastric cancer will require not only the development of new methods of
therapeutic intervention, but also the ability to determine which patients are truly at risk
for cancer development and for whom treatment will be an effective course of action.
This can only be accomplished through relentless pursuit of experimental data that serves
to refine our overview of the processes underlying H. pylori pathogenesis. The work
described in this dissertation provides important additions to the contextual framework

surrounding the mechanisms regulating H. pylori-mediated development of gastric cancer.
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