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“And now here is my secret, a very simple secret:
It is only with the heart that one can see rightly;
what is essential is invisible to the eye.”
Antoine de Saint-Exupéry, The Little Prince
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SUMMARY

Helicobacter pylori is a gram-negative bacterium that colonises the human gastric
epithelium, and is the major etiological factor of gastric carcinoma. Several
signalling pathways involved in carcinogenesis are triggered by H. pylori infection,
leading to up-regulation of several matrix metalloproteinases (MMPs).

MMPs are zinc-dependent enzymes that regulate physiological as well as disease
processes including inflammation and cancer.

Several MMPs are up-regulated in the context of H. pylori infection. One of the less
explored MMPs, MMP-10, was found to be up-regulated by H. pylori in a whole
genome cDNA microarray performed by our Group. In addition, MMP-10 was found
to be overexpressed on epithelial derived cancers.

Studies have shown that the expression of MMPs may be regulated by transcription
factors of the ETS family, namely ETS-1. Interestingly, data from our Group has
shown that ETS-1 was also up-regulated by H. pylori.

Adding to that, data from the literature together with data from our Group has
shown that receptor tyrosine kynases such as EGFR may be involved in modulating
both ETS-1 and MMP-10 expression.

Since the mechanisms underlying MMP-10 activation in the context of H. pylori
infection are still poorly understood, and several ETS transcription factors are
known to be involved on the modulation of MMPs, the aim of this thesis is to
evaluate the role played by ETS-1 transcription factor on the modulation of H.
pylori-induced MMP-10 expression in gastric epithelial cells.

To accomplish that aim, this study started with the validation of previous results
obtained by our Group by quantitative real-time PCR and western blot. The
involvement of the ETS-1 on the modulation of MMP-10 expression by H. pylori
was evaluated through siRNA gene silencing experiments and luciferase gene
reporter assays, with three MMP-10 promoter deletion constructs.

The role of EGFR on the modulation of ETS-1 and MMP-10 expression was
evaluated by the abrogation of EGFR with a specific pharmacological inhibitor.
Results showed that H. pylori infection increased mRNA and protein expression of
both MMP-10 and ETS-1.

Results also showed that ETS-1 was involved in H. pylori-mediated MMP-10

expression and protein secretion.



Inhibition of EGFR signalling pathway resulted in a significant decrease in ETS-1
MRNA and protein expression, as well as a decrease in MMP-10 mRNA and protein
secretion.

Taken together, these results suggest that the up-regulation of MMP-10
expression by H. pylori is mediated by the ETS-1 transcription factor, in an EGFR

dependent manner.



RESUMO

A bactéria gram-negativa H. pylori coloniza o epitélio gastrico, sendo um dos
fatores etioldgicos mais bem estabelecidos do carcinoma gastrico. A infecao por
esta bactéria é responsavel pela ativacao de varias vias de sinalizacdao envolvidas
no processo de carcinogénese. Uma vez ativadas, estas vias promovem a inducdo
da expressdo de varias metaloproteinases (MMPs) da matriz extracelular.

As MMPs sdo enzimas dependentes de zinco que regulam varios processos
fisiologicos bem como processos associados a doenca, nomeadamente inflamacao
e cancro.

Varias MMPs encontram-se sobre-expressas apos infecao por H. pylori. Um array
de expressao realizado pelo nosso Grupo, mostrou que a MMP-10, uma das menos
estudadas MMPs, se encontrava sobre-expressa apos infecdo por H. pylori.
Adicionalmente, outros estudos reportaram a sobre-expressao da MMP-10 em
modelos de cancro com origem epitelial.

Varios estudos mostraram que a expressao das MMPs pode ser regulada por
fatores de transcricdo da familia ETS, nomeadamente o ETS-1. Curiosamente,
dados do nosso Grupo demonstraram que o ETS-1 também se encontra sobre-
expresso na presenca de H. pylori.

Paralelamente, dados na literatura e do nosso Grupo revelaram que recetores de
tirosina cinase, tais como o EGFR, podem estar envolvidos na modulacao da
expressao do ETS-1 bem como da MMP-10.

Uma vez que os mecanismos que levam a promocdo da ativacao da MMP-10 no
contexto de infecdo por H. pylori ainda ndo se encontram totalmente descritos, o
objetivo desta tese é avaliar o papel do fator de transcricdo ETS-1 na modulacao
da expressdao da MMP-10 induzida por H. pylori em células epiteliais gastricas.
Este estudo teve inicio na validacdo de resultados previamente obtidos pelo nosso
Grupo, por PCR quantitativo e western blot. O estudo do envolvimento do ETS-1
na modulacdao da expressao da MMP-10, induzida por H. pylori, recorreu a
experiéncias de silenciamento do ETS-1 através de um siRNA dirigido a este gene,
e a ensaios de luciferase, nos quais se utilizaram trés construtos compostos por
diferentes regides truncadas do promotor da MMP-10.

O papel da ativacdo do EGFR na modulacdo da expressdo do ETS-1 e da MMP-10

foi estudado tendo-se recorrido a inibicdo do EGFR por um inibidor farmacoldgico.

\



Os resultados mostraram que a infecao por H. pylori induziu um aumento na
expressao de mRNA e proteina, tanto para o ETS-1 como para a MMP-10.

Os resultados demonstraram também que o ETS-1 esta envolvido na modulagao
da expressdo e secrecao proteica da MMP-10 mediada por H. pylori.

A inibicdo da via de sinalizacdo ativada pelo EGFR resultou na diminuicao
significativa da expressao do ETS-1, tanto em termos de mRNA como de proteina,
bem como na diminuicao da expressao dos niveis de mRNA e secrecdo proteica de
MMP-10.

Tendo em conta os resultados obtidos, podemos concluir que a modulacdao da
expressdo da MMP-10 induzida apds infecdo por H. pylori, é mediada pelo ETS-1

através da ativacdo da via de sinalizagao do EGFR.
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sites on the MMP-10 promoter region, leading to an increase in MMP-10 expression and secreted
protein. Grey colour represents previous results obtained by our Group and in the literature (110,
117, 145, 146).Yellow and blue colours represent the obtained results in this thesis; the boxes
(yellow and blue) represent mRNA levels and the circles (yellow and blue) represent ETS-1 and
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1. Helicobacter pyloriinfection

Helicobacter pylori (H. pylori) are a spiral-shaped gram-negative bacteria that
selectively colonises the human’s gastric epithelium. These microaerophilic
bacteria were first isolated in 1983 by Marshall and Warren in the luminal surface
of the gastric epithelium of patients with chronic gastritis (1).

Present in nearly half the world’s population, H. pylori is thought to have co-
evolved with humans for thousands of years, with genetic studies pointing out that
humans have been colonised by these bacteria for at least 58,000 years (2, 3). The
infection occurs in childhood via several routes, such as fecal-oral, gastro-oral and
oral-oral routes, and persists throughout life, causing disease mainly in adults if
not treated (2, 4, 5). H. pylori strains are extremely diverse among different
individuals but one single individual might be colonised by different H. pylori
strains. Moreover, within a single host, variants from those strains can also be
observed (6-8). The bacteria successful persistence in this niche is now attributed
to strategies viewed as essential, such as DNA and protein repair pathways,
combined with other factors, namely bacteria genetic diversity and attenuation of
chemical radical production by the host cells (5). Within the gastric mucosa, H.
pylori can be found within the mucus layer or attached to the epithelial cell surface
(9-11). It has also been observed that H. pylori can be present in intercellular
spaces located below the tight junctions (12). Although the majority of infected
individuals remain asymptomatic throughout their lives, all develop chronic gastric
inflammation (13), and, in some cases, the infection might lead to more severe
diseases (14). The colonisation and persistence of H. pylori in the gastric mucosa
causes acute and latter chronic inflammation whose severity and pathological
consequences are determined by a combination of bacterial virulence, host genetic
and environmental factors (15, 16).

1.1. H. pylorivirulence factors

In order to overcome the acidic conditions of the gastric lumen and to successfully
colonise the gastric mucosa, H. pylori produces urease that hydrolyses urea into
ammonia and carbon dioxide, raising the gastric pH. Besides this, it has also been
observed that ammonia is capable of causing different cell alterations and might
also help in the recruitment of neutrophils and monocytes in the mucosa and in

the production of proinflamatory cytokines (17, 18).
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Other virulence factors are the adhesins BabA and SabA, and outer membrane
inflammatory protein (OipA), involved in the adherence of H. pylori to the gastric
mucosa and in the induction of host inflammatory response (Figure 1) (19).
Another important factor for successful colonisation of H. pylori is the presence of
polar flagella, which confers motility capacity to penetrate through the mucus layer.
Added to this, by hydrolising urea, H. pylori is able to reduce the viscoelasticity of
the mucus layer, which facilitates its motility (20).

Apart from those described above, the pathogenicity island (cag PAl), the cytotoxin
associated protein (CagA) and the vaculating cytotoxin (VacA) are three of the most
well studied H. pylori virulence factors.

VacA is a multimeric high-molecular weight secreted toxin that is associated with
increased peptic ulcer and gastric cancer risk (21). This protein was initially
identified on the basis of its ability to induce vacuolation in culture epithelial cells
(22) and is encoded by a chromosomal gene, present in all H. pylori strains, named
vacA. Aside from that, this pore-forming cytotoxin is capable of inducing multiple
cellular activities such as the induction of membrane channel formation,
cytochrome c release from mitochondria, binding to cell-membrane receptors and
activating a proinflammatory response, leakaging of ions and small molecules by
disruption of intercellular junctions, inhibition of T-cell activation and proliferation
(19, 23-27).

Despite being present in all strains, there is a marked genetic diversity within the
vacA gene. This diversity is attributed to variations in vacA gene structures within
the signal (s) region, the middle (m) region and the intermediate (i) region, which
is located between the s and m regions, and each region is stratified into two allelic
types (21, 28). The combination vacA s1/i1/m1l allele is strongly related to peptic
ulcer disease and gastric carcinoma (15, 28, 29).

The cag PAl is a 40-Kb DNA region that comprises between 27 and 30 genes, some
of them being involved in the synthesis of functional components of a type IV
secretion system (T4SS). This H. pylori virulence determinant is present in
approximately 60-70% of the H. pylori strains in Western countries and in
aproximately 100% of the East-Asian H. pylori strains (30, 31). H. pylori strains that
harbour this cag island increase the risk of severe gastritis, atrophic gastritis and
gastric cancer compared with strains that lack the cag PAl (31-33). The T4SS
system is a needle-like structure, induced by host cell contact, that allows the
delivery of effector molecules into the host cells (34). So far, only two bacterial
products have been reported to be delivered through the T4SS system: the CagA
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and peptidoglycan components (35). The later are recognised by the
intracytoplasmic pathogen-recognition NOD1 which leads to the activation of the
NF-kB pathway, production of IL-8 and type | interferon (IFN), activation of Pi3K
and cell migration (36-38) .

Upon delivery into the gastric epithelial cells, CagA localises close to the plasma
membrane and undergoes tyrosine phosphorylation by c-Src and c-Abl kinases at
EPIYA (Glu-Pro-lle-Tyr-Ala) motifs (39-43). Thyrosine-phosphorylated CagA can
interact with several host molecules such as tyrosine phosphatase SHP-2, Csk,
Grb2, Crk, PI3K, Shp-1, Ras-GAP1 and Grb7, which lead to the induction of actin-
cytoskeleton rearrangements (“hummingbird phenotype”), cell proliferation and
motility (41-46). Non-phosphorylated CagA can also exert effects in the host cells
by interaction with c-Met, E-cadherin, PICy, Grb2 and PAR1b, leading to the
disruption of cell-cell junctions, loss of cell polarity, and pro-inflammatory and
mitogenic responses(47-50) .

Recent reports have shown that non-phosphorylated CagA can counter-regulate
the effects of the VacA toxin on the host cells (51, 52).

Stomach lumen (pH 1-2)

\4. pylori

* Flagella Mucous layer
Low * Chemotaxis

* Urease
« Helical shape

pH ﬁﬂ,
radient
J — @VacA

BabA, SabA and H
other adhesins Sess e
Neutral ﬁ
av
a5
\ / BS BIJ-
{S j Gastrin (H"+K")ATPase
\b Polarity disruption HCUVILY;
Fe* release Cell extrusion * Hypergastrinaemia
Gastric epithelial cell * Hypochlorhydria

Figure 1. Overview of H. pylori virulence factors-induced host cell alterations. Adapted with

permission from Macmillan Publishers Ltd: Nature Reviews in Microbiology (5), © 201 3.
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1.2. Clinical outcomes of H. pyloriinfection

The clinical outcome of H. pyloriinfection is widely variable. All infected individuals
develop an inflammatory response to the bacteria that results in the establishment
of chronic gastritis, which remains asymptomatic in the majority of infected
individuals (53, 54). The persistent infection can lead to an increased risk of
developing more severe diseases such as peptic ulcer disease, gastric mucosal-
associated lymphoid tissue (MALT) lymphoma, or gastric cancer (55).

1.2.1. H. pylori and gastric cancer

Gastric cancer is considered the fifth most common cancer worldwide, with almost
one million new cases diagnosed each year (56). Despite being a multifactorial
disease, the infection with H. pyloriis considered the strongest risk factor for this
malignancy. As a result, the International Agency for Research on Cancer (IARC)
has classified this bacteria as a type | carcinogen (57).

H. pylori has been associated with two distinct histological variants of gastric
cancer, each having distinct pathological and epidemiological features: intestinal-
type and diffuse-type gastric cancer (58). The latter, consists of individually
infiltrating neoplastic cells that do not form glandular structures (16), whereas the
intestinal-type follows through well-defined histological steps that starts with
chronic gastric inflammation induced by H. pylori, which can lead to atrophic
gastritis, intestinal metaplasia, dysplasia, and finally gastric cancer (16, 58).
Throughout the years, studies on animal models and in humans have been
conducted to provide evidence of the role played by H. pylori infection in the
promotion of gastric carcinoma (59-61). To reinforce this correlation, randomised
prospective studies have shown that eradication of H. pylori significantly reduced
the presence of premalignant lesions in the gastric mucosa, demonstrating its
involvement in the early stages of gastric carcinogenesis (61, 62).

Although present in the stomach of, at least, half the world’s population, only a
very small group of carriers might develop gastric carcinoma. The genetic diversity
among H. pylori strains and the bacterial virulence factors play a vital role in
determining the infection outcome, combined with host responses enhanced by
dietary and environmental risk factors. Host genetic polymorphisms that enhance
the expression of IL-1B or TNF-a have been found to confer an increased risk of

developing atrophy, hypochlorhydria and gastric cancer (63-65). Regarding
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environmental factors, tobacco (66), high dietary salt consumption (67), and
consumption of processed meat (68) are associated with an increased risk for
development of gastric cancer. H. pylori strains that contain the vacA alleles
s1/il/m1l are associated with an increased risk for gastric epithelial injury and
gastric cancer (15, 21, 23, 29). Similarly, patients infected with cag PAIl positive
strains have higher risk for developing gastric cancer compared to those patientes
infected with strains that lack the cag island (55).

Several studies had tried to clarify the association between H. pylori infection and
the increased risk of developing gastric carcinoma. However, the molecular
mechanisms through which gastric carcinoma arises are still not clearly
understood. It has been observed that H. pylori, when in close contact with gastric
epithelial cells, is able to disturb cell molecular pathways and, due to inflammation,
inducing mutations in the host genome that might not be repaired and, therefore
enhance the risk for disease progression (64, 65, 69-71).

2. Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are a large family of zinc-dependent enzymes
that share a common structure, most of them containing four distinct functional
domains: signal peptide, propeptide, catalytic domain and hemopexin-like
domain. The catalytic domain, as well as the propeptide are highly homologous
between all MMPs, being the first one responsible for the proteolytic activity (72).
Apart from being involved in the degradation of extracellular matrix (ECM)
components, these enzymes are also involved in other functions, such as regulation
of apoptosis, regulation of cell growth, alteration of cell motility, among others
(73). MMPs are divided into four subfamilies: collagenases, stomelysins,
gelatinases, and membrane-type MMPs, depending on the substrate specificity and
their structure (74).

In general, the majority of MMPs are secreted in an inactive form (zymogen) and
are later activated in the extracellular space. MMPs contain a highly conserved
cysteine residue in the propeptide that has the ability to interact with the Zn 2* ion
present in the catalytic domain. This covalent interaction between the Zn ** ion and
the cysteine residue retains these enzymes in the latent, catalytically inactive state.
Whenever this bond is disrupted, physically or chemically, the pro-enzyme
becomes activated, in a process hamed “cysteine switch” (74).
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The activity of MMPs is tightly regulated at the transcription level,
compartmentalization, pro-enzyme activation or inactivation and by their natural
inhibitors TIMPs (Tissue Inhibitor of Metalloproteinases) (75).

2.1. MMPs in cancer

MMPs have been implicated in cancer for more than 40 years. Although originally
associated with tumour invasion and metastasis due to the role played in ECM
degradation (76), it is now clear that MMPs are also involved in several steps of
cancer development (77, 78). MMPs’ function is far more complex than initially
thought. They are able to mediate a wide range of biological effects on their
surrounding tissue, which include activation of growth factors, suppression of
tumour cell apoptosis, destruction of chemokine gradients developed by the host
immune response, or release of angiogenic factors (77, 79).

MMPs were found to be upregulated in almost every type of human cancer but,
unlike classic oncogenes, this upregulation is not due to gene amplification or
activating mutations but probably due to transcriptional changes induced by
growth factors, hormones, cytokines, and cell-cell matrix interactions (77, 80).

2.1.1. MMPs, H. pyloriinfection and gastric cancer

It is now well established that H. pylori infection predisposes to gastric cancer.
However, the responses of epithelial cells to H. pylori infection that might lead to
the subsequent progression to cancer are still largely unknown.

Different MMPs have been reported to be overexpressed in gastric cancer (81) and
in the early stages of gastric carcinogenesis (82). Added to that, it has been shown
that H. pylori up-regulates the expression and activity of several MMPs, both in the
gastric mucosa and in gastric epithelial cell lines (83, 84), leading to gastric damage
(85). Among those, MMP-1, -2, -7 and -9 are the most well-studied.

Concerning MMP-1, it has been reported that H. pylori stimulates MMP-1
expression in vitro, as well as, in human gastric biopsies (85, 86). Up-regulation
of MMP-1 in gastric epithelial cells was found to be dependent on H. pylori strains
that harbour CagA and the outer inflammatory protein A (OQipA) (85-87), and
involves activation of JNK and ERK1/2 signalling pathways(85, 86), under the
regulation of PKC (88). Moreover, induction of MMP-1-mediated H. pylori has been
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strongly associated with stimulation of gastric epithelial migration and invasion
(85, 88).

H. pylori-mediated MMP-7 expression has been reported in gastric epithelial cells,
both in vivo and in vitro, and is dependent on the presence of an intact cag PAI (83,
89, 90). The signalling pathways underlying the H. pylori-mediated MMP-7
expression are still controversial. Several signalling pathways including the
B-catenin signalling and activation of the PEA3 member of the ETS transcription
factor (89), aberrant activation of pl20-catenin (91), activation of ERK 1/2 by
specific components within the cag pathogenicity island (83) or even small GTPases
of the Rho family through activation of NF-kB and AP-1 transcription factors (92),
have been shown to contribute to the induction of H. pylori-mediated MMP-7
expression. This enhanced MMP-7 expression mediated by H. pylori infection has
been strongly correlated in vivo with development of epithelial damage, mainly
gastritis, and in vitro with cell migration and invasion (83, 89, 92).

H. pylori-mediated MMP-2 and MMP-9 overexpression has also been reported (87,
93-96). However, the mechanisms underlying their regulation are slightly different
(96). There is no consensus regarding the involvement of cag PAl in the regulation
of these two MMPs. Some authors argue that this regulation depends on the
presence of cag PAIl, (97, 98), whereas others claim that this regulation is cag PAI-
independent (95). Nevertheless, concerning MMP-9, it is claimed that the CagA
phosphorylation is important for H. pylori-mediated MMP-9 expression (98). The
pathways through which H. pylori-mediates MMP-2 and MMP-9 overexpression are
also controversial. Regarding H. pylori-mediated MMP-9 expression an
intracellular signalling pathway that involves IkB kinase and nuclear factor kB-
inducing kinase (87, 94, 96, 98), via COX-2 (87), or CagA phosphorylation and
thus activation of SHP-2 (98) have been pointed out as important for the induction
of MMP-9 expression. Added to that, the infection-associated cytokines TNF-a,
IL-1B, IL-6 and IL-21 are reported to induce MMP-9 secretion (94, 95).

Regarding the mechanisms underlying the regulation of MMP-2 and MMP-9 in H.
pylori infection, their increase activity has been strongly associated with
inflammation and cell invasion (87, 94, 97).
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2.2. Transcriptional regulation of MMP genes

In normal conditions, the expression of most MMPs in tissues is low, only being
induced when remodelling of ECM is required. It is now well established that MMP
gene expression is primarily regulated at the transcriptional level, through different
transcriptional control mechanisms that integrate signals from multiple pathways,
and further modulated by epigenetic modifications, namely methylation and
acetylation, which lead to chromatin remodelling (72, 74, 99). The promoter
regions of MMPs’ genes harbour several conserved cis-acting elements which allow
the regulation of gene expression by a diverse set of trans-activators (72, 99).
These functional cis-acting elements in MMP promoters include the activator
protein (AP)-1, the polyoma virus enhancer-A binding protein-3 (PEA3), STAT,
NF-kB, SMAD, Tcf/Lef-1, RUNX2, Sp-land RARE (74, 99, 100). Based on the
composition of cis-response elements, the MMP promoters can be divided into
three groups (Figure 2) (99). The first group (MMP-1, -3, -7, -9, -10,-12, -13,
-19 and -26) includes the majority of MMP promoters and comprise a TATA box at
-30 bp from the transcriptional start site (TSS) and an AP-1 binding site at -70 bp.
These promoters can also contain an upstream PEA3-binding site that co-operates
with an AP-1-binding site to induce MMP transcription (Figure 2). The MMP
promoters in the second group (MMP-8, -11 and -21) contain a TATA box but lack
a proximal AP-1-binding site (Figure 2).

Finally, the promoters in the third group (MMP-2, -14 and -28) lack both a TATA
box and an AP-1-binding site and comprise multiple transcription sites. The
expression of MMPs in this group is mostly regulated by the SP-1 family of
transcription factors, which bind to a proximal GC box (Figure 2) (72, 99, 100).

It is important to reiterate that functional-related MMPs differ greatly in the
composition of transcription factor binding sites (as described above). In contrast,
MMPs that are commonly co-regulated upon certain stimulation share common
sites and a high similarity in their promoter binding sites (99, 100).

10
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Figure 2. Functional regulatory cis-elements in human MMP promoters. Adapted with permission from
John Wiley and Sons: Journal of Cellular Physiology (99) © 2007.

In this work, we will discuss in more detail two of the main transcriptional binding
sites involved in the induction of MMP expression, AP-1 and PEA2 sites, in the
section below.

2.2.1. AP-1 and PEA3-binding sites

AP-1 is the critical transcription factor binding site that regulates the activity of
many MMP promoters, located near the TATA box. Variations in the composition
of the AP-1 proteins (c-fos, c-jun, jun-B) along with the juxtaposition of other
binding sites, namely PEA3, are responsible for different MMP gene specificity (72).
Taking as an example the regulation model for MMP-1 promoter, the stimulation
by inflammatory cytokines or growth factor, like EGF, leads to MAPK signalling
activation which increases the levels of c-Fos, c-Jun, JunB and/or PEA3, and
enhanced MMP1 trans-activation. It has been suggested that c-Jun has the

capability to induce MMP-1 expression independently, while jun-B needs other
AP-1 proteins, such a as c-Fos, for the induction of this MMP (99, 101).

11
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The PEA3 binding site, is present in many MMP promoters located close to the
AP-1 binding site with which it frequently co-operates in the promotion of MMP
activity (80, 99). Moreover, it has been reported that multiple PEA3 binding sites
are able to bind members of the ETS family of transcription factors through a highly
conserved ETS domain that recognises a purine rich PEA3 element (102, 103), and
thus induce MMP expression. These effects however, require the presence of

proximal AP-1 site.

3. The ETS family of transcription factors

The discovery of this large family of conserved genes began with the identification
of the v-ets oncogene of the avian leukemia virus, E26, in 1983 (104). Since then,
almost 30 members of the family have been indentified in mammals which are
shown to encode nuclear transcription factors for regulation of gene expression
(105). All ETS family members have a conserved sequence that encodes the winged
helix-turn-helix DNA-binding domain (ETS domain), that is able to recognise a
unique DNA sequence containing GGAA/T (ETS Binding Site, EBS or PEA3 site) in
the promoter region of target genes (105, 106). Based on their ETS domain
sequence homology, the ETS factors can be classified into 12 subgroups: ETS, ERG,
PEA3, ETV, TCF, GABP, ELF1, SPI1, TEL, ERF, SPDEF, and ESE (107). Some ETS
proteins also have a second domain, the Pointed (PNT) domain, important for
protein-protein interactions and oligomerisation (106).

3.1. ETS factors regulation and target genes

The ETS functional activity can be modulated at different levels. The transcriptional
regulation depends on combinatorial interaction between multiple proteins,
namely other transcription factors. Numerous transcription factors have their DNA
binding site closer to EBS (108, 109). The binding of an ETS protein, depending on
the precise sequence context, near other transcription factors can lead to the
activation and/or repression of specific target genes (108). For example, the
interaction between ETS factors and the AP-1 transcriptional complex lead to an
increase transcriptional activity of promoters containing AP1—EBS binding sites,
such as MMP-1, which activate cellular responses (106). Regarding post-
transcriptional modification, ETS factors can be controlled by phosphorylation,
acetylation, sumoylation, ubiquitinylation, and glycosylation (107). However,

12
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phosphorylation seems to be the best-studied. The mitogen-activated protein
kinases (MAPK) ERK, JNK and p38 are the best characterised ETS modulators. ERKs
are activated in response to mitogenic signals, whereas JNKs and p38 respond to
stress signals (107, 110). Specific ETS factors, namely ETS-1, ETS-2, ELK1, among
others, can be phosphorylated by MAPKs, leading to an increased transcriptional
activation (110). It was found that the phosporylation of a MAP kinase site near the
PNT domain leads to a positive transcriptional regulation of ETS-1 and ETS-2
activities (106). Added to that, phosphorylation can also affect the sub-cellular
localisation of ETS proteins (111).

Concerning the target genes of ETS factors, over 700 genes have been reported,
most of them essencial in several biological processes, namely cellular
proliferation, control response to various signalling cascades, differentiation,
development, transformation, apoptosis, adhesion, tissue remodelling, and ECM
composition (107, 109).

3.2. ETS factors and Cancer

Many tumours cause a deregulation of signal transduction pathways, which results
in constitutive and often ligand independent activation (106, 109). ETS factors,
being end effectors of these pathways, have their function significantly altered,
which in turn affects the expression of key regulators of proliferation,
differentiation, and metastasis, such as RTKs (receptor tyrosine kinases; e.g.,
HER2), the M-CSF receptor, MET, c-kit, and the VEGF receptor (109, 112).
Furthermore, ETS factors are known to act as positive or negative regulators of
genes that control critical tumour progression processes, namely cellular
hematopoiesis, apoptosis, adhesion, migration, invasion, tissue remodelling, ECM
composition, angiogenesis and other signalling cascades (109). An important
example of upregulated ETS target genes are the ECM-degrading proteins, like
MMP-1 and MMP-9 (107). Figure 3 gives an overview of ETS factors activity in
cancer. It has also been shown that ETS factors can directly regulate the expression
of cytokines and chemokines, affecting both tumour stroma and tumour cells via
HGF/c-Met (111). Added to that, there has been growing evidence suggesting a
critical role in the regulation of stromal activation by ETS family members, through
their capability to regulate ECM-degrading enzymes, such as MMPs and
collagenases, crucial for the establishment of a reactive stroma, promoting the
metastatic process (113).

13
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It is claimed that the oncogenic and tumour suppressing activities described above
are, on the one hand, induced by point mutations (e.g., ETS-1 and SPI-1), increased
(e.g., ETS-1, ETS-2, ERG) or decreased (e.g., SPDEF, EHF) expression, genomic
amplification (e.g., ETS-1, ETS-2, ERG), or rearrangements (e.g., ETV-6, FLI-1, ERG)
(106). On the other hand, it has been suggested that those activities are
coordinated by the target genes of ETS factors (106, 108, 109). Among these are
the genes responsible for cell proliferation (like cyclins and cdks), cell motility
(HGF), invasion (MMPs, PAI, uPA and uPAR (urokinase receptor); TIMPs),
extravasation (MMPs, Integrins), micro-metastasis (e.g., Osteopontin, Osteonectin
and BSP), as well as establishment and maintenance of distant site metastasis and
angiogenesis (neovascularization and neoangiogenesis (integrin B3, VEGF,
Flt-1/KDR, Tie2)) (109).
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Figure 3. ETS factors activity in cancer. Adapted with permission from Elsevier: Advances in Cancer
Research (107) © 2013.

14



INTRODUCTION

3.3. ETS-1 transcription factor

ETS-1 transcription factor, considered the founding member of the ETS family, is
usually localised in the nucleus, and found to be expressed in a large variety of
different cell types and tissues, playing roles in both physiological and pathological
processes, such as embryogenesis, wound healing, and tumour
progression/invasion (114, 115).

The role of ETS-1 in tumour invasion relates to the transcriptional activation of
enzymes involved in ECM degradation, namely serine proteases, MMPs, TIMPs, and
other matrix proteins (116).

Expression of ETS-1 is not ubiquitous in embryonic and adult tissues (117, 118).
Its expression is restricted to specific invasive processes which include the
formation of new blood vessels during normal and pathological development. In
embryos, expression of ETS-1 is limited to endothelial cells and blood islands of
the yolk sac, whereas, in adults, it is expressed in endothelial cells during tumour
angiogenesis, wound healing and reendothelialization following the denuding
injury (115).

3.3.1. ETS-1 and the regulation of the extracellular matrix

Several studies have demonstrated the co-expression of ETS-1 and matrix
degrading proteases, particularly in invasive tumours, in various human tissues
(119). Examples include co-expression of ETS-1, MMP-1, MMP-3, and uPA in lung
carcinomas and angiosarcoma of the skin (116); production of MMP-1, MMP-9 and
MMP-3 along with ETS-1 in ovarian carcinoma cells and stromal fibroblasts (120,
121); and the correlation between ETS-1 expression and uPA in lung and brain
tumours (122, 123). Also, in breast cancer endothelial or hepatoma cells, when
overexpressed, ETS-1 induces the production of MMP-1, MMP-3, MMP-9, and upA
(115,117, 124). In meningiomas, ETS-1 was shown to be up-regulated along with
MMP-2 and MMP-9 (125)

The role of ETS-1 in regulating MMPs in tumours is further evidenced by the
presence of a single nucleotide polymorphism in the MMP-1 promoter region which
creates an ETS binding site (126).

Several studies have highlighted the importance of RTKs in the relationship
between ETS-1 and MMPs. In breast cancer cells, it was observed that the human
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epidermal growth factor receptor-1 (HER2) induces MMP-1 expression while
cooperating with ETS-1 (127). Added to that, one or more ETS binding sites have
been identified in the promoter regions of several RTKs, including the epidermal
growth factor receptor (EGFR) and the hepatocyte growth factor receptor (c-MET),
suggesting an involvement of ETS-1 in their transcriptional regulation (128).
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MMPs are a group of zinc-dependent endopeptidases involved on the regulation of
cell-matrix composition. By regulating the cell-matrix integrity and composition,
these proteins are able to participate in several normal and pathological
processess, namely in cancer progression (73, 74).

Invasion and metastasis are prominent features of malignant tumours, and the
degradation of the ECM is one of the key steps involved in these processes (79,
80). In vitro and in vivo studies have shown that several MMPs were found to be
up-regulated in a context of H. pyloriinfection, pointing to a role of this bacterium
in inducing ECM degradation (83, 93, 95, 129-131). MMP-10, one of the lesser
studied MMPs, is overexpressed in several human tumours of epithelial origin
(132-135), and its expression has been linked to poor clinical prognosis (135,
136). Previous results from our Group have shown that MMP-10 is overexpressed
in response to H. pylori infection. However, the mechanism underlying this up-
regulation is not well established.

A whole genome cDNA microarray, also performed by our Group, showed that apart
from MMP-10, the ETS transcription factor ETS-1, was found to be up-regulated
upon H. pylori infection.

Due to the strong association between ETS family members and MMPs regulation,
and since the relationship between ETS-1 transcription factor and MMP-10
modulation has never been studied, the general aim of this thesis was to evaluate
the role played by ETS-1 on H. pylori-mediated up-regulation of MMP-10.

For that, the initial approach was to validate the results from the cDNA microarray
by quantivative real time PCR and western blot, using two H. pylori strains. To
better elucidate the expression pattern of ETS-1 transcription factor and MMP-10
throughtout time, a time course of infection analysis was performed. The
involvement of ETS-1 on the regulation of MMP-10 expression, was addressed by
performing experiments with siRNA gene silencing and luciferase gene reporter
assays, using different MMP-10 promoter deletion constructs.

Finally, previous results have shown a correlation between EGF stimulation and
activation of ECM proteins (137-139) by ETS family members (127, 140). In order
to study the involvement of EGFR on the modulation of ETS-1 and MMP-10
expression in the context of H. pylori infection, a series of experiments with a

chemical inhibitor for this tyrosine kinase receptor were performed.
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1. Cell culture and bacteria growth

Human gastric carcinoma AGS cell line (ATCC CRL-1739) was maintained in RPMI
1640 (Gibco) supplemented with 10% fetal bovine serum (FBS) (Hyclone) and 1%
antibiotics (200 ug/ml streptomycin and 200 IU/ml penicillin; Gibco) at 37°C, under
a 5% humidified atmosphere.

H. pylori strains 26695 (ATCC 700392) and 60190 (ATCC 49503) were maintained
for 24 or 48 hours in tryptic soy agar (TSA) supplemented with 5% sheep blood (BD
Bioscience) and incubated at 37°C under microaerobic conditions.

2. Co-culture of AGS cell line with Helicobacter pylori

48 hours prior the infection with H. pylori, AGS cells were grown in complete
medium (6-well plates) in order to reach 80% confluency. 1 to 3 hours before the
infection, the medium was replaced by serum- and antibiotic-free medium (RPMI
1640).

The H. pylori strains were cultured for 24 hours in TSA supplemented with 5% sheep
blood, collected from the agar plate with an inoculation loop and resuspended in
1ml of RPMI 1640. The bacterial density was measured by absorbance at 600nm
(OD =0.1 corresponds 2x106 bacteria/pL). All infections were performed at a
multiplicity of infection (MOI) of 100. After the infection period, the conditioned
media were collected and the cells were lysed either for protein or RNA extraction.

3. Small interference RNA (siRNA) transfection

AGS cells were grown for 24 hours in complete medium (6-well plates) in order to
reach 50% confluency. Before the transfection, the medium was replaced for
serum- and antibiotic-free medium. The transient transfection was performed
using Lipofectamine 2000 (Invitrogen) with 50nM of siRNA RNA targeting ETS-1
(ON-TARGETplus SMARTpool - Human ETS-1 L-003887-00-0005; GE Healthcare
Dharmacon) or with control (non-targeting) siRNA (ON-TARGETplus Non-targeting
siRNA #1 D-001810-01-05; GE Healthcare Dharmacon). The siRNAs and the
Lipofectamine were previously eluted in Opti-MEM® (Gibco).

At 16 hours of transfection, the transfection medium was replaced with RPMI 1640
supplemented with 10% FBS and antibiotics-free and, 30 hours later, the cells were
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infected with H. pylori (24 hours or 4 hours). The efficiency of siRNA silencing was

evaluated after each infection period by qRT-PCR and western blot.

4, Cell treatment with chemical inhibitors

100% confluent cells were incubated for 3 hours in serum- and antibiotic-free
medium. Pharmacological inhibitor AG1478 (Cayman Chemicals), at a
concentration of 5 pM, was then added to the medium. One hour later, the cells
were infected with H. pylori for a 4 hour period. The controls were treated in a
similar way but replacing the volumes of inhibitor and bacteria for an equivalent
volume of dimethyl sulfoxide (DMSO) and serum- and antibiotic-free medium.
When the incubation period ended, the conditioned media were collected and the
cells were lysed both for protein and RNA extraction.

5. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TripleXtractor reagent (Grisp). cDNA was
synthesized from 500 ng of RNA using Random Primers, NZY Ribonuclease
Inhibitor (Nzytech) and NZY Reverse Transcriptase (Nzytech). Quantitative real-
time PCR was performed using the TagMan Mix (Applied Biossystems) and the
following TagMan probes (Applied Biosystems): ETS-1 (Assay Hs00428293_m1),
MMP-10 (Assay Hs00233987_m1). The relative gene expression was normalized to
MRNA of GAPDH (Human GAPDH Endogenous Control (FAM Dye/ MGB Probe, Non-
Primer Limited) and calculated by the 2722 method. The reactions were performed
in a 7500 Real Time PCR System (Applied Biosystems), in triplicates, with 0.5 pL of
cDNA template in a final volume 10 pL.

o. Protein extraction and western blot

After the infection period, the cells were washed with cold phosphate buffered
saline (PBS), pH 7.4, and then lysed with cold Catenin lysis buffer (1% Triton X-100,
1% NP-40 in PBS, pH 7.4) supplemented with phosphatase inhibitor cocktail 2
(Sigma) and protease inhibitor cocktail (Roche). Cells with cold lysis buffer were
incubated 15min on ice, scraped and centrifuged at 20818 g for 10min at 4°C. The
soluble proteins were quantified using the Bio-Rad DC Protein assay (Bio-Rad) but
only 25 ug of total protein extract were used for immunoblot analysis. Proteins
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were separated by standard SDS-PAGE using the Precision Plus Protein Standard
Dual Color protein marker (Bio Rad) to determine the molecular weights. Next, the
proteins were transferred onto a nitrocellulose membrane (GE Helthcare) and
stained with Ponceu S (Sigma), to monitor transfer efficancy. The membranes were
blocked for 1 hour with 5 % non-fat milk or bovine serum albumin (BSA) in PBS +
1% Tween-20 (PBS-T), and blotted overnight with the primary antibody in 5% non-
fat milk or 5% BSA in PBS-T. Before the incubation with the secondary antibody,
unbound primary antibody was washed for four times with PBS-T. The membranes
were incubated for 2 hours with the secondary antibody in PBS-T with 5% non-fat
milk and then washed six times with PBS-T. The detection was performed using
Luminata Forte Western HRP Substrate (Millipore). The loading control used was
GAPDH (glyceraldehyde-3-phosphate dehydrogenase). The protein bands obtained
were analysed and quantified using the Quantity One software (Bio-Rad).

7. Antibodies

The table bellow presents the relevant information about the antibodies used for

western blot analysis.

Table 1. Antibodies used for immunoblot analysis

Target Molecules Serum Molecular Weight (kDa) Dilutions Supplier
2 Phospho-EGFR rabbit 175 1:1000 BSA Cell Signaling
E EGFR rabbit 175 1:1000 Milk Cell Signaling
E MMP-10 goat 54 1:1000 Milk Cell Signaling
E ETS-1 rabbit 52 1:1000 BSA Cell Signaling
= GAPDH mouse 37 1:10000 Milk Santa Cruz
9 Goat 1gG (HRP) donkey - 1:3000 Milk Santa Cruz
&2
2 E Mouse IgG (HRP)  sheep . 1:20000 Milk  GE Healthcare
§ % Rabbit 1IgG (HRP) donkey - 1:5000 Milk GE Healthcare
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8. Preparation of conditioned media

The conditioned media collected from infected and non-infected cells were
centrifuged at 6000 g for 3 minutes at 4°C and filtered through a 0.2 um pore size
filter (Advantec). For protein analysis with SDS-PAGE, the conditioned media were
concentrated using Amicon ultra-0.5 centrifugal filter devices, with a 30 KDa cut-
off (Millipore).

9. DNA isolation from AGS cells

Total DNA was extracted using the Genomic DNA Purification Kit (Fermentas),
according to the manufacturer’s instructions, and the concentration and purity
were determined using a NanoDrop Spectrophotometer ND-100 and by gel
electrophoresis.

10. Prediction of ETS-1 transcription factor binding sites in the MMP-10
promoter region

The MMP-10 human promoter sequence reported on this study was obtained using
the Eukaryotic Promoter Database (http://epd.vital-it.ch/). For the purpose of this
study, we only considered 948 bp, upstream the ATG, of the promoter sequence
obtained.

The prediction of ETS-1 transcription factor binding sites on MMP-10 promoter
was performed resorting to tree online databases: ALGGEN-PROMO
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3),
JASPAR  Core Database (http://jaspar.genereg.net/) and  TFSEARCH
(http://www.cbrc.jp/research/db/TFSEARCH.html). The obtained results from
these tree databases were crossed in order to reach a stronger prediction of the
ETS-1 binding sites. Only two ETS-1 binding sites predicted in at least two
databases were considered for further studies.

11. MMP-10 promoter cloning and promoter deletion constructs
The MMP-10 full-length promoter construct as well as all deletion constructs for

promoter characterization (Figure 4) were generated by PCR amplification using

primers containing a specific restriction enzyme site (Table 3). PCR reactions were
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performed using the AmpliTaq Gold polymerese (Applied Biosystems) with the
following program: 95°C for 9 minutes, followed by 35 cycles of 95°C for 30
seconds, 58°C for 45 seconds, and 72°C for 45 seconds, with a final extension at
72°C for 10 minutes. The PCR products were purified with NZYGelpure kit (Nzytech)
and the concentration and purity were determined by NanoDrop

Spectrophotometer ND-100 and electrophoresis.

Speedy Speedy
Kpnl Xhol

MMP10 promoter : 948 bp

Sacl Xho!

Fragment 1: 437 bp

Speedy Speedy
Kpnl Xhol

Fragment 2: 324 bp

Speedy Speedy
Kpnl Xho!
Fragment 3: 128 bp

Figure 4. MMP-10 promoter deletion fragments scheme with their corresponding restriction enzymes.
The blue line represents the MMP-10 human promoter (not scaled), whereas the yellow boxes
represent the ETS-1 transcription factor binding sites within the MMP-10 promoter predicted by the
cross of tree online databases (ALGGEN-PROMO, JASPAR and TFSEARCH).

Table 2. Restriction enzymes used in this study. (‘) stands for restriction enzyme recognition site.

Restriction enzyme Sequence (5’-»>3’) Supplier
Speedy Kpn | g,GC'I:AA_\rCG’(G: Nzytech
Speedy Xho | g:ccgﬁ,(c: Nzytech

Sac I-HF géI'GCCGTAg New England Biolabs
Xho | E:G(:g'lég New England Biolabs
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Table 3. Oligonucleotides used in the study. The underlined sequences represent the restriction

enzyme recognition sites.

Primers Oligonucleotide sequence (5'-3") Tm (°C)

Oligonucleotides used in the
generation of promoter constructs

MMP-10 promoter_Forward CAGTGGTACCGTTATTGCAGACTTACTGTG 70.2
MMP-10 promoter_Reverse AGCTCTCGAGTCTCACTGCCCTTACCTTC 69.2
F1_Forward ATAGGAGCTCGACCACGACTATATTTGG 72.0
F1_Reverse AGCTCTCGAGTCTCACTGCCCTTACCTTC 69.2
F2_Forward CTATGGTACCCAAAACATTTGGCAT 67.1
F2_Reverse AGCTCTCGAGTCTCACTGCCCTTACCTTC 69.2
F3_Forward CCATGGTACCGATGTAGGCTGTATCACCA 72.5
F3_Reverse AGCTCTCGAGTCTCACTGCCCTTACCTTC 69.2

Oligonucleotides used in DNA-

sequencing
pGL4.10_Forward GAACATTTCTCTGGCCTAAC 57.8
pGL4.10_Reverse GCCGAGGCCAGATCTTGA 66.7
pGEM_T7 TAATACGACTCACTATAGGG 50.9
pGEM_SP6 ATTTAGGTGACACTATAGAA 47.7

Two different approaches were used to clone the amplified fragments into the
pGL4.10[luc2] firefly luciferase vector (Promega). The MMP-10 full-length
promoter fragment and the Fragment 1 were double-digested with the restriction
enzymes (Table 2): Speedy Kpn | and Speedy Xho I, and Sac I-HF and Xho |,
respectively (Figure 4); for 1 hour at 37°C, and purified with NZYGelpure kit. The
resulting fragments were cloned into a previous double-digested pGL4.10[luc2]
vector, in 1:6 vector-insert proportion, using the Quick Ligation Kit (NEB),
according to the manufacturer’s instructions, and then transformed into DH5a
Echerichia coli (E. coli) competent cells. The plasmid extraction and purification was
performed using NZYMiniprep and NZTMaxiprep (Nzytech).

The MMP-10 Fragments 2 and 3, after amplification, were cloned into a pGEM-T
Easy Vector Systems (Promega), according to the manufacturer’s instructions. The
resulting plasmids were then double-digested with the restriction enzymes Speedy
Kpn | and Speedy Xho | (Table 2 and Figure 4), for 1 hour at 37°C, and purified with
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NZYGelpure kit. The next steps, cloning into the pGL4.10[luc2] vector,
transformation and plasmid extraction and purification, were performed as above
described.

12. Transient transfection and luciferase gene reporter assays

AGS cells (2.5x10° cells/well) were grown, in 24-well plates, in complete medium
for 24 hours. After the incubation period, the cells were co-transfected with the
MMP-10 full-length promoter construct/the truncated MMP-10 promoter
constructs (pGL4.10[luc2] vector containing F1/F2/F3 MMP-10 promoter
fragments, as described previously) mixed with Renilla luciferase vector
(pGL4.73[hRluc/SV40]; Promega) in a ratio 0.5ug expression vector: 0.1 pg Renilla
vector, using Lipofectamin 2000 (1 pg of DNA : 1.5 pL of Lipofectamine 2000) in
Opti-MEM. Cells were incubated with the transfection mixture for 6 hours followed
by medium replacement (RPMI 1640 supplemented with 10% FBS, antibiotics free)
and 16 hours incubation. After 16 hours, the medium was replace for RPMI 1640
serum- and antibiotics-free medium and, 3 hours after, the cells were infected with
H. pylori or treated with EGF (50 ng/ml; Sigma) for a 4 hours period.

The Luciferase activity was estimated in total cell extracts using the Dual-Glo
Luciferase Assay System (Promega), according to the manufacturer’s instructions,
with a 1450 MicroBeta TriLux Microplate Scintillation and Luminescence Counter
(PerkinElmer). The inducible firefly luciferase activity was normalised relative to
Renilla's activity, and expressed as fold changes in stimulated samples in

comparison to non-stimulated cells.

13. Statistical analysis

The statistical analysis of the results was performed using the Student’s t-test. The
data were expressed as mean fold change + SEM of at least two independent

experiments, with the value of the control normalised to 1. Differences were
considered significant at P-values less than 0.05.
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1. Analysis of the effect of H. pylori on MMP-10 and ETS-1 expression

This study started with the results obtained from a whole genome cDNA
microarray, previously performed by our Grup (data not shown), in which the
changes in gene expression profile of gastric cell line AGS in reponse to H. pylori
strain 60190 infection were characterized, after 24 hours of infection. Two genes,
namely MMP-10 and ETS-1 transcription factor, were found to be up-regulated by
H. pylori (Table 4).

Table 4. List of relevant up-regulated genes after H. pylori infection.

Up-regulated genes Fold increase
ETS-1 2.52
MMP-10 14.6

Firstly, we assessed whether H. pylori modulates the expression of MMP-10 and
ETS-1. For that, AGS cells were co-cultured with two H. pylori strains, 26695 and
60190, for a 24 hours period. After the infection period, the expression levels of
MMP-10 and ETS-1 were evaluated by qRT-PCR and compared with non-infected
controls.

Concerning MMP-10, there was a significant increase on MMP-10 gene expression
upon infection with both H. pylori strains (Figure 5A). However, this increase was
more pronounced with H. pylori strain 26695 (30-fold increased compared with
non-infected condition) (Figure 5A). Futhermore, in order to assess whether MMP-
10 secretion levels followed the same expression pattern, the conditioned medium
was collected and concentrated and the levels of secreted MMP-10 were assessed
by western blot. The results showed an enhancement of MMP-10 protein levels
upon infection with both H. pylori strains (Figure 5B). Taken together, the qRT-PCR
and western blot obtained results were in accordance with the array results for
MMP-10 (Table 4).

Regarding ETS-1, there was also a significant increase on the ETS-1 mRNA levels
upon infection, being more pronounced with H. pylori strain 26695 (nearly 3 fold
increased compared with non-infected condition) (Figure 5C). Moreover, the levels

of ETS-1 present on cell lysates were also assessed. The results showed an increase
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on ETS-1 protein levels upon infection with both H. pylori strains, being more
pronounced with H.pylori strain 26695 (Figure 5D). Once again, the gqRT-PCR and
western blot obtained results were in accordance with the array results, showing
an up-regulation of ETS-1 upon infection with H. pylori (Table 4).
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Figure 5. H. pylori strains 26695 and 60190 induce an increase in MMP-10 and ETS-1 expression at
MRNA and protein levels in AGS cell line. AGS cells were co-culture with two H. pylori strains, 26695
and 6019, at a multiplicity of infection of 100, for a 24 hours period. Total RNA was isolated and the
relative mRNA levels of (A) MMP-10 and (C) ETS-1 were analysed by qRT-PCR and normalized to
CGAPDH expression. The results are expressed as fold-difference relatively to non-infected controls,
with mean + SE; n = 3 independent experiments. (B) Conditioned medium was collected and
concentrated and MMP-10 secretion was assessed by western blot. The coomassie brilliant blue was
used to control protein loading. (D) The ETS-1 protein present on cell lysates was analysed by western
blot. GAPDH was used as an internal control. The blots shown are representative of 3 independent

experiments. * p < 0.05, relative to non-infected cells.

We next assessed how ETS-1 expression induced by H. pylori was modulated over
the time of infection. To test that, five different time periods for H. pyloriinfections

were established (4h, 8h, 12h, 16h, and 24h) and experiments were performed
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using H. pylori strains 26695 and 60190. After each infection period, the
expression levels of ETS-1were analysed by qRT- PCR and western blot, and
compared with non-infected controls.

As shown on Figure 6 (A and B), despite being up-regulated throughout time, the
ETS-1 expression levels tended to decrease with increasing time of infection. The
peak of mMRNA expression was reached in early infection periods, more precisely
after 4 hours of infection (Figure 6A). However, concerning the levels of ETS-1
protein, due to the variability among the experiments, this peak varies between 4
and 8 hours of infection (Figure 6B).

In order to investigate if the levels of secreted MMP-10 followed the same
expression pattern, the conditioned medium from each infection period was
collected and concentrated. The levels of secreted MMP-10 were analysed by
western blot and compared with non-infected controls. As shown on Figure 6C,
despite being up-regulated throughout time, the levels of secreted protein tended
to decrease with increasing times of infection. The maximum levels of MMP-10
secretion were observed after 4 hours of infection.

Overall, these results show that H. pylori infection leads to an up-regulation of
MMP-10 and ETS-1.
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Figure 6. Effect of H. pylori infection on ETS-1 and MMP-10 expression in a time course of infection
(4h, 8h, 12h, 16h and 24h). AGS cells were infected with H. pylori strains 26695 (B, C) and 60190, at
a multiplicity of infection of 100, for the indicated periods of time. After each infection period, (A)
total RNA was isolated and the relative mRNA levels were analysed by gRT-RT PCR and normalized to
GAPDH expression. The results are expressed as fold-difference relatively to non-infected controls,
with mean =SE; n

analysed by western blot and GAPDH was used as an internal control. (C) Conditioned medium was
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collected and concentrated and MMP-10 secretion was assessed by western blot. The coomassie
brilliant blue was used to control protein loading. * p < 0.05, relative to non-infected cells; NS non-

satistically significant difference relative to non-infected cells.

2. Role of ETS-1 on H. pylori-mediated MMP-10 expression

Several ETS transcription factor family members are known to have the ability to
bind and thus regulate the expression of various MMPs (74, 141), namely MMP-10
(142). Since previous results have shown an increase in expression of ETS-1
transcription factor and MMP-10 (Figures 5-6) in the presence of H. pylori and
because the relationship between these two proteins has never been explored in
the context of H. pylori infection, we investigated if ETS-1 played a role on the
modaulation of H. pylori-mediated MMP-10 expression. To test that, AGS cells were
transiently transfected with a siRNA specific to ETS-1 or with a non-targeting
siRNA, and performed a 4 hours (Figure 7A-B) or 24 hours (Figure 7C-D) infection
with H. pylori strain 26695. After each infection period, the expression levels of
ETS-1 and MMP-10 were evaluated by qRT- PCR and western blot, and compared
with controls treated with a non-targeting siRNA.

The results showed that ETS-1 expression was completly abrogated after both
infection periods (Figure 7A and C). After 4 hours of infection (Figure 7B), the
abrogation of ETS-1 expression by a specific siRNA to ETS-1 resulted in a non-
significant decrease in MMP-10 mRNA levels. Nevertheless, despite the variability
among experiments, the abrogation of ETS-1 activity resulted on a pronounced
reduction of H. pylori-induced MMP-10 (Figure 7B).

After 24 hours of infection, the abrogation of ETS-1 activity led to a significant
decreased on MMP-10 mRNA levels (Figure 7D). However, concerning the secreted
MMP-10, although ETS-1 activity was completely abrogated (Figure C), there was a
non-significant reduction on MMP-10 secretion, in comparisson with the one
registered after 4 hours of infection (Figure 7B and D).

Overall, these results suggest that ETS-1 is involved in H. pylori-mediated MMP-
10 expression.
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Figure 7. ETS-1 transcription factor is required for MMP-10 activation during H. pylori infection.

siRNA-tranfected cells were infected with H. pylori strain 26695, at a multiplicity of infection of 100,

for (A-B) 4h or (C-D) for 24h. Transient transfections were performed using a siRNA specific to ETS-
1 or a non-targeting siRNA. (A, C) ETS-1 and (B, D) MMP-10 relative mRNA levels were analysed by
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gRT-PCR and normalized to GAPDH expression. (A, C) ETS-1 protein present on cell lysates was
evaluated by western blot and GAPDH was used as an internal control. (B, D) Conditioned medium
was collected and concentrated and MMP-10 secretion was assessed by western blot. The coomassie
brilliant blue was used to control protein loading. The results are expressed relatively to cells treated
with a non-targeting siRNA, with mean + SE; (A-B) n = 3 or (C-D) n =2 independent experiments. *
p < 0.05, relative to non-silencing cells infected with H. pylori; NS non statistically significant

differences relative to non-silencing cells infected with H. pylori.

3. Role of EGFR on H. pylori-mediated ETS-1 and MMP-10 expression

It has been reported the involvement of several growth factors receptors, such as
EGFR, on the regulation of MMPs expression, but the precise mechanisms through
which it occurs remain poorly described (139, 143, 144). H. pylori plays an
important role on this process by triggering EGFR phosporylation (137, 145) which
may induce MMPs up-regulation. Moreover, previous results from our group have
shown that the increase on MMP-10 expression upon H. pylori infection occurred
via EGFR (146). Several data have pointed that ETS transcription factor family
members, namely ETS-1 (127), may also take part on the mediation of EGFR-
dependent induction of MMPs (147, 148). Since a relationship between H. pylori-
induced ETS-1 and MMP-10 expression was observed (Figure 7), we next
addressed the role of EGFR on the modulation of H. pylori-mediated ETS-1
expression.

To test that, AGS cells were treated with a pharmacological inhibitor of EGFR
(AG1478) or DMSO, and then infected for 4 hours with H. pylori strain 26695. After
the infection period, the expression levels of ETS-1 and MMP-10 were evaluated
by gRT-PCR and western blot, and compared with non-infected controls.

As shown on Figure 8A, the EGFR inhibition by AG1478 led to a significant decrease
on ETS-1 mRNA and protein expression upon H. pylori infection. Concerning
MMP-10, in accordance with previous results from our group, the inhibition of EGFR
activity significantly reduced H. pylori-induced MMP-10 expression and secreted
protein (Figure 8B).

These results suggest that the increase on H. pylori-induced MMP-10 expression
is mediated by EGFR-induced ETS-1.
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Figure 8. H. pylori-induced ETS-1 modulates MMP10 expression via EGFR pathways. AGS cells were
treated with 5uM of the pharmacological inhibitor AG1478, or DMSO, for 1 hour and then infected
with H. pylori strain 26695, at a multiplicity of infection of 100, for a 4 hours period. (A) ETS-1 and
(B) MMP-10 relative mRNA levels were analysed by qRT-PCR and normalized to GAPDH expression.
(A) Cells lysates were analyased by western blot using p-EFGR, EGFR and ETS-1 antibodies. p~-EGFR
was used as control of EGFR inhibition and GAPDH as a loading control. (B) Conditioned medium was
collected and concentrated and MMP-10 secretion was assessed by western blot. The coomassie
brilliant blue was used to control protein loading. The results are expressed relatively to non-infected
cells treated with DMSO, with mean + SE; n = 3 independent experiments.* p < 0.05, relative to non-
infected cells treated with DMSO.

4. Involvement of ETS-1 on the regulation of MMP-10 expression during

H. pylori infection

Based on the in silico analysis of potential ETS-1 transcription factor binding sites
on MMP-10 promoter region, we determined whether the two ETS-1 predicted
binding sites on MMP-10 promoter, obtained by crossing three online databases,
were important for ETS-1-mediated MMP-10 expression.

For this purpose, three MMP-10 promoter deletion constructs were generated from
the pre-define full-length MMP-10 promoter region (948 bp) into a promoterless
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luciferase reporter vector pGL4.10. The constructs were transiently transfected into
AGS cells and, after the transfection period, were infected, or not, with H. pylori
strain 26695 for 4 hours (Figure 9A), or treated with EGF or DMSO for the same
time period (Figure 9B). After 4 hours, the luciferase activity from each condition
was measured.

As shown on Figure 9A, for all MMP-10 promoter constructs, H. pylori infection did
not lead to a pronounced increase on the promotion of MMP-10 expression, since
the relative luciferase activity remained very close to the one obtained with
uninfected AGS cells.

Concerning the relative luciferase activity among constructs, no differences were
registered between constructs 1, 2, and the Full-Length MMP-10 Promoter
construct (Figure 9A). This result suggests that the upstream ETS-1 binding site
may not play an important role on the promotion of MMP-10 expression. On the
other hand, Construct 3, which lacked two ETS-1 binding sites, led to a significant
decrease on the relative luciferase activity. Such result indicates that the absence
of both ETS-1 binding sites clearly affects the promotion of MMP-10 expression.
Regarding the EGF treatment condition (Figure 9B), all four MMP-10 promoter
constructs showed a pronounced increase on the relative luciferase activity, when
compared with the untreated condition. Moreover, in this condition, the reduction
in length within the MMP-10 promoter constructs was accompanied by a decrease
on the relative luciferase activity (Figure 9B). Once again, the absence of the
upstream ETS-1 binding site does not seem to have a major impact on the relative
luciferase activity, whereas the abrogation of both ETS-1 binding sites (Construct
3) seems to be important for the promotion of MMP-10 expression (Figure 9A and
B).

Overall, these results reinforce the importance of the ETS-1 transcription factor on
the regulation of MMP-10 expression and the role played by EGFR on the induction
of ETS-1 and MMP-10 expression.
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Figure 9. ETS-1 is required for MMP-10 promoter activation. MMP-10 promoter constructs (Full-
length MMP-10 Promoter Construct, Construct 1, Construct 2 and Construct 3) were transiently
transfected into AGS cells. Transiently transfected cells were (A) infected for 4 hours with H. pylori
strain 26695 or (B) treated with EGF (50 ng/ml) for 4 hours, and a reporter gene assay was performed.
The no treatment condition represents the basal MMP-10 promoter activity. The scheme on the left
shows the ETS-1 transcription factor binding sites present on each MMP-10 promoter construct. For
each construct, the individual effect of H. pylori and EGF on each MMP-10 promoter constructs was
assessed by comparison with the respective no treatment conditions. Additionally, each of the
constructs was compared with the Full-length MMP-10 Promoter Construct of their respective
condition. The results are expressed as mean + SE; n = 3 independent experiments. For each
condition, statistically significant differences were obtained comparing each construct with the
respective empty vector. Apart from Full-length MMP-10 Promoter Construct on the EGF condition,
no statistically significant differences were obtained when comparing each construct with the
respective no treatment condition. § p < 0.05 relative to the no treatment condition; * p < 0.05
relative to the H. pylori or EGF Full-length MMP10 Promoter Construct, respectively; # p < 0.05
relative to the no treatment Full-length MMP10 Promoter Construct. ETS-1 BS (yellow boxes)
represents the ETS-1 transcription factor binding sites on MMP-10 promoter region; arrow stands for

start codon (ATG) and LUC represents the luciferase reporter gene luc2.
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During cancer progression, the process of cellular invasion is of great importance.
This process is extremely well regulated and involves degradation of basement
membranes and stromal extracellular matrix. Increasing evidence have supported
the role of MMPs in these processes, since its expression and activity are increased
in almost every human cancers (80). In the context of gastric epithelial cells, the
role played by H. pylori on the induction of MMPs expression has already been
described, and is strongly associated with the promotion of gastric tissue damage
and cell invasion (83, 85, 86, 92, 93, 130, 149). MMPs can be regulated, at the
transcription level (primarily), in response to growth factors and cytokines, or by
other environmental factors (77, 80). However, concerning H. pylori infection, the
exact mechanisms whereby H. pylori induces MMPs expression are not fully
explored.

Several ETS transcription factor family members, namely ETS-1(116, 124, 125, 150,
151), have been claimed to be involved on the modulation of MMPs’ gene
expression (107) but, so far, in the context of H. pylori infection, the relationship
between ETS factors and the modulation of MMPs has never been explored.

The ETS-1 transcription factor gene and the MMP-10 gene, were found to be up-
regulated by H. pylori in a cDNA microarray performed by our group. Concerning
MMP-10, our Group has previously observed a correlation between H. pylori
infection and MMP-10 expression (146). However, the exact mechanism underlying
MMP-10 activation upon infection is still largely unknown.

In this study, we report that infection of gastric epithelial cells with H. pylori strains
26695 and 60190, stimulates the expression of ETS-1 transcription factor and
MMP-10 throughout time. As expected, the ETS-1 mRNA and protein levels were
highly expressed in early infection periods (4 hours), but a decreased in expression
with increasing time of infection was also registered. Interestingly, significantly
stimulation of secreted MMP-10 protein was observed after 4 hours, following the
same expression pattern of ETS-1. Given the fact that MMP secretion and activity
are usually observed a few hours after cellular stimulation (72), one would expect
that MMP-10 secretion would have been more pronounced in later time periods,
giving time to early response genes, such as ETS-1, to bind to MMP-10 promoter
and activate its response. Since the earliest time point established was 4 hours of
infection and the peak of secreted MMP-10 was reached after this infection period,
this may be an indicator that ETS-1 might have a more pronounced expression in

shorter infection periods (less than 4 hours). Further studies should be performed
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with shorter infection periods, in order to evaluate the effect that it might have on
ETS-1 and MMP-10 expression.

Several studies in different tumour models have shown that ETS-1 is able to trigger
the activation of several MMPs, namely MMP -1,-2, -9 and -13 (124, 125, 127,
138, 151, 152). Concerning MMP-10, one of the lesser studied MMPs, in human
umbilical vein endothelial cells (HUVECs) the transcription of MMP-10 is modulated
by ETS-1 upon VEGF stimulation (142).

In our study, and for the first time, the role of ETS-1 transcription factor on the
modulation of H. pylori-mediated MMP-10 expression was explored.

We demonstrated that the abrogation of H. pylori-induced ETS-1 expression by a
siRNA led to a significant decrease in MMP-10 mRNA levels and protein secretion.
The results also showed that, as expected, this decrease was more pronounced
after 4 hours of infection. After 24 hours of infection, although ETS-1 expression
was completely abrogated, MMP-10 was still being secreted. Due to the long time
point used, one might expect that in addition to ETS-1 other unknown factors may
contribute to MMP-10 up-regulation. One may hypothesize that in early infection
periods ETS-1 alone is able to modulate the MMP-10 expression. However, since
ETS-1 expression tends to decrease with increasing time of infection, in later
infection periods it might cooperate with other factors to promote MMP-10
expression. Functional cooperation among ETS family members such as that
between ETS-1 (153) and AP-1 (154) has been considered critical for the control
of the expression of MMPs (108, 141, 155). Moreover, since AP-1 binding sites
were found to be present on MMP-10 promoter (near ETS binding sites) (99) and
because H. pylori infection also leads to an up-regulation of AP-1 (147, 156), one
might suspect that AP-1—ETS-1 cooperation might be responsible for the
modulation of MMP-10 at later time periods. Whether this interaction is important
for H. pylori-induced MMP-10 expression will be an interesting topic to address in
future studies. These could include protein-protein interaction studies such as, co-
immunoprecipitation assays or pull-down assays, in order to address if the two
transcription factors interact with each other upon H. pyloriinfection. Furthermore,
studies could also include protein-DNA interaction assays, such as EMSA
(electrophoretic mobility shift assay) or CZEMSA (capillary zone electrophoretic
mobility shift assay) to assess whether this interaction complex is responsible for
H.pylori-mediated MMP-10 activation.

The role of EGFR on the modulation of H. pylori-mediated ETS-1 expression was

also evaluated in this study. Previous results from our Group have shown that EGFR
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was involved in H. pylori-mediated MMP-10 expression (146). Added to that, other
studies showed that ETS family members, namely ETS-1(127), can mediate MMPs
up-regulation in an EGFR-dependent manner. (147, 148). We demonstrated, for
the first time, that the abrogation of EGFR by a pharmacological inhibitor (AG178)
led to a significantly decrease on stimulated ETS-1 mRNA and protein expression
upon H. pylori infection. Since a relationship between ETS-1 and MMP-10
expression in the context of H. pylori infection, and MMP-10 mRNA and protein
secretion were significantly decreased upon EGFR inhibition, it may be concluded
that the increase on H. pylori-induced MMP-10 expression is mediated by EGFR-
induced ETS-1.

It was previously reported that H. pylori-induced EGFR phosporylation can lead to
the activation of the RAS signalling cascade, which results in ERK1/2
phosporylation (145, 146). ETS-1 contains a RAS-responsive phosporylation site
near the Pointed domain (at threonine-28) that once phosporylated by ERKs,
increases the transcriptional activity of ETS-1 (110, 116, 117, 157). Since our
Group has shown that H. pylori-induced MMP-10 occurs via ERK and JNK pathways,
it will be interesting in future studies to address the role of ERKs, and other
downstream EGFR targets in H. pylori-induced ETS-1 activation. These studies
could be performed by first inhibiting EGFR with a pharmacological inhibitor and
evaluating the effect on ERK and JNK; studies could also involve the inhibition of
ERK and JNK with siRNAs or pharmacological inhibitors, and the effect of this
inhibition on H. pylori-induced ETS-1 expression.

Finally, in order to establish a stronger association between the involvement of
ETS-1 transcription factor in H. pylori-mediated MMP-10 expression, and thus
validate the main aim of this study, luciferase gene reporter assays were performed.
In silico analysis predicted two potencial ETS-1 transcription factor binding sites in
the pre-defined MMP-10 promoter region. To address the relevance of these two
ETS-1 transcription factor binding sites on MMP-10 regulation, three MMP-10
promoter deletion constructs were generated from the full-length MMP-10
promoter region. As expected, in all tested conditions, the reduction in length of
the MMP-10 promoter led to a decrease on the relative luciferase activity.
Concerning the relative luciferase activity under control of MMP-10 promoter upon
H. pylori infection, contrarily to what was expected, it remained very close to the
one obtained in uninfected cells. Given the fact that both ETS-1 and MMP-10 genes

showed high expression in short infection periods, an increase in the relative
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luciferase activity in this condition was expected. New experiments with shorter or
longer times of infection or with different multiplicities of infection should be
performed in order to better clarify the results obtained.

Concerning the relative luciferase activity under control of MMP-10 promoter upon
EGF stimulation, in each construct the EGF stimulation led to an increase in the
relative luciferase activity, relatively to the non-treated condition. In this condition,
as stated before, the reduction in length of the MMP-10 promoter led to a decrease
on the relative luciferase activity. However, no differences were registered on the
relative luciferase activity between Constructs 1 and 2. This result suggests that
the first ETS-1 transcription factor binding site might not be biologically relevant
for the induction of MMP-10 expression, since the lack of this site (Construct 1 to
Construct 2) did not have an effect on the relative luciferase activity. Further studies
to test the biological relevance of this site, should include a new construct that
comprises the first ETS-1 binding site but lacks the second site.

On the other hand, Construct 3, which lacked the two ETS-1 binding sites, led to a
significant decrease on the relative luciferase activity in all tested conditions,
suggesting that the two predicted ETS-1 transcription factor binding sites might
be required for the modulation of MMP-10 expression by ETS-1.

Although a decrease on the relative luciferase activity when the two ETS-1 binding
sites were not present was observed, which might indicate the involvement of
ETS-1 on MMP-10 regulation, one cannot be sure whether this effect was
exclusively mediated by this transcription factor. Similarly, the increased relative
luciferase activity in cells treated with EGF might have also been mediated by other
transcription factors, such AP-1(147), whose expression is also mediated by EGFR
(147), or even by interaction of those transcription factors with ETS-1 (154, 158).

In order to complement the results obtained in the framework of this thesis, it
would be interesting to test the importance of these two predicted ETS-1 binding
sites by other techniques. For example, different site-directed mutagenesis
constructs could be generated in order to ensure that the obtained results are more
likely to be due to the effet of ETS-1. Futhermore, protein-DNA binding studies,
such as ChiP (Chromatin Immunoprecipitation) or EMSA assays could also be
performed, in order to better elucidate the levels of interaction between ETS-1 and
the MMP-10 promoter leading to increase MMP-10 expression.

Taken together, in shorter infection periods, the expression of H. pylori-induced
MMP-10 is mediated by ETS-1 transcription factor, and involves the activation of

EGFR signalling pathways.
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On the basis of the results presented in this thesis, and taking into account
previous results from our Group and from the literature, a model is proposed for
H. pylori-mediated MMP-10 expression, in shorter infection periods (Figure 10).
According to the model, through the induction of EGFR phosphorylation, H. pylori
is able to mediate the activation of RAS signalling cascade, leading to ERK
phosphorylation (110, 116, 145, 146). Activated ERKs are then able to bind to the
RAS responsive element near the ETS-1 Pointed domain, which increases ETS-1
transcription factor activity (117). Once up-regulated, ETS-1 binds to ETS binding
sites on MMP-10 promoter, leading to an increase in MMP-10 mRNA levels and
consequently MMP-10 protein secretion.

In longer infection periods, since ETS-1 expression tends to decrease, one can
speculate that ETS-1 might cooperate with other transcription factors, such as
AP-1, whose expression is also mediated through EGFR signalling pathway, leading
to the activation of H. pylori-induced MMP-10 expression. The study of these
interactions could be an interesting aim for future studies.

Tumour invasion develops through a series of steps in which MMPs (97, 103, 159),
but also ETS transcription factors (160, 161) play important roles. Since ETS-1 has
been claimed to be strongly associated with cell invasiveness and migration (162),
and unpublished results from our Group have shown that MMP-10 plays a role
in H. pylori-mediated cell invasion, it would also be interesting, in future studies,
to abrogate ETS-1 expression and perform invasion assays, in order to see how it
would affect the invasion phenotype.
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Figure 10. EGFR-induced ETS-1 transcription factor up-regulates MMP-10 expression during H.
pylori infection. H. pylori-mediated EGFR phosphrylation leads to the activation of RAS signalling
cascade, which results in ERK1/2 phosporylation. ETS-1 phosporylation by ERKs lead to an increase
on its transcriptional activity. Once up-regulated, ETS-1 is able to bind to ETS binding sites on the
MMP-10 promoter region, leading to an increase in MMP-10 expression and secreted protein. Grey
colour represents previous results obtained by our Group and in the literature (110, 117, 145,
146).Yellow and blue colours represent the obtained results in this thesis; the boxes (yellow and blue)

represent mRNA levels and the circles (yellow and blue) represent ETS-1 and MMP-10 proteins,
respectively.
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