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CDKN1B- Cyclin-Dependent Kinase inhibitor 1B

CT- Carboxil Terminal
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DAPI- 4’, 6-diamidino-2-phenylindole

DCC- Deleted in Colorectal Carcinoma

DDX53 -DEAD (Asp-Glu-Ala-Asp) box polypeptide 53
DNA- Desoxyrribonucleic Acid

E- cadherin- Epitelial cadherin

E2F-E2F transcription factor

EGF- Epidermal Growth Factor

EGFR, ERBB1, HER1- Epidermal Growth Factor Receptor
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EPR- Epiregulin

EPS8- Epidermal growth factor receptor pathway substrate 8
ERB4, HER4- Erythroblastic leukemia viral oncogene homolog 4
ERBB- Avian Erytroblastosis Virus B

ERBB2, HER2- Erythroblastic leukemia viral oncogene homolog 2
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ERBB3, HER3- Erythroblastic leukemia viral oncogene homolog 3
F- Female

FAP- Familial adenomatous polyposis

FGFR2- Fibroblast growth factor receptor 2

FHIT- Fragile Histidine Triad gene

FISH- Fluorescence in situ Hybridization

G- Guanine

GAP- GTPase activating protein

GC- Gastric cancer

GDP- Guanosine-5'-diphosphate

GH- Growth Hormones

GIn- Glutamine

GPCRs- G-Protein- Coupled Receptors

GRB2- Growth factor receptor- bound protein 2
GTP- Guanosine-5'-triphosphate

H&E- Haematoxylin and Eosin

H. Pylori- Helicobacter pylori

HB-EGF-Heparin- Binding Epidermal Growth Factor
HCI- Hydrocloric acid

HDGC- Hereditary Diffuse Gastric Cancer

HGF/SF -Hepatocyte Growth Factor/Scatter Factor
His- Histidine

HNPCC- Hereditary Nonpolyposis Colon Cancer
IARC- International Agency for Research on Cancer
JaK2-Janus tyrosine kinase 2

KRAS- Kirsten rat sarcoma viral oncogene homolog
LOH- Loss of Heterozygosity

M- Male

MAPK- Mitogen Activated Protein Kinase

MET- Met proto-oncogene (Hepatocyte Growth Factor Receptor)
mMiRNAs- MicroRNA

MLH1- mutL homolog 1, colon cancer, nonpolyposis type 2 (E. coli)
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NaSCN- Sodium thiocyanate

N-Asparagine
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p- Long chromosome arm

P85- Phosphatidylinositol 3-kinase, regulatory subunit
PBS- Phosphate Buffered Saline

PCR- Polymerase Chain Reaction

pH- Potencial of hydrogen

PI3K- Phosphatidylinositol 3-Kinase

PKB, Akt- v-akt murine thymoma viral oncogene homolog 1
PKC- Protein Kinase C

PLC- Phospholipase C
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INTRODUCTION

1 - Cancer

Cancer is a disturbance of one or more cellular activities that are crucial for the
development and the maintenance of multicellular organisms, namely, growth,
differentiation, programmed cell death, and tissue integrity (Mareel and Leroy, 2003).
In most cases it is a malignant disease because the cancer cells invade into
neighbouring tissues and survive in this ectopic site. These cells invade beyond the
constraints of the normal tissue from which they originate, permitting them to enter
into the circulation from where they can reach distant organs and eventually form
secondary tumours, called metastases ( Trelstad and Revel, 1967; Edelman et al., 1983;
Van Roy et al., 1986; Mareel et al., 1993; Mareel and Leroy, 2003; Thiery, 2003).

To perform a cancer diagnosis several parameters should be taken in
consideration; the site of the tumour, the histological type of the cancer, its grade of
differentiation and its extent of growth and invasion. Attention is also paid to the host
cell reaction evidenced by the stroma, blood vessels and leukocytes. Because cancers
are known to metastasize, it is mandatory to search for secondary tumours in the
lymph nodes and in distant organs (Wittekind, 1997).

Qualitative and quantitative criteria are used to stage and grade cancers for
therapeutic and prognostic purposes. Staging of tumours is done following the volume
of the primary tumour and its depth of invasion (T stage), the number of lymph nodes
with invasion (N stage) and the presence of distant metastases (M stage)- TNM system
(Wittekind, 1997).

Individual cancers are currently portrayed by deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), and protein analysis, covering as many characteristics of
malignancy as possible (Kallioniemi et al., 2001).

The above-mentioned clinical and molecular observations indicate that cancer
is a disease caused by the accumulation of modified cells, disturbing differentiation
and in most cases, causing loss of structure and function, of the tissue and organ,
leading to cancer cell invasion and cancer cell survival in an ectopic environment
(Carter, 1984).

In order to get cell and tissue alterations a series of genetic changes occur in

cancer cells (fig.1) ( Fearon and Vogelstein, 1990; Bishop, 1991) These genomic
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alterations occur in oncogenes and tumours suppressor genes. In oncogenes or
tumour-promoter genes, one allele is activated leading to gain-of-function, and in
tumour-suppressor genes or anti-oncogenes, both alleles need to be inactivated
leading to loss-of-function events (Blume-Jensen and Hunter, 2001). Mechanisms of
activation of oncogenes implicate mutation, gene amplification, and promoter
activation. Mechanisms of tumour-suppressor genes inactivation are exemplified by
Loss of Heterozygosity (LOH) plus silencing of the second allele genetically, through
mutation; or epigenetically, through methylation (Chen et al., 2001; Lukas, 2001;
Zajchowski et al., 2001).

EXOGENOUS and ENDOGENOUS FACTORS
GENOMIC INSTABILITY
_M‘v"r’
ACTIVATION COF PROMOTOR GENES
INACTIVATION OF SUPPRESS0OR GENES

L _*

DISTURBANCE DFE‘RD'.-WH and CLONAL EXPANSION se—
LOSS OF DIFFERENTIATION se——

INVAS| ON s—
ECTOPIC SURVIVAL s—-

il [‘> st i |‘> INVASIVE .3 METASTASIS
EPITHELIUM [ ADENOMA Cﬁﬁcg:l%hﬂ.ﬂ CARCINOMA
I

] LOCAL and SYSTEMIC HOST ELEMENTS N
4 INHIBITORS STIMULATORS

Figure 1: Schematic representation of genetic, epigenetic, and phenotypic

aspects of cancer development. Adapted after Mareel (2002).

2 - The Stomach

The stomach is a single organ that can be divided in several different parts: the
cardia, where the contents of the oesophagus empty into the stomach; the fundus,
formed by the upper curvature of the organ; the body or corpus, the main central
region and the antrum or pylorus (fig. 2), the lower section of the organ that facilitates
emptying the contents into the small intestine (Owen, 1986).

What concerns to the stomach wall, as we can see in figure 1 it is constituted by

four layers. From inside to outside, the first layer is the gastric mucosa, that is
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composed by an epithelium with millions of microscopic glands, the lamina propria
underneath, and a thin layer of smooth muscle called muscularis mucosae (Owen,
1997). The latter is formed of an inner circular and an outer longitudinal layer; it is
continuous with thin fascicles of smooth muscle that go up inside the lamina propria to
reach beneath the surface epithelium. The other layers of the stomach are the same as
for the rest of the gastrointestinal tract (i.e. submucosa, muscularis externa [propria]
and serosa). The submucosa consists of loose connective tissue with numerous elastic
fibres; it contains plexuses of arteries, veins, lymph vessels, and the Meissner’s nerve
plexus. The muscularis externa is composed by three layers of smooth muscle: the
inner oblique layer, the middle circular layer and the outer longituditinal layer. It is
responsible for stomach contractions and emptying. Finally there is a thin outer layer

covering all the stomach, known as the serosa (Owen, 1986).

Regions of the stemach )
circular “

funduz ruscle laver

gastric pitz
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5 & 7_ [E 3 )
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pylorus . i longitudinal
body o T rmuscle layer
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antrum mlcasa

leszer
A, curvature
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™
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- s: s

connective tizsue layer - serosa

E 2003 Encyelopaedia Britannica, Inc. visceral peritoneum

Figure 2: Histology of the stomach wall. Adapted from http://www.peptic-ulcers.co.uk

The three major types of gastric mucosa are: cardiac, fundic, and antral, which
exhibits transitional areas in between. All of the gastric glands have two major
components: foveolae (crypt, pit) and secretory portion (glandular). The foveolae
represent the most important area for the genesis of gastric cancer (GC), in particular
the layer of generative cells located at their base. The differences among the various
types of gastric mucosa depend on the relative proportions between foveolae and

secretory portions and the microscopic composition of the latter (Owen, 1986, 1997).
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The gastric glands are composed by different cells types with distinct functions,
found in different layers. In the isthmus of the glands we observe goblet cells
responsible for the secretion of a mucous layer that protects the stomach epithelium
from external aggressors (i.e. bacteria, acid juice, etc). In the neck of the glands there
are parietal (oxyntic) cells that produce gastric acid and intrinsic factor (important in
the absorption process of vitamin B12 by the small intestine). Generally in the base of
the glands we have enteroendocrine cells, producers of hormones. Specifically in the
base of the fundic glands we can also see chief (zymogenic) cells, producers of
pepsinogen (this substance turns into pepsin under low potential of hydrogen [pH]

conditions and is necessary in protein digestion) and rennin (Rosai, 2004).

2.1 - The Gastric Cancer

2.1.1 - Epidemiology

Until recently, GC was the second most common cancer worldwide, but now,
with an estimated 934,000 of new cases per year in 2002 (8.6% of new cancer cases), it
is in fourth place behind lung, breast and colorectal cancer. It is the second most
common cause of death from cancer (700,000 deaths annually) (Parkin et al., 2005).

Almost two-thirds of the cases occur in developing countries and 42% in China
alone. As we can see in figure 3, the geographical distribution of GC is characterized by
wide geographic variations; high-risk areas include East Asia (China, Japan), Eastern
Europe, and parts of Central and South America. Incidence rates are low in Southern
Asia, North and East Africa, North America, Australia and New Zealand in men (Parkin
et al., 2005).

Survival for GC is moderately good only in Japan (52%), where mass screening
by photo fluoroscopy has been practiced since the 1960. Survival is also relatively high
in North America, possibly due to early diagnosis following a greater number of
endoscopic examinations performed for stomach disorders. In Western Europe is
estimated a survival of 27%, while it is as low as 6% in sub-Saharan Africa (Parkin et al.,
2005).

There is clearly a strong environmental component to the risk differences.
Migrant populations from high risk parts of the world show a marked diminution in risk
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when they move to a lower risk area, although this is quite gradual and seems to
depend on the age at migration (McMichael et al., 1980; Kolonel and Hankin, 1980).
The data fit with observations concerning the importance of childhood environment in

determining risk (Coggon and Barker, 1990).

| ¥l
B =70

Figure 3: World-wide incidence of GC cancer. Adapted from
Nature Rev. Cancer [ 2004; Nature Publication Group.
http://www.nature.com

There has been a steady decline in the risk of GC incidence and mortality over
several decades in most countries (Mufoz, 1997). The worldwide estimates of age
adjusted incidence are about 15% lower than the values estimated in 1985. This
decline may be related to improvements in preservation and storage of food; it may
also represent changes in the prevalence of Helicobacter pylori ( H. pylori), perhaps as
a result of reduced transmission in childhood, following a trend to improved hygiene
and reduction of crowding (Banatvala et al.,, 1993; Roosendaal et al., 1997). If the
observed secular decline continues, the expected number of new cases in 2010 will be
around 1.1 million (19%), rather than the 21% additional cases due simply to a
population growth and aging (Parkin et al., 2005).

Important also refer that between the two principal subtypes of GC, the
intestinal type shows a greater frequency in the general population when compared to
its diffuse counterpart, and it is more often related to environmental exposures (

Sepulveda et al., 2000; EI-Omar and Rabkin, 2001; Straus et al., 2002).
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2.1.2 - Etiology of Gastric Cancer

The pathogenesis of GC represents a classic example of gene-environment
interactions (Coussens, 2002; Peek and Martin, 2002; Malcolm et al., 2006).

The evidence linking H. pylori infection to CG was considered sufficient by
International Agency for Research on Cancer ( IARC) (IARC, 1994), to classify this
bacterium as carcinogenic in humans. Its action is probably indirect by provoking
gastritis, a precursor of stomach atrophy, metaplasia, and dysplasia. Infection is
acquired in childhood, and prevalence within populations is certainly related to
socioeconomic status (Sitas and Forman, 1992). The international variation in
prevalence bears a certain similarity to that of GC; the overall estimate of H. pylori
prevalence in adults is 76% in developing countries and 58% in developed countries.
However, it is clear that with such high prevalence and relatively small international
variation, there are other factors than H. pylori of major importance (Parkin et al.,
2005).

Diet certainly plays an important role. Risk is increased by high intakes of some
traditionally preserved salted food, especially meat and pickles, and with salt per se.
Risk is decreased by high intakes of fruit and vegetables ( WCRF, 1997; Palli, 2000)
which may be in part related to their antioxidant content. Alcohol and tobacco
smoking has also been clearly accepted as increasing the risk of GC (IARC, 2004).

Hypochlorhydria (85%-90%), pernicious anaemia and blood group A are also
associated with a higher risk of gastric malignancy (Malcolm et al., 2006).

Hereditary factors clearly increase the risk of GC and this malignancy is part of a
number of familial cancer syndromes (Woolf, 1961). Lending support to the genetic
aetiological hypothesis is the recognition that patients with Hereditary Nonpolyposis
Colon Cancer (HNPCC) and Familial adenomatous polyposis (FAP) are at an increased
risk of developing malignancy in stomach (Malcolm et al., 2006).

Other factor thought to be in the pathogenesis of GC are gastric polyps,

Menétrier’s disease, gastric peptic ulcer, and gastric stump (Rosai, 2004).
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2.1.2.1 - Pathology

The vast majority of gastric cancers are sporadic. However there is strong

evidence that occasional cases have an inherited component (Carneiro, 2004).

2.1.2.1.1 - Classification

Stomach malignant tumours can be classified based on gross morphology and
in histopathological features. They can be divided into tumour of the proximal
stomach (cardia, fundus, and corpus), and of the distal stomach (antrum, anglus,
pylorus) (Bottcher et al., 1993).

Macroscopically, advanced gastric cancers can be classified according to
Borrmann (Borrman, 1926) in four types with distinct growth patterns, i.e., type
polypoid (type 1), well circumscribed polypoid tumours; type fungating (type Il),
polypoid tumours with marked central infiltration; type ulcerated (type lll), ulcerated
tumours with infiltrative and type infiltrating (type IV, linits plastic) (Borrman, 1926).

Microscopically, GC may assume different histological patterns. Several
classifications have been proposed based on the morphologic features; however, the
histological classification proposed by Lauren is the most commonly used (Lauren,
1965).

In Lauren’s classification gastric cancers are classified into two major types:
intestinal or diffuse. This classification, based on tumour histology, characterizes two
varieties of stomach adenocarcinomas, which have different pathology, epidemiology,
etiologies and behaviour. The intestinal variant exhibits glandular, tubular and/or
papillary structures. In contrast, in the diffuse variant, single cells or poorly cohesive
clusters of cells infiltrate the gastric wall, often leading to widespread thickening and
rigidity of the gastric wall, known as linitis plastica (Ming, 1977). About 16% of cases
will be unclassified or of mixed type (in the same tumour there is intestinal and diffuse
components) (Tahara, 2000).

Adenocarcinoma accounts for over 95% of all malignant stomach tumours, and
generally the term GC refers to adenocarcinoma of the stomach. Other malignant

tumours that can appear in the stomach are: lymphomas, sarcomas, squamous cell
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carcinomas, adenosquamous, carcinoid tumours, and leiomyosarcomas, GISTs, etc
(MingS., 1977).

In contrast to the Lauren’s classification that can be applied to small biopsies,
Ming’s classification (Ming, 1977) requires histological examination of resection
specimens. In the Ming scheme, the growth pattern is assessed at the invasion front of
the tumour as being infiltrative or expansive. The expanding type is prognostically

favorable, and the infiltrating type is of poor prognosis (Ming, 1977).

2.1.2.1.2 - Histogenesis

Gastric carcinomas do not raise de novo from normal epithelium, but they
occur through successive changes. A hypothesis, about gastric carcinogenesis was
proposed in 1975 by Correa et al. According to this hypothesis, gastric carcinogenesis is
a multistage and a multifactorial process which involves irritant environmental and
others factors, acid secretion, bacterial overgrowth, and bacterial production of
nitrites or N-nitroso compounds from dietary nitrates. The result of a cascade of
events is the progressive spectrum of histological states ranging from normal gastritis
epithelium to stomach adenocarcinoma (GC) ( Tahara, 2000; Malcolm et al. 2006).

As we can see in the figure 4, these different steps and successive changes from
the normal gastric epithelium are well characterized for the intestinal GC human type,
whereas, lesions predisposing to the development of the diffuse GC are not yet well

understood (Malcolm et al. 2006).

ggrsn&?c' Acute Atrophic Intestial
Mucosa Gastritis Grastritis Metaplasia

Figure 4: Different steps occurring in the transformation of the normal gastric

mucosa to intestinal type gastric cancer. Adapted after Rogers and Fox (2004).
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The development of the intestinal GC includes the transformation of the
normal stomach mucosa into a mucosa that resembles intestinal epithelium (intestinal
metaplasia). These steps begin with gastritis which progresses to mucosal atrophy
(atrophic gastritis) followed by intestinal metaplasia, dysplasia and carcinoma with
subsequent metastatic dissemination (Tahara, 2000).

No preceding steps have been identified in the pathogenesis of sporadic diffuse
GC other than the obvious chronic gastritis that is the hallmark of H. pylori
pathogenesis (Malcolm et al., 2006). Although the precursor lesion for sporadic diffuse
GC is not known, histological analysis of early familial gastric cancers in the setting of
Hereditary Diffuse Gastric Cancer (HDGC) has led to a development model for this
disease (Carneiro, 2004).

In this model, showed in figure 5, loss of Epithelial-cadherin (E- cadherin) in
cells within the lining of foveolae/ glands leads to the ‘“Pagetoid” spread of signet ring
cells through the glands and eventually to invasion of the lamina propria. The
relevance of this model to sporadic diffuse gastric cancers has not been proven

(Carneiro, 2004).

?

Inactivation of second allele of CDH, gene

CDH, germiine mutation

MUCOSA

MUSCULARIS
MUCOSA

SUBMUCOSA

non-neoplastic In situ signet ring cell carcinoma with “overt" pagetoid spread of invasive signet-ring cell carcinoma
“early" pagetoid spread signet-ring cell carcinoma and early invasion

Figure 5: Model proposed for the early development of familiar diffuse GC in E-cadherin

mutation carriers. Adapted after Carneiro (2004).
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3 - Molecular Mechanisms of Gastric Carcinogenesis

The existing data concerning genotypic abnormalities in GC are confusing. No
clear picture has emerged to indicate which abnormalities are pathognomonic for
stomach carcinoma, at which stage of the process they appear, and what
interpretation should be given to the rather disparate findings of the published series
(Hirohashi and Sugimura, 1991; Tahara, 1993; Wright and Williams, 1993).

Both familial and sporadic gastric cancers are products of multiple genetic and
epigenetic alterations that transform normal gastric epithelial cells into malignant
neoplasms (Mario et al., 2004). These include abnormalities of oncogenes, tumour
suppressor genes, cell adhesion molecules and cell cycle regulators. Additionally,
genetic instability and alterations in growth factors and cytokines contribute to the
complex pathways involved in gastric carcinogenesis. Differences exist in the pathways

leading to diffuse and intestinal-type GC (Malcolm et al., 2006).

3.1 - Oncogenes

The Met proto-oncogene (MET), encoding a receptor for Hepatocyte Growth
Factor/Scatter Factor (HGF/SF) is amplified in 19% of intestinal type and 39% of
diffuse-type gastric cancers (Kuniyasu et al., 1992).

The fibroblast growth factor receptor 2 (FGFR2) oncogene is frequently
activated in GC (Katoh et al., 1992), being preferentially amplified in 33% of advanced
diffuse or scirrhous —type gastric cancers but not in intestinal-type cancers (Hattori et
al., 1990). Overexpression of this gene in GC is associated with a poorer prognosis
(Malcolm et al., 2006).

Another proto-oncogene, Erythroblastic leukemia viral oncogene homolog 2
(ERBB2), is preferentially amplified in 20% of intestinal-type GCs but this is not a
feature of the diffuse type (Yokota et al., 1988). Overexpression of this gene is also
correlated with poorer prognosis and liver metastases (Oda et al., 1990; Yonemura et
al., 1991).

Mutations of the Kirsten rat sarcoma viral oncogene homolog (KRAS) are seen in

intestinal type gastric adenocarcinomas ( Sano et al., 1991; Lee et al., 1995; Isogaki et
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al., 1999). The incidence of this mutation is low and it is not a feature of diffuse-type

carcinomas (Malcolm et al., 2006).

3.2 - Tumour suppressor genes

The tumour suppressor gene Tumour protein 53 (TP53) is frequently
inactivated in gastric carcinomas by LOH, missense mutations and frame shift
mutations. This occurs in over 60% of gastric carcinomas, regardless of the histological
subtype, and is frequently observed in precursor lesions such as intestinal metaplasia,
dysplasia and adenomas ( Sano et al., 1991; Yokozaki et al., 1992; Tohdo et al., 1993;
Sakurai and Nakajima, 1995; Ochiai and Hirohashi, 1996).

LOH of Tumour protein 73 (TP73) is detected in 38% of gastric cancers, and
alterations of this gene are predominant features of foveolar-type GCs with Trefoil
factor 1 (TFF1) expression (Hiroshi, 1999).

TFF1 is normally expressed in gastric foveolar epithelial cells ( Masiakowski et
al., 1982; Lefebvre et al., 1996). Reduction or loss of the TFF1 gene by DNA
methylation in the promoter region occurs in intestinal metaplasia and gastric
adenomas, suggesting that this process may be important at an early stage in
intestinal-type gastric carcinoma development (Tahara, 2004).

A further tumour suppressor gene is the nuclear Retinoic Acid Receptor beta
(RARB). Hypermethylation of this gene with reduced expression is observed in 64% of
intestinal gastric cancers but this is not observed in the diffuse subtype (Hayashi et al.,
2001).

Additional tumour suppressor gene alterations include those affecting distinct
chromosomal loci. LOH at 1q and 7q are frequently associated with intestinal-type
cancers while 1p is commonly affected in advanced diffuse cancers (Sano et al., 1991).
LOH of the B-cell CLL (BCL2) gene is frequently observed in intestinal-type cancers
(Ayhan et al., 1994).

Runt-related Transcription Factor 3 (RUNX3) is other tumour suppressor gene
involved in gastric carcinogenesis, being necessary for the suppression of cell
proliferation in the gastric epithelium. The loss of RUNX3 by hypermethylation is

observed in several different cancers, including 64% of gastric carcinomas. RUNX3
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methylation is also a feature of 8% of chronic gastritis, 28% of intestinal metaplasia
and 27% of gastric adenomas ( Li et al., 2002; Kim et al., 2004; Sakakura, 2005).

Other genes that appear to be affected in gastric carcinogenesis include the
Fragile Histidine Triad gene (FHIT) gene and LOH at the Deleted in Colorectal
Carcinoma (DCC) locus, which is a feature of intestinal-type cancers ( Sano et al., 1991;
Tamura, 1997)

Promoter hypomethylation of a novel cancer/testis antigen gene DEAD (Asp-Glu-
Ala-Asp) box polypeptide 53 (DDX53, also known as CAGE) has recently been described in
35% of chronic gastritis and 78% of GC ( Ono et al., 2002; Cho et al., 2003).

3.3 - Cell-adhesion molecules and metastasis-related genes

Mutations in Cadherin 1 (CDH1) occurs preferentially in 40-83% of diffuse type
GC (Becker et al, 2006) and not in sporadic intestinal-type gastric carcinomas (Grady et
al., 2000). In mixed gastric carcinomas, mutations and loss of expression of E-cadherin
are seen only in the diffuse component of the tumour, suggesting that E-cadherin loss
is the likely genetic basis for the divergence of a diffuse clone from an intestinal type
GC (Machado et al., 1999). Since CDH1 is a tumour suppressor gene, it is the
inactivation of its encoded protein that is believed to promote tumour formation in
diffuse-type GC. Biallelic inactivation can occur through somatic mutations or LOH of
the CDH1 promoter. This events were observed in both sporadic and inherited diffuse
GC and appears to be present in approximately 50% of HDGC and 83% of sporadic
diffuse GCs ( Machado et al., 1999; Grady et al., 2000)

Mutations in B-catenin and y-catenin together with E-cadherin mutations
appear to be involved in the development and progression of diffuse and schirrhous
type cancers ( Kawanishi et al., 1995; Shibata et al., 1996; Caca et al., 1999).

Abnormal CD44 molecule (CD44) transcripts are frequently associated with GC
and metastatic deposits, with the pattern of these abnormal transcripts varying
between the intestinal and diffuse types (Yokozaki et al., 1994; Higashikawa et al.,
1996).
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Secreted phosphoprotein 1 (SPP1), a protein ligand of CD44, is overexpressed in
73% of gastric carcinomas and when co-expressed with CD44 it is correlated with
lymphatic invasion and metastasis presence ( Weber et al., 1996; Teruyoshi, 1998).

Reduced expression of the protein non-metastatic cells 23A (NM23A), involved
in myelocytomatosis viral oncogene (MYC) transcriptional activation, and galectin-3, a
galactoside-binding protein, are also implicated in metastatic gastric carcinoma (

Nakayama et al., 1993; Lotan et al., 1994).

3.4 - Cell-cycle regulators

The cell-cycle regulator, cyclin E, is amplified in 15%-20% of gastric carcinomas
that are associated with it's overexpression. Gene amplification or overexpression of
cyclin E1 are associated with aggressiveness and lymph node metastasis (Akama et al.,
1995).

The expression of the Cyclin-Dependent Kinase inhibitor 1B (CDKN1B) that
binds to a wide variety of cyclin/ Cyclin Dependent Kinases (CDK) complexes and
inhibits kinase activity is frequently reduced in advanced GC (Yasui et al.,, 1997).
Reduced Proteasome 26S subunit, non-ATPase, 9 (PSMD9) expression correlates with
tumour invasion and nodal metastasis. This reduction in PSMD9 occurs at a post-
translational level, and results not from genetic abnormalities but rather from
ubiquitin-mediated proteosomal degradation (Yasui et al., 1998).

A family of E2F transcription factor (E2F) transcription factors is an important
target of cyclin/CDKs at the G1/S transition (Yasui et al. 1999). Overexpression of E2F is
observed in 40% of primary GC, and this tends to be co-expressed with cyclin E1
(Suzuki et al., 1999). Gene amplification and abnormal expression of the E2F gene may

permit the development of GC (Malcolm et al., 2006).

3.5 - Microsatellite Instability

Microsatellite instability (MSI) is a hallmark of the DNA mismatch repair (MMR)
deficiency that is one of the pathways of gastric carcinogenesis. Microsatellites are

short DNA sequence repeats that are scattered throughout the human genome and
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occur in nearly every case of GC associated with germline mutations of the MMR genes
MutS homolog 2, colon cancer, nonpolyposis type 1 (MSH2), MutL homolog 1, colon
cancer, nonpolyposis type 2 (MLH1), Postmeiotic Segregation Increased 1 (PMS1),
Postmeiotic Segregation Increased 2 (PMS2), and MutS homolog 6 (MSH6) (Keller et
al., 1996; Thibodeau et al., 1996). Errors that occur in DNA MMR mechanisms in
tumour cells can cause expansion and contraction of these repeats (Malcolm et al.,
2006).

MSI due to epigenetic inactivation of MLH1 is found in 15%-39% of sporadic
intestinal type cancer, 70% of which are associated with loss of MLH1 by
hypermethylation of the promoter ( Leung et al., 1999; Fleisher et al., 1999). This
tumours are associated with lymphocyte infiltration, multiple tumours and a
potentially favourable prognosis (Malcolm et al., 2006).

Meanwhile MSI of the D15191 locus is found in 26% of intestinal metaplasia
and 46% of intestinal type GC. An identical pattern of this MSI of D1S191 is observed in
adjacent intestinal metaplasia and intestinal type cancer that suggests the sequential
development from the former to the latter (Hamamoto et al., 1997). Diffuse type

cancers do not exhibit MSI phenotype (Santos et al., 1996).

4 - Receptors Tyrosine kinases

Receptor Tyrosine Kinase (RTK) is a subclass of cell-surface growth-factor
receptors with an intrinsic, ligand-controlled tyrosine kinase (TK) activity. They regulate
diverse functions in normal cells and have a crucial role in oncogenesis. Twenty years
ago, the first primary structure of a RTK, the Epidermal Growth Factor Receptor
(EGFR), was elucidated (Gschwind et al., 2004).

Moreover, substantial advances have been made in understanding the key
roles of RTKs in the signalling pathways that govern fundamental cellular processes,
such as proliferation, migration, metabolism, differentiation and survival, as well as
those that regulate intercellular communication during development. RTK activity in
resting, normal cells is tightly controlled (Gschwind et al.,, 2004). When they are
mutated or structurally altered, RTKs become potent oncoproteins (Blume-Jensen and

Hunter, 2001): abnormal activation of RTKs in transformed cells has been shown to be
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causally involved in the development and progression of many human cancers
(Gschwind et al., 2004).

The RTK class of cell-surface receptors now comprises 58 known members that
are distributed among 20 subfamilies (fig.6) (Gschwind et al., 2004). More than half of
these have been found to be overexpressed or mutated in human hyperproliferative or
hypoproliferative diseases and are therefore considered being targets for cancer

therapy (Zwick et al., 1999).
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Figure 6: Human receptor RTK. The prototypic receptor for each family is indicated
above the receptor, and the known members are listed below. The symbols a and  denote
distinct RTK subunits. RTK members in bold and italic type are implicated in human

malignancies. An asterisk indicates that the member is devoid of intrinsic kinase activity.

4.1 - The ERBB Receptor Family

Subclass | of the RTK superfamily consists of the Avian Erytroblastosis Virus B
(ERBB) or Epidermal Growth factor (EGF) receptors and comprises four members:
EGFR/ERBB1/HER1, Erythroblastic leukemia viral oncogene homolog 2 (ERBB2/HER2),
Erythroblastic leukemia viral oncogene homolog 3 (ERBB3/HER3) and Erythroblastic
leukemia viral oncogene homolog 4 (ERBB4/HER4). All members have an extracellular
ligand-binding domain, a single membrane-spanning domain and a cytoplasmic domain
containing a conserved protein tyrosine kinase (PTK) core (Yarden and Sliwkowski,

2001).
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With few exceptions (i.e., haematopoietic cells), ERBB proteins are expressed in
cells of mesodermal and ectodermal origins. They are expressed in various tissues of
epithelial, mesenchymal and neuronal origin (Holbro and Hynes, 2004), where they
play fundamental roles in development, proliferation and differentiation. Evidences
show that the normal function of ERBB receptors and their ligands is to mediate cell-
cell interactions in organogenesis and adulthood. So, this receptors’ family is critical for
the development of systems like the cardiovascular, nervous and gastrointestinal
(Abud et al., 2005; Ciccolini et al., 2005; Mekada, 2006).

Under normal physiological conditions, activation of the ERBB receptors is
controlled by spatial and temporal expression of their ligands (Harris et al., 2003),
which are members of the EGF family of growth factors (Peles E, 1993). In the
epithelium, the basolateral location of ERBB receptors enables them to mediate signals
between the mesenchyme and the epithelium for cell growth. The mesenchyme serves
as a storehouse for many ligands (Yarden and Sliwkowski, 2001).

Ligand binding to ERBB receptors induces the formation of receptor homo- and
heterodimers and activation of the intrinsic kinase domain, resulting in
phosphorylation on specific tyrosine residues within the cytoplasmatic tail (Holbro et
al., 2003). ERBB3 is devoid of intrinsic kinase activity, due to substitutions in critical
residues in its kinase domain (Holbro et al., 2003).

These phosphorylated residues serve as docking sites for a range of proteins,
the recruitment of which leads to the activation of intracellular signalling pathways,
like Rat sarcoma viral oncogene homolog- Mitogen Activated Protein Kinase (Ras-
MAPK), Phosphatidylinositol 3-Kinase/ v-akt murine thymoma viral oncogene homolog
1 (PI3K-PKB/AKT) and Phospholipase C - Protein Kinase C (PLC-PKC) (Holbro et al.,
2003).

The specificity and potency of the intracellular signals are determined by
positive and negative effectors of ERBB proteins, as well as by the identity of the
ligand, oligomeric composition and specific structural determinants of the receptors.
The main determinant, however, is the vast array of phosphotyrosine- binding proteins
that are associate with the tail of each ERBB molecule after the engagement into

dimeric complexes (Yarden and Sliwkowski, 2001).
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The potent cell proliferation signals generated by the ERBB network (fig. 7) are
used by cancer cells to fix oncogenic mutations by clonal expansion. Hyperactivation of
the ERBB network is implicated in multiple human pathologies. It is extremely useful to
know whether a particular tumour has an overactive ERBB pathway because of
mutation, overexpression or amplification of a component of the ERBB pathway, as it
can tell us what the patient’s chance of survival is and with which drug they should be
treated (Yarden and Sliwkowski, 2001). Patients with cancer whose tumours have
alterations in ERBB receptors tend to have a more aggressive disease, and one that is
associated with factors that predict a poor clinical outcome. So, ERBB receptors have
been intensely pursued as therapeutic targets (Holbro and Hynes, 2004).

There are two major classes of anti-ERBB therapeutics: ectodomain-binding
antibodies and small-molecule TK inhibitors that compete with Adenosine
Triphosphate (ATP) in the TK domain. Many of these therapies are either in clinical use

or in advanced clinical development (Hynes and Lane, 2005).
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Figure 7: The ERBB signaling network. a Ligands and the ten dimeric receptor combinations
comprise (input layer). b Signaling to the adaptor/enzyme layer is shown only for two receptor
dimmers: the weakly mitogenic EGFR homodimer, and the relatively potent ErbB2-ErbB3
heterodimer. Only some of the pathways and transcription factors are represented in this layer. c

How they are translated to specific types of output. Adapted after Yarden and Sliwkowski ( 2001).
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4.1.1 - Epidermal Growth Factor Receptor

The EGFR is expressed in many normal tissues during the development and in
adults, and its importance has been emphasised by the lethal phenotype of complete
knock-out of the gene in mice ( Miettiren et al., 1995; Gullick & Srinivasan, 1998).
Inactivation of EGFR impairs epithelial development in many organs, including those
involved in tooth growth and eye opening. Likewise, transgenic and in vitro studies
implicate EGFR in promoting proliferation and differentiation of the epithelial
component of skin, lung, pancreas and the gastrointestinal tract (Miettiren et al, 1995).

The EGFR pathway was first identified as a potential target for anticancer
therapy in the early 1980s, and in recent years therapies directed at this target have
been added to the arsenal available to the clinical oncologist (Normanno et al., 2006).

The gene for the EGFR maps to 7p11.2—p12 and comprises 28 exons. EGFR is
synthesized from a 1210 residue polypeptide precursor after cleavage of the N-
terminal sequence; an 1186 residue protein is inserted into the cell membrane. (Ullrich
et al., 1984; Jorissen et al., 2003). Over 20% of the receptor’s (170 kDa mass) is N-
linked glycosylated and this is required for the translocation of EGFR to the cell surface
and subsequent acquisition of function ( Ullrich et al., 1984; Slieker et al., 1986). So,
EGFR is a large glycoprotein expressed on the surface of the majority of normal cells.

This receptor consists of three regions (fig. 8): the extracellular ligand binding
region (also called ectodomain), the transmembrane region either a single
hydrophobic anchor sequence, by which the receptor traverses the cell membrane a
single time and the intracellular or cytoplasmatic region with TK activity. The
extracellular amino terminal end can be divided into four domains (I; II; Il and IV). The
EGF ligands bind between the | and Il domains of the receptor (Garrett et al., 2002;

Jorissen et al., 2003).
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Figure 8: This diagram illustrates the structural features of the EGFR

extracellular and intracellular region. Adapted after Linggi and Carpenter (2006).
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The domains Il and IV consist of a number of small molecules, each appearing
to be held together by one or two disulphide bonds (Garrett et al., 2002; Ogiso et al.,
2002). When the receptor dimerizes, loops from the domain Il make contact with each
other. The recent literature also suggests that receptor dimerization is a unique
property of the receptors themselves, although the ligand may cause dimerization
through some conformational changes in the receptor (Domagala et al., 2000 ; Burgess
et al.,, 2003). The domain IV is involved in targeting EGFR to the caveolae/raft
component prior to ligand-binding (Mineo et al., 1999).

Residues 626—647 of EGFR constitute the transmembrane domain and are a-
helical. The juxtamembrane region appears to have a number of regulatory functions
like downregulation and ligand-dependent internalization events (Song, 2000),
basolateral sorting of the EGFR in polarized cells (Crepaldi et al., 1994; Hoschuetzky et
al. 1994), and association with proteins such as epidermal growth factor receptor
pathway substrate 8 (EPS 8) and calmodulin (which is competitive with PKC) (Li and
Villalobo, 2002).

Just inside the cell membrane the justamembrane region is followed by PTK
and autophosphorylation domains. The PTK activity plays a key role in the regulation of

cell proliferation and differentiation (Yarden, and Sliwkowski 2001).

4.1.1.1 - EGFR Activation

EGFR exist in the cells both in @ monomeric and dimeric state in the absence of
ligand. Clearly, dimerization of the EGFR, while necessary, is not sufficient to activate
the intracellular kinase (Jorissen et al., 2003).

As the concentration of ligand (EGF, Transforming Growth Factor a [TGF-a],
Heparin- Binding Epidermal Growth Factor [HB—-EGF], Amphyregulin [AR], Betacellulin
[BTC], epigen [EPG] (Kochupurakkal, 2005), or Epiregulin [EPR] (Shelly et al., 1998)
increases in the environment, an increasing proportion of receptors become occupied
by ligand contingent on their extracellular domain. This provokes allosteric changes in
the intracellular part of the receptor resulting in an increase of the proportion of
dimerized receptor and in the activation of the intracellular TK enzymatic activity

(Cohen et al., 1982; Yarden, 1987). This process is represented in figure 9.
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The dimerization results in the
autophosphorilation of five specific tyrosine
(Tyr) residues (Tyr 1173, 1148, 1086, 1068 and
992) in the carboxyl-terminal (CT) end of the
intracellular part of EGFR, with Tyr-1173 as the
major autophosphorilation site (Downward and
Waterfield, 1984; Hsuan, 1993).

Individual receptor pairings can consist
of two molecules of the same type, called
homodimers, or two molecules of different
types, which has been termed as heterodimer.
EGFR can interact with ERBB2, ERBB3 and

ERBB4 in a ligand-dependent fashion to form

heterodimers (Hynes, 2000; Yarden and
Sliwkowski, 2001)
After the induction of tyrosine

phosphorylation, some signalling pathways
appear to start with the recognition of the CT
phosphotyrosines by appropriate adaptor or
signalling molecules (Jorissen et al., 2003).
Another mechanism that induces EGFR
phosphorylation and subsequent stimulation of
intracellular signalling pathways is known as
EGFR transactivation. For example, cytokines,
such as growth hormones (GH) and prolactin
(Prl), can indirectly activate EGFR through Janus
tyrosine kinase 2 (Jak2) pathway, which
phosphorylates specific tyrosine residues in the
cytoplasmic domains of EGFR (Yamauchi et al.,

1997; Yamauchi et al.,, 2000). The EGFR signal
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Figure 9: EGFR dimerization and
activation. (a) A general scheme for ligand-
dependent dimerization and activation of
an EGFR. (b) The contribution of the
dimerization arm to receptor association
within the ectodomain. Before ligand
binding, the arm is sequestered within a
monomer by interactions with subdomain
IV. Ligand binding alters this interaction
such that the arm is now exposed to
facilitate dimerization by intermonomer
associations between dimerization arms.
From the data available, the likely
consequence of ectodomain dimerization
is the asymmetric interaction of kinase
domains such that activation occurs (c). P,
Adapted

phosphorylation; Y, tyrosine.

after Linggi and Carpenter (2006).

may also be released by non-physiological influences such as ultra violet (UV) and y-

radiation, osmotic shock, membrane depolarization, heavy metal ions and radical-
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generating agents such as hydrogenperoxide (Prenzel et al., 1999). This effect has
been predominantly attributed to the inactivation of phosphatases that antagonize the
intrinsic receptor kinase activity, thereby shifting the equilibrium of basal
autophosphorylation and dephosphorylation towards the activated state (Fischer et
al., 2003).

The strength and duration of intracellular signalling from the EGFR are also
controlled by internalization and recycling of the receptor, which can be modulated by
heterodimerization at the cell surface and by association with intracellular signalling

molecules (Wiley, 2003).

4.1.1.2 - EGFR mediated signal transduction

EGFR-TK plays a key role in numerous processes that affect tumour growth and
progression, including proliferation, dedifferentiation, inhibition of apoptosis,
invasiveness and lack of adhesion dependence (Honegger et al., 1989).

Within the cell the phosphorylated receptors now can interact with proteins
called second messengers. Again, a complex array of these proteins has been
discovered, containing various structures which allow them to recognise receptors
phosphorylated at specific sites. These fall into two main classes, those that possess
structures called src homology 2 motifs (SH2) domains that directly or indirectly
interacts with the autophosphorylated EGFR, including enzymes such as PLC, GTPase
activating protein (GAP) and the synaptophysin (syp) phosphotyrosine phosphatise, as
well as non-enzymatic adapter molecules such as the phosphatidylinositol 3-kinase,
regulatory subunit( p85) of PI3K, the Src homology and collagen (Shc) protein, Growth
factor receptor- bound protein (GRB2) and Non-Catalytic region of tyrosine Kinase
(NCK) adaptor protein family; and a smaller group of proteins which interact with
phosphorylated receptors via a structure called a phosphotyrosine-binding signalling
molecules (PTB) domain (Gullick, 2001).

The stimulation of PLC-y by EGFR mediated tyrosine phosphorylation causes the
release of ion calcium (Ca2+) from intracellular compartments and the generation of
diacylglycerol, the activator of PKC. PKC is a serine/ threonine kinase that possibly is

responsible for the phosphorilation of serine/threonine residues (threonine 654 and
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serine 1002, 1046 and 1047) involved in the desensitisation of EGFR (Voldborg et al.,
1997).

When the Grb2/ Son of sevenless (Sos) complex that is recruited from the
cytosol to the membrane, binds to tyrosine residues in EGFR normally occurs the
activation of Ras, by catalyzing Guanosine-5'-diphosphate / Guanosine-5'-triphosphate
(GDP/GTP) exchange. Activated Ras finally activates MAPKs cascade. Following
activation MAPKs are imported to the nucleus where they activate transcription
factors that regulate cell proliferation, apoptosis and differentiation (Chantry, 1995).

Recruitment of a second signaling pathway, the PI3K/AKT leads to inhibition of
apoptosis mechanisms in tumour cells (Fernandes et al., 2001).

Other key downstream signalling molecules that are influenced by EGFR TK
activity include Janus kinase signal transducer and activator of transcription pathway (
Yamauchi et al., 2000; Jorissen et al., 2003).

Activity of EGFR-TK also influences tumour angiogenesis by up regulating (Baker
et al., 2002) expression of Vascular Endothelial Growth Factor (VEGF) (Akagi et al.
2003) and interleukin 8 ( Kitadai et al. 1998; Nair, 2005).

Recent reports also suggest that following EGF stimulation at the cell surface,
the full-length EGFRs also migrates to the nucleus being a holoreceptor (Lin et al.,
2001). The available reports suggest that these nuclear EGFR are not found in the
nuclear envelope, but rather are present in the nucleoplasm in a non-membranous
environment. The mechanism of traffic to the nucleus could involve endocytosis
together with an unknown mechanism (Wells and Marti, 2002). In the nucleus EGFRs
can bind an AT-Rich consensus Sequence (ATRS) via an undefined domain and enhance
transcription via praline-rich region near their CT domain ( Lin et al., 2001; Waugh and
Hsuan, 2001 ; Carpenter, 2003). Since EGFR contain an enzymatic function, it is
plausible that the modification of nuclear proteins is another consequence for nuclear-
localized receptors or their cytoplasmic domain fragments. Finally, it is possible that
EGFR carry other molecules into the nucleus and that these receptor-associated
molecules are functional there. It has been proposed that EGFR may transport the
signal transducer and activator of transcription 1 (STAT-1), a tyrosine-phosphorylated

transcription factor, from the cytosol into the nucleus (Bild and Jove, 2002).
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EGFR TK is also involved in the progression of cells through G1 phase into S
phase. This progression is mediated by a family of protein kinases, the CDK and their
corresponding activating partners, the cyclins (Hunter and Pines, 1994). Progression
through G1 phase requires activation of the various cyclin-CDK kinase complexes
(Voldborg et al., 1997). Some studies show an association between the EGFRs and the
promoter region of cyclin D1, a protein that can play a key role in mitogenesis (Lin et
al., 2001).

The identification of EGFR-TK substrates is far from complete (Voldborg et al.,
1997).

4.1.1.3. Deregulation of EGFR in human cancer

EGFR overexpression and alterations are common in human malignancies.
Increased signalling of EGFR may be caused by different mechanisms: high expression
of the receptor; gene amplified copy number normally associated with structural
rearrangements of the receptor; receptor mutations; heterodimerization with other
members of this receptor family such as ERBB2 as well as with heterologus receptor
systems (i.e. G-Protein- Coupled Receptors -GPCRs); increased expression of
(autocrine/ paracrine) ligands, and alterations in molecules that control their function
or regulation (Voldborg et al., 1997).

Overexpression of EGFR occurs in a variety of human tumours including non
small cell lung carcinoma (NSCLC), breast, head and neck, brain, gastric, colorectal,
esophageal, prostate, bladder, renal, pancreatic, and ovarian cancers (Arteaga, 2002).
In vitro studies suggest that overexpression of the normal receptor leads to
transformation only in the presence of a ligand. This receptor overexpression is
associated with higher grade, higher proliferation, reduced survival and resistance to
standard therapies (hormonal therapy, chemotherapy, and radiation) in various human
malignancies (i.e. breast, head and neck, ovarian, bladder and esophageal cancers)
(Gorgoulis et al., 1992 ; Voldborg et al., 1997; Baselga et al., 2000; Sirotnak et al., 2000;
Ranson et al., 2002).

Gene amplification of EGFR has been demonstrated to occur in different

tumour types and it is usually associated with EGFR protein overexpression, although
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overexpression of EGFR in absence of gene amplification has been described ( Salomon
et al., 1995; Normanno et al., 2003). It is well established that EGFR gene amplification
is associated with cancer aggressiveness, which ultimately leads to metastases
(Yasmeen et al., 2006)

In addition to EGFR wild type, cancer cells have also been shown to express
various mutated EGFR molecules. The most common mutant, named EGFRvIII, is one in
which amino acids 6-273 (exons 2-7) of the extracellular domain are deleted. This in-
frame deletion is common in glioblastomas and in several other types of cancer,
including breast, ovarian, lung and medulloblastoma tumours ( Weber and Spiess,
1984; Pedersen et al., 2001). EGFRUVIII is constitutively active in a ligand-independent
manner (Lorimer, 2002), and while its prognostic significance remains incompletely
understood, it is important noting that the mutant confers radio-resistance, which
exceeds the cytoprotective activity of wild type EGFR (Lammening et al., 2003). Other
EGFR mutations were found in human cancers, like deletions and point mutations that
are described that result in increased catalytic TK activity of the receptor (Humphrey,
et al. 1990; Moscatello et al., 1995; Wikstrand et al., 1995; Voldborg et al., 1997).
Mutations found especially in NSCLC appear to confer sensitivity to EGFR inhibition
(Lynch et al., 2004; Pao et al., 2004).

The high expression of some EGFR ligands (such as EFR, AR and TGF- a) leads to
the deregulated EGFR action and uncontrolled tumour growth (Gorgoulis et al., 1992;
Cohen et al., 1994; Salomon et al., 1995).

The EGFR-homologus HER2 receptor, which is highly expressed in several
human cancers, can potentiate EGFR function by increasing EGF binding affinity,
stabilizing and recycling EGFR-HER2 heterodimers, and expanding the repertoire of
receptor-associated substrates and signaling responses (Karunagaran et al., 1996;
Worthylake et al., 1999). Cancers with high expression of EGFR or HER2 have a better
prognosis than cancers that have high expression of both receptors (Tateishi et al.,
1994).

As was already mentioned the excessive EGFR signaling can be activated by
stimuli that do not directly interact with the structure or expression of the receptor.

EGFR signaling can be transactivated through GPCR in normal and cancer cells.

In prostate cancer the deregulated activation of EGFR, GPCR agonists and their ligands
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is correlated with tumour development (Prenzel et al., 1999; Gschwind et al., 2001).
The A disintegrin and metalloproteinase domain (ADAM) molecules family and matrix
metaloproteinases are involved in ectodomain shedding of EGFR (lzumi et al., 1998;
Dong et al., 1999; Yan et al., 2002) . High activity levels of EGFR and ADAM17 are also
found in primary breast tumours (Sternlicht et al., 2005). The ectodomain shedding
causes the production of distinct soluble EGF-ligands that are associated with the
activation of GPCRs (Hart et al., 2005).

Recent experimental results demonstrate an interaction between cadherins
and EGFR, suggesting that changes in cadherin expression may not only modulate
tumour cell adhesion, but also affect signal transduction and hence tumour malignancy
(Christofori, 2003). The lack of cell-cell adhesion and increased migration are key
characteristics of cancer cells. For this contribute the loss of expression of cell
adhesion components (i.e. E-cadherin) and overexpression of components critical for
cell migration, such as EGFR (Hodivala and Watt, 1994; Inada et al., 1999; Yasmeen et

al., 2006).
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GC is one of the most frequent malignancies worldwide, associated with a
variety of genetic alterations.

Much attention has been drawn to the oncogenic effect of EGFR and most of all
to this success of EGFR target therapies in cancer, namely in NSCLC.

The EGFR system seems to be involved in regulation of gastric mucosa
proliferation and progression of GC, however little is known about the molecular
mechanisms underlying EGFR activation in this tumour type.

In GC, EGFR gene amplification is described as a rare event and activating
mutations in the kinase domain were poorly investigated so far. Taking into account
this lack of knowledge we considered that searching for EGFR alterations is an
important subject to understand better the GC progression and to identify GC patients

that can benefit from therapies targeting this molecule.
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General Aim

The present work aims to clarify the expression profile of EGFR in primary
gastric carcinomas and to identify genetic alterations underlying aberrant expression

profiles and activation in these tumours.

Specific Aims

1. Does EGFR overexpression occur in primary gastric carcinomas?
To address this question we evaluated the pattern of immunoexpression in a
series of primary gastric carcinomas using antibodies against the extracellular and

intracellular domain of the EGFR.

2. Is there any association between the overexpression of EGFR and the
clinicopathologic features of the primary gastric carcinomas?
We analysed the relationship between the clinicopathologic features of the

cases and the immuoexpression of EGFR.

3. Which are the genetic alterations underlying EGFR overexpression or

activation in primary gastric primary carcinomas?

In attempt to answer this question we performed the following analysis:

3.1. Evaluation of the copy number of EGFR gene by flurescence in situ

hybridization (FISH) analysis.
3.2. Screening of mutations in TK domain of EGFR by polymerase chain reaction

(PCR) and direct sequencing of the exons, where alterations have been described in

other neoplastic models.
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4. Is there any association between structural alterations of EGFR and clinical
features of the patients and histopathological features of primary gastric
carcinomas?

To answer to this question we analysed the relationship between the
clinicopathologic features of the cases and the EGFR alterations (gene amplification

and mutations).
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1 - Case selection and histopathological classification of the
tumours

Representative blocks of 77 formalin-fixed and paraffin embedded human
gastric primary cancers were retrieved from the files of the Department of
Pathology of the Hospital S. Jodo. None of the patients included in the present series
had a family history of GC. Haematoxylin and Eosin (H&E) stained sections were used
to categorize tumours according the classifications of Lauren and Ming. Penetration of
the gastric wall and the presence and localization of lymph node metastases were
recorded for all patients using standard criteria for pathological staging. Orcein-stained

sections were used for the detection of vascular invasion.

2 - EGFR immunohistochemistry

Immunohistochemistry was performed in 3 um serial sections of the tumour
samples using two different antibodies for EGFR. The antibodies used were the
following: the EGFR clone 31G7 (Zymed Laboratories), recognising the extracellular
domain, and the clone EGFR-384 (Novocastra Laboratories), recognising the
intracellular domain.

For EGFR staining with the clone 31G7 antibody, sections were treated for
antigen unmasking with Pepsine Digest All (Zymed Laboratories) 20 minutes at 37°C.
The antibody was incubated for 1 hour (dilution 1:50) at Room Temperature (RT).

The EGFR antigen unmasking treatment for the antibody clone EGFR-384
staining was done by treating the sections in 0.01M citrate buffer, pH 6.0, during 20
minutes in a water bath at 98°C and cooled at RT for 20 minutes in the same solution.
The incubation with the primary antibody was done for 1 hour at RT (dilution 1:50).

Immunohistochemistry was performed in every case using the Polimer
Detection System Kit Picture™- Plus (Zymed ®).

A squamous cell breast carcinoma was used as positive immunostaining control
for both anti-EGFR antibodies. As negative control we used the slides from the same
tumour type, but instead of using the primary antibodies we used PBS (Phosphate

BufferedSaline)
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2.1 - Immunostaining Scoring

Three observers (Moutinho C., Carneiro F. and Weng) independently scored the
immunostaining using a semi quantitative approach. The specimens immunoreactivity
was classified as follow: a) according to the intensity of the staining, cases were
classified as negative when there were no expression, (-); very weak staining, (+);
medium staining intensity (+ +); strong staining, (+ + +); and b) according to the
fraction of stained cells the cases were classified as: 0%, <25%, 25-50%, 50-75%, >75%.

The immunostaining was also classified according to its sub cellular

localization as membranous, cytoplasmatic, nuclear or absent.

3 - Fluorescence in Situ Hybridization for EGFR
Gene

p12

The paraffin blocks were sectioned at 5um, and the sections
were put in the drying oven at 60°C for 30 minutes. The slides were
then deparaffinised with xylene (10 minutes), and washed 10 minutes
with absolute ethanol.

A pre-treatment was performed with 2 X SSC solutions at room
temperature for 3 minutes and 1M NaSCN solution at 80°C for 10
minutes, followed by washing in 2X SSC at RT for 4 minutes. A
digestion step was performed using 4mg/ml of pepsin in a 0.2M HCL

solution at 37°C for 22 minutes and then washed in a 2X SSC solution

for 4 minutes. The slides were then dehydrated with increasing

. . i 0:
concentrations of ethanol (70%-96%-100%). After being completely Flgure 1
Chromosome

dried, the slides were ready to receive the probe. 2 LS| EGEFR

The LSI EGFR Dual Color Probe-Hyb Set (VYSIS®), optimized to  Dual  Color

[ i Probe-Hyb S
detect the band region 7p12 in spectrum orange and the centromere ¢ "° >

(VYSIS®)
of chromosome 7 (7p11.1-g11.1, D771 locus) in spectrum green (fig.

localisation.

10), both in interphase nuclei and on metaphase chromosomes, was  Adapted from

http://i
used. Five pl of the probe were applied to each slide that were then ttp://internat

ional.abbottm

covered with cover slips slides and sealed with rubber cement. The cuiar.com.

denaturation was performed in a Hybridiser at 80°C for 8 minutes followed by
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hybridization on a humid chamber at 37°C for 16 hours. The cover slips were removed
and the slides were washed in a 2X SSC/ 0.1% NP40 solution at RT until the cover slip
slides fall apart. Then the slides were washed in a 2X SSC/0.5% NP40 solution at 73°C
for 5 minutes. Incubation with 4’, 6-diamidino-2-phenylindole (DAPI) allowed nuclear
staining. Afterwards, the slides were covered and kept in the dark at 4°C until
fluorescence microscopy evaluation.

Sixty to one hundred intact interphase nuclei were analysed by two
independent observers (Moutinho C and Milanezi F), in order to score the signals for
the chromosome 7 centromere and the EGFR gene. Surrounding lymphocytes and
normal mucosa were used as internal quality control for the assays. At least two or
three representative areas of the neoplastic cells were selected, under a 100X/200X
amplification field, to count the nuclei signals. After an overview under a 400X

amplification, the signals were then counted using immersion oil (1000X).

4 - EGFR Mutation Screening

Genomic DNA was extracted from 10um section after microdissection of the
tumour areas with a sterile needle under a stereo microscope to ensure a purity of at
least 70% of neoplastic cells. DNA extraction was performed using the Genomic DNA
Purification Kit (Gentra System) according to the manufacturer’s protocol. Exon-
specific primers were designed and DNA was subjected to PCR amplification of exons
18, 19, 20 and 21. The four EGFR exons code for the TK domain of EGFR. Primers

sequences are shown in Table I.

Tabela I: Primers used for PCR amplification of the EGFR TK

Exon Primer Sequence PCR product size (bp)

Exon 18 Forward TGGGCCATGTCTGGCACTGC 283
Reverse ACAGCTTGCAAGGACTCTGG

Exon 19 Forward TCACTGGGCAGCATGTGGCA 241
Reverse CAGCTGCCAGACATGAGAAA

Exon 20 Forward CCTTCTGGCCACCATGCGAA 295
Reverse CGCATGTGAGGATCCTGGCT

Exon 21 Forward ATTCGGATGCAGAGCTTCTT 265
Reverse CCTGGTGTCAGGAAAATGCT
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PCR products were run on a 2% agarose gel and PCR amplified bands were
extracted from the gel with the Gel Band Purification Kit (GE Healthcare). Samples
were then purified and sequenced using the ABI Prism dGTP BigDye Terminator Ready
Reaction Kit (Perkin Elmer, Foster City, CA) following manufacture’s instruction and an
ABI Prism 3100 Genetic Analyser (Perkin Elmer, Foster City, CA). The results were
analysed using 3100 data collection software. Sequencing was performed in both
strands. In cases with suspected mutations PCR amplification was repeated and the

sample was re-sequenced to rule out PCR artefacts.

5 - Statistical Analysis

All statistical analyses were assessed by the x2 test or Student’s t test. They
were done to look for a possible correlation between EGFR overexpression and the
clinicopathologic parameters of the patients and tumours; and between EGFR
alterations and the clinicopathologic features. The association study for look for a
correlation between the EGFR alterations and the clinicopathologic features of the
cases was performed only in 30 cases (tumours analysed for EGFR mutations and EGFR
copy number variation).

For both association studies a p value of <0.05 was considered statistically

significant.
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1 - EGFR immunoexpression

EGFR overexpression has been described in different types of tumors; however
EGFR in primary GC has not been asseced in many series. In order to verify the
frequency of EGFR expression in our series of primary gastric carcinomas we study the
pattern of EGFR expression by immunohistochemistry using two different antibodies,
one recognizing the extracellular domain (clone 31G7) and other recognizing the
intracellular domain (clone EGFR-384) of EGFR protein. The results obtained are

summarized in table Il.

Table II: Results from EGFR immunohistochemistry. M: membrane; C: cytoplasm;

N: nuclear; A: absent staining.

EGFR antibodies clones Immunoreactivity

Positive (%) Negative (%) Localization (%)
Clone 31G7 M C N A
(n=41) 61 39 46 5 10 39
Clone 384
(n=38) 68 32 71 0 O 29

The percentage of positive cases is comparable using both antibodies, and the
percentage of cases that show EGFR overexpression is = 64.5%. What concerns to EGFR
protein staining localization, it is predominantly present at the membrane (44%; 71%).
Very few cases show EGFR nuclear staining (10%) or cytoplasmatic (5%). These cases
were stained with the EGFR antibody clone 31G7.

In figure 11, we can see a picture set that represents different patterns of
staining using the two antibodies. Pictures 11A and 11B show an EGFR positive
intestinal and diffuse GC respectively, both with membrane immunoreactivity for the
EGFR using the antibody that recognizes the extracellular domain (clone 31G7). The
picture 11C and 11D are EGFR positive GC (intestinal and diffuse type, respectively) for
the antibody recognizing the intracellular portion of EGFR (clone 384). The pictures 11E
and 11F correspond to an EGFR positive atypical type GC using the clones 31G7 and

384, respectively.
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Figurel2: Positive GC for EGFR immunostaining. A: Positive intestinal GC for EGFR (clone
31G7); B: Diffuse GC (clone 31G7); C: Positive intestinal GC for EGFR (clone EGFR-384);
D: Diffuse GC (clone EGFR-384); E and F: Positive atypical GC for EGFR (clone 31G7 and
clone EGFR-384). All pictures are at X400 magnification, except figure D that is X600.
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In order to understand the clinical importance of EGFR overexpression in GC we
performed association studies between the presence of EGFR expression (using the
two antibodies recognizing both portions of EGFR) and the clinicopathologic features

of the patients and tumours.

2 - EGFR overexpression and clinicopathologic parameters
of the primary gastric carcinomas

Table IlI: Association studies results of EGFR imunoexpression with
patients and tumours clinicopathologic parameters.

Clinicopathologic EGFR expression
Parameters EGFR extracellular domain EGFR cytoplasmatic domain
(n=41) (n=38)
Positive Negative P value Positive Negative ( p value
Sex (F/M) 9/16 6/10 0.92 9/17 6/9 0.72
Age (SD) 61.4+¥11.4 50.8+16.2 0.02 50.0+15.1 58.5+12.7 0.09
Tumour localization 0.84 0.10
Proximal 13 7 14 8
Distal 13 8 14 5
Size (SD) 6.1+2.3 9.448.7 0.09 6.4+2.8 8.9+8.9 0.20
Lauren’s classification 0.33 0.56
Intestinal 13 7 12 8
Diffuse 10 8 10 5
Atypical 3 0 1 2
Wall penetration 0.74 0.94
Early (T1) 1 1 1 1
Advanced (T2- 24 15 17 19
T4)
Vascular Invasion 0.51 0.89
Absent (NO) 13 10 13 8
Present (N21) 12 6 10 7
Lymph node metastasis 0.57 0.46
Absent 10 5 4 5
Present 15 11 17 12
Staging 0.51 0.80
| 7 3 6 4
n 4 2 2 3
11] 13 11 14 8
v 0 1 1 o]
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The results of the association studies to see the relationship between EGFR
overexpression and the clinical characteristics from patients and histological features
from tumors are summarized in table Ill. We didn’t found any significant statistical
association between the presence of EGFR overexpression and the different

parameters analysed.

3 - FISH for EGFR gene and for chromosome 7 centromere

In order to identify the molecular mechanisms underlying EGFR overexpression
in this series of GC we determined the frequency of EGFR amplification using FISH
analysis, since this phenomena has been described in other type of tumor models.

We performed FISH with an EGFR specific probe and with a centromeric probe
for chromosome 7, in order to evaluate gene and respective chromosome copy
number.

This analysis was only possible in 30 of the 41 cases analysed for EGFR pattern
of expression. All EGFR signals were compared to signals for centromeric probes for
chromosome 7. More than 2.0 EGFR copies per cell (balanced polysomy or gene
amplification) were detected in 13.3% (4/30) of the cases. Of the four cases showing
more than 2 copies of EGFR gene per chromosome 7, three had increased copy
number due to polysomy (Fig. 12 B) and one had gene amplification, exhibiting the

formation of clusters with numerous signals for EGFR (Fig.12 C).

Figure 12: FISH for the centromere of chromosome 7 (green) and EGFR gene (red). A: Normal
lymphocytes (2 copies #7, 2 copies of EGFR gene); B: Cancer cell with polyssomy (10 copies # 7,
7copies of EGFR gene; C: Cancer cell with EGFR gene. amplification (4 copies # 7; >10 copies of EGFR
gene).
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4 - Mutation screening by PCR and direct sequencing

Another mechanism of EGFR activation is the presence of EGFR mutations. This
type of EGFR structural alteration can occur in the TK domain of this receptor, leading
that to a modification of the receptor behaviour. We searched for EGFR mutations
localized within the TK domain of the protein (exons 18, 19, 20 and 21), by direct
sequencing.

From the 77 sporadic primary stomach carcinomas analysed, EGFR mutations in
exons 18-21 were detected in 2.6% (2/77) of the cases. One mutation was found in

exon 20 and the other was found in exon 21 (fig.13).

CACGC '_T'CA 2 CAe G| lwmwm mwelE

Figure 13: Missense mutations found in exon 20 (2300 C>T; A 767 V) and
exon 21 (2524 A>G; N 842 D).

The mutation found in exon 20 of EGFR was a missense mutation (2300 C>T)
leading to the substitution of the Alanine (A) 767 for a Valine (V). In exon 21 the single
mutation found was also a missense mutation (2524 A>G) leading to the substitution
of the Asparagine (N) 842 for an Aspartic acid (D). None of these mutations were
previously described.

No sequence alterations were found in exons 18 and 19 from EGFR gene.

Several EGFR polymorphisms were found in exon 20 (table 1V). The
polymorphism 2361G>A, Glutamine (GIn) 787 GlIn (fig. 14), previously described by Mu
et al. (2005), was present in 43 of the 77 cases (55.8%) and in nine of the 43 cases in a

homozygous state.

Page 46




RESULTS

i

Figure 14: Silence alteration (2361G>A) found in exon 20. A: Normal sequence; B:
Polymorphic sequence showing the heterozygous state; C: Polymorphic sequence
showing the homozygous state.

Two other rare EGFR polymorphisms were found in exon 20; none of them was
previously described. Both polymorphisms, the 2301 C> T, Alanine (Ala) 767 Ala, and
the 2415 C>T, Histidine (His) 805His, were found in a single case (fig. 15).

AG G G GC 66 accllercecaccrlescca
2301 C>T

e

Figure 15: Silence alterations (2415 C> T; 2301 C> T) not described found
in exon 20.

We screened 50 normal controls for exon 20 and we found the 2361G>A
GIn787GIn silence alteration in 41 cases. The other two silent alterations (2301 C>T
Ala767Ala and the 2415 C>T His805His) were absent in normal controls.

We also found six different sequence variants localized in intronic regions of
EGFR, two of them described previously in Ensemble. They are represented by the

figure 16.
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Figure 16: Intronic variants. A: exon 18; B, C, D and E: exon 20; F: exon 21.

Table IV summarizes all the sequences alterations found by direct sequencing

of exons 18-20 of EGFR gene in the series analysed by us.

Table IV: Sequence alterations found by direct sequencing (exons 18-21 of EGFR gene).

Alteration Type Frequency References
Exon 18
2184+19 G>A  Intronicvariant 2/77 Ensemble
SNPrs17337107 (dbSNP126)
Exon 19
21859C>G  Intronicvariant 1/77 Not yet described
2283+11 G>A Intronicvariant 1/77 Not yet described
2283+47 G>A  Intronicvariant 177 Not yet described
2283+49C>T  Intronicvariant 1/77 Not yet described
Exon 20
2284-60C>T  Intronicvariant 2/77 Ensemble
SNPrs10241451 (dbSNP126)
2300C>T Missense Ala767Val  1/77 Not yet described
2301C>T Silent Ala 767 Ala 1/77 Not yet described
2361G>A SilentGIn 787 GIn 43/77 Mu et al (2005)
2415G>T Silent His 805 His 1/77 Not yet described
Exon 21
2524 A>G Missense Asn842 Asp  1/77 Not yet described
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5 - EGFR structural
parameters of the patients and tumours

alterations and clinicopathologic

Table V: Association studies results of EGFR gene structural alterations with

Clinicopathologic

EGFR status

parameters Amplification/ mutation (n=6) Normal Total (n=30) pvalue
(n=24)
Sex (F/M) 1/5 10/14 11/19 0.2557
Age (SD) 623+ 14.1 56.3+16.8 57.5+16.2 0.4271
Tumour localization 0.8548
Proximal 3 11 14
Distal 3 13 16
Size (SD) 116+98 5.8+2.0 6.9+5.0 *0.0094
Lauren’s classification 0.1261
Intestinal 1 12 13
Diffuse 5 9 14
Atypical 0 3 3
Wall penetration 0.4642
Early (T1) 0 2 2
Advanced (T2-T4) 6 22 28
Vascular Invasion 0.7125
Absent (NO) 3 14 17
Present (N=1) 3 10 13
Lymph node metastasis 0.1921
Absent 1 11 12
Present 5 13 18
Staging 0.3845
I 1 7 8
1l 0 5 5
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Table V shows the associations between EGFR alterations and the
clinicopathologic characteristics of the patients and tumours. When comparing gastric
carcinoma harbouring EGFR alterations with carcinomas without EGFR mutation or
increase copy number, we observed a significant association between EGFR structural
alterations and increased tumour size (p=0.0094). No significant associations were
found between EGFR alterations and other clinicopathologic parameters of the
patients and tumours, namely gender and age of the patients, tumour localization,
histological type, wall penetration, the presence of lymph node metastasis, vascular

invasion and tumour staging of the tumour.
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1 - Does EGFR overexpression occur in primary gastric

carcinomas?

We accessed EGFR expression in a series of GC and found that about 65% of the
cases show EGFR overexpression by immunohistochemical methods. This frequency
obtained by us is within the range previously reported in GC that can vary from 19-83%
of the cases (Yasui et al. 1988; Yonemura et al., 1992; Salomonet al., 1995).

In the majority of the cases, in our series, the EGFR antibody (clone 31 G7) for
the extracellular domain exhibit fainter staining when compared with the EGFR
antibody (clone EGFR-384) for the cytoplasmatic domain. This fact was clear when we
compare the immunoreactivity between the two antibodies. We obtained 61% of
positive gastric cancers for the EGFR extracellular domain staining, and 68% of positive
gastric cancers for the EGFR antibody against the cytoplasmatic domain. One
hypothesis to explain the different percentage between the two antibodies (7%) is the
presence of EGFRvIII deletions in 4 cases. In the case of EGFRvIII deletions, EGFR misses
the extracellular domain (exons 2-7) where the EGFR antibody recognizing the
extracellular domain of the protein binds (Moscatello et al., 1995).

The EGFR staining for both antibodies is predominantly localised in the
membrane, place where normally this receptor is located. However, we found some
cases with cytoplasmic or nuclear staining for the antibody that recognizes the
extracellular domain of EGFR (clone 31 G7). This localization can be due to the fact that
after EGFR dependent ligand activation, this system (EGFR/ligand) is internalized to the
cytoplasm and then degraded in the lysosomes (Lo et al., 2005). What concerns to the
nuclear staining, it was recent related that activated EGFR could be imported to the
nucleus where he can play different roles (i.e. holoreceptor, transcription factor or/and

transporters of other molecules) (Lin et al., 2000; Bublil & Yarden, 2007).
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2 - Is there any association between the overexpression of
EGFR and the clinicopathologic features of the primary gastric

carcinomas?

We did not found significant associations between the presence of EGFR
overexpression and the clinicopathologic features of patients and tumours. In our
series EGFR overexpression was more frequently observed in well- differentiated
adenocarcinomas than in poorly differentiated carcinomas, being the intestinal type,
the GC histotype with higher cases of EGFR overexpression for both antibodies (13/41
and 12/38), followed by the diffuse GC. This observation is in accordance with previous
published results (Salomon et al., 1995). Although several immunohistochemical
reports indicated that EGFR overexpression in GC is significantly correlated with
tumour size (Salomon et al., 1995), our findings did not confirm this association.

Concerning other pathological parameters we observed that EGFR
overexpression occurred in cases with a higher depth of wall invasion, with more
lymph node metastasis and advanced stage of disease but without statistically

significance. This is in agreement with the data published by Salomon et al. (1995).

3 - Which are the genetic alterations underlying EGFR
overexpression or activation in primary gastric primary

carcinomas?

Overexpression of EGFR protein has been associated with genetic
abnormalities, namely amplification and rearrangements in other tumour types (Hynes
and Lane, 2005). In order to verify if these alterations could explain part of the EGFR

overexpression observed in our study, we performed FISH for EGFR gene.

3.1 - Evaluation of the copy number of EGFR gene by FISH
analysis.

Page 53




DISCUSSION

Here we report the presence of EGFR increased copy number in 13.3% of the 30
cases in which FISH analysis was possible. Of the four cases with increased copy
number, just one was due to gene amplification, whereas the remaining 3 cases had
EGFR increased copy number by polissomy of chromosome 7. It should be noted that it
is unclear whether high polissomy indicates the activation of the EGFR gene, resulting
in effects similar to those caused by gene amplification (Tsao et al., 2005). This low
percentage of cases with increased EGFR copy number is in agreement with the
previous reports [4.9% or 8.6%] (Tokunaga et al., 1995; Hirono et al., 1995; Tsugawa et
al., 1998).

3.2 - Screening of mutations in TK domain of EGFR by PCR and
direct sequencing of the exons where alterations have been
described in other neoplastic models.

The mutational analysis of the TK domain of EGFR revealed the presence of
mutations in 2.6% of 77 gastric carcinomas.

The identified mutations were of the missense type and were present in exons
20 and 21 of the EGFR gene. One of the missense alterations identified was a transition
at codon 767 (2300 C>T) leading to an amino acid substitution (Ala to Val). The
remaining mutation was a transition at codon 842 (2524 A to G) in exon 21. None of
the identified mutations had been previously described and their functional
significance is not yet assessed. However, due to their localization in the kinase domain
of EGFR, it is tempting to speculate that they will affect the activity of the receptor and
is likely that patients harbouring these types of EGFR mutations may benefit from the
use TK inhibitors as therapeutic approach.

Besides the found of these mutations, other sequence alterations have been
identified. In exon 20, namely, we have identified three silent substitutions.

The EGFR polymorphism previously described in Ensemble (2361G>A) occurs in
high percentage of cases and in Portuguese normal controls. In contrast, the other two
not yet described silent variants in exon 20 (2301 C>T, 2415 C>T) were absent in
normal control demonstrating that these variants are rare EGFR polymorphisms.

In addition to these EGFR sequence variant in coding regions, we have also
identified variations in the intronic sequence flanking exons 18, 19 and 20, but their
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functional effect remains unclear. Maybe because some of them are situated in the
first 10 bases after the end of the exon, they can interfere in the transcription process.
Another possibility for the function relevance of these variations is the presence of
mutations at regions that harbour MicroRNAs (miRNAs) localized to non coding RNA
transcripts or within the introns of coding genes (Rodriguez et al., 2004). miRNAs are
small, non coding, single stranded segments of RNA containing 19 to 24 nucleotides
that have been associated with the regulation of messenger RNA (mRNA) expression
(Lee et al., 1993). miRNAs reduce the transcription and translation of mRNA, thereby
down-regulating gene expression (Lee et al., 1993). Transcriptional profiling using
genomic microarrays and beads has enabled the discovery of numerous miRNAs that
are differentially expressed in normal tissues vs. tumors and associated with cancer
development, diagnosis, and prognosis (Calin & Croce, 2006). Today miRNA signatures
can be used to detect and classify cancer and predict the severity of disease, with
certain profiles of miRNA expression linked to aggressive cancers with advanced

disease present at diagnosis (Jeffrey S. Ross, 2007).

4 - Is there any association between structural alterations
of EGFR and clinical features of the patients and

histopathological features of primary gastric carcinomas?

The correlation of the clinical parameters for the cases with complete
information what concerns FISH analysis and mutation, showed that EGFR alteration
occurs mainly in diffuse carcinomas of the stomach, although this association was not
statically significant. The presence of EGFR alterations mainly in diffuse carcinomas is
in contrast to what was found for the other member of the ERBB receptors in GC. In
gastric carcinoma ERBB2 amplification was detected preferentially in intestinal
carcinomas of the stomach (David et al, 1992). Similarly to what was found for ERBB2
alterations in GC, all cases with EGFR alterations are advanced carcinoma. However,
we can’t conclude that EGFR induces a higher capacity of tumour cells to invade the
gastric wall since the number of early carcinomas analysed in our series are too low to

allow definitive conclusions.
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We found a significant association between EGFR alterations and tumour size.
This result comes in agreement with the reports from Hirono et al., 1995 and Tsugawa
et al., 1998, suggesting that EGFR is involved in tumour growth and alterations may
occur in advanced stages during the progression, however needing to be further
supported by other groups.

In addition, EGFR gene amplification is not a frequent event in gastric
carcinomas, demonstrating that overexpression of this receptor is probably due to
alterations in translation of this gene or due to alterations in protein partners
(Salomon et al., 1995). For example it was recent described an interaction between E-
cadherin and EGFR, suggesting that changes in E- cadherin expression (Christofori,
2003) and structure (Mateus et al., 2007) may not only modulate tumor cell adhesion,
but also affect signal transduction and hence tumor malignancy (Christofori, 2003). The
lack of cell-cell adhesion and increased migration are key characteristics of cancer cells.
For this contribute the loss of expression of cell adhesion components (i.e. E-cadherin)

and over -expression of components critical for cell migration, such as EGFR.
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SUMMARY AND CONCLUSIONS

EGFR overexpression has been described in many human tumours including GC.
In NSCLC patients somatic EGFR mutations, within the kinase domain of the protein, as
well as gene amplification were associated with a good clinical response to EGFR
inhibitors.

In gastric tumours data concerning structural alterations of EGFR remains
controversial. Given its possible therapeutic relevance, we aimed to determine the
possible overexpression, frequency and type of structural alterations of the EGFR gene

in a series of primary gastric carcinomas.

Does EGFR overexpression occur in primary gastric carcinomas?

We evaluated 41 primary gastric carcinomas by EGFR immunohistochemistry.
We found high EGFR expression for both used antibodies (clone 31 G7 and clone EGFR-
384) in about 65% of the cases, when compared with normal gastric mucosa.

The EGFR protein expression was predominantly at the cellular membrane level,
although there were some cases with a cytoplasmatic or nuclear immunoreactivity

pattern.

So as answer to this specific aim we can say that in our GC cases we have EGFR

overexpression in about 61% of the cases.

Is there any association between the overexpression of EGFR and

the clinicopathologic features of the primary gastric carcinomas?

The statistical analysis between the EGFR protein expression results and the

clinicopathologic features of the primary gastric carcinomas was negative. We didn’t

found any statistic correlation.

Which are the genetic alterations underlying EGFR overexpression

or activation in primary gastric primary carcinomas?
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As it was said, in some cancers the presence of molecular structural alterations

is correlated with EGFR overexpression. It doesn’t happen in our case.

* Evaluation of the copy number of EGFR gene by FISH analysis.
EGFR gene increase copy number was found in 13.3% of the 30 analysed cases.
However just one was due to gene amplification. The other 3 cases had EGFR gene

increased copy number due to polyssomy of chromosome 7.

e Screening of mutations in TK domain of EGFR by PCR and direct sequencing of
the exons where alterations have been described in other neoplastic models.
EGFR screening was done in exons 18-21 that belong to the TK domain, in 77
GC cases. We identified mutations in 2.6% of gastric carcinomas.
We identified mutations of the missence type in exons 20 (2300 C>T) and 21
(2524 A>G) of the EGFR gene. None of them had been previously described, so their
functional significance is not yet assessed.
Other sequences alterations have been found. In exon 20 we identified three
silent substitutions (2361G>A; 2301 O>T; 2415 OT) and flanking exons 18, 19 and 20 we

found intronic variants.

Based on our results we can conclude that EGFR gene amplification and TK

mutations are a rare event in our GC cases, don’t being the major cause for EGFR

protein overexpression.

Is there any association between structural alterations of EGFR
and clinical features of the patients and histopathological features of

primary gastric carcinomas?

We performed association studies, to look for a possible correlation between
the structural EGFR molecule alterations and the clinicopathologic features, only in 30

cases.
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The only significant correlation found was between EGFR alterations and

tumour size (p< 0.0094).

So, we can conclude that EGFR structural alterations are rare in GC, but

whenever present, it may lead to tumour growth.

Final we can conclude that structural EGFR gene alterations are not a frequent
event in gastric carcinomas, demonstrating that overexpression of this receptor is
probably due to alterations in translation of this gene or due to alterations in protein
partners. However we consider that our results indicate that searching for EGFR
structural alterations in gastric cancer is likely to be clinically important in order to
identify patients that might benefit from non conventional therapies, susceptible to

respond to TK inhibitors.
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A elevada expressdo do EGFR tem sido descrita em muitos tumores humanos,
incluindo os gastricos. A presenca de mutacdes somaticas no seu dominio tirosina
cinase, bem como a amplificagdo génica em pacientes com NSCLC s3ao eventos
associados a uma boa resposta clinica, quando sujeitos aos inibidores TK do EGFR. Nos
tumores gastricos os dados referentes a alteracdes moleculares deste receptor
permanecem controversos. Dada a sua possivel relevancia terapéutica, neste trabalho
pretendeu-se determinar o grau de expressdo do EGFR, bem como possiveis altera¢des

estruturais, numa série de carcinomas gastricos primarios.

Existe um aumento da expressio do EGFR nos carcinomas gastricos

primarios?

Foram analisados para o EGFR, 41 carcinomas gastricos, através de
imunohistoquimica. Foi observado um aumento da expressdo para ambos os
anticorpos utilizados (clone 31 G7 e clone EGFR - 384) em cerca de 65% dos casos. O
padrdo de expressio do EGFR era predominantemente membranar, embora

houvessem alguns casos com um padrdo citoplasmatico ou nuclear.

Estes resultados levam-nos a concluir que o EGFR estd desregulado no cancro

gastrico.

Existe alguma associacao entre o aumento da expressao do EGFR e as

caracteristicas clinicopatoldgicas dos carcinomas gastricos primarios?

N3o foi observada qualguer associacdo entre a sobre-expressdo do EGFR e as

caracteristicas clinicopatoldgicas dos carcinomas em estudo.

Quais sao as alteragdes genéticas subjacentes ao aumento da expressao

do EGFR ou a sua activagao nos carcinomas gastricos primarios?
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Como foi dito, em alguns tipos de cancros a presenca de alteracdes estruturais
no EGFR esta relacionada com o aumento da sua expressdo. No entanto nesta série de

casos, tal ndo acontece.

¢ Avaliacao do numero de cdpias do gene do EGFR através de FISH.
Foi encontrado um aumento do nimero de cdpias do gene do EGFR em 13,3%
dos 30 casos analisados. No entanto apenas um foi devido a amplificacdo génica. Os
outros 3 tinham um ndmero aumentado de coépias do gene, devido a polissomia do

cromossoma 7.

e Pesquisa de muta¢cdes no dominio tirosina cinase do EGFR por PCR e
sequenciagao directa dos exdes onde foram descritas alteracbes em outros
modelos neoplasicos.

A pesquisa de mutacdes foi feita nos exdes 18-21, que pertencem ao dominio
tirosina cinase, em 77 casos. ldentificamos cerca de 2,6% de mutacdes. Nenhuma delas
foi descrita anteriormente, de modo que a sua importancia funcional ainda ndo foi
avaliada.

Foram também encontradas outras alteracdes tais como mutagdes do tipo
missence no exdo 20 (2300 C> T) e 21 (2524 A> G); trés substituicGes silenciosas
(2361G> A; 2301 C> T, 2415 C> T (exdo 20)) e variantes intrénicas nas zonas

circundantes dos exdes 18, 19 e 20.

Na nossa série de carcinomas gastricos, a amplificacdo do EGFR e as mutacoes

no seu dominio catalitico sdo raras, ndo sendo 0s principais responsavei pelo aumento

da sua expressao.

Existe alguma associacao entre as altera¢des estruturais encontradas no
EGFR e os parametros clinicopatoldogicos dos carcinomas gastricos

primarios?
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Realizamos estudos de associacdo, de modo a pesquisar uma possivel
correlacdo entre as alteragBes estruturais da molécula do EGFR e as caracteristicas
clinocopatoldgicas, isto em apenas 30 casos.

A Unica associacdo (p <0,0094) encontrada foi entre as alteraces estruturais do

EGFR e o tamanho do carcinomas.

Podemos entdo dizer que apesar das alteracOes estruturais do EGFR serem

raras no cancro gastrico, guando presentes podem levar ao crescimento tumoral.

Como conclusdao final, podemos dizer que a ocorréncia de alteragdes
estruturais no gene do EGFR é um evento raro, indicando que a sobre-expressao
deste receptor pode dever-se provavelmente a alteragdes no processo de tradugao
ou alteragdes nas suas moleculas de intera¢do. Apesar disso, consideramos que os
nossos resultados indicam que a pesquisa de alteracdes do EGFR no cancro gastrico é
importante ao nivel clinico, de modo a identificar alguns doentes que poderao
beneficiar de terapias nao convencionais, podendo ser susceptiveis aos inibidores TK

do EGFR.
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FUTURE PERSPECTIVES

The following specific problems will be addressed:

¢ Is the EGFR overexpressed in gastric carcinomas activated, this means, is this
phosphorylated EGFR?
EGFR overexpression was present in gastric carcinomas. However we don’t know if
these receptors are in their active state, triggering different cell behaviours.
To address the question we will perform an immunohistochemitry with an
antibody recognising the phosphorylated EGFR protein. Then we will confirm the
immunohistochemistry results, by measuring the in vitro kinase activity to see EGFR

activity in gastric carcinomas and adjacent normal mucosa.

e Are there EGFRvIIl mutants present in gastric carcinomas?
As it was already mentioned, EGFRvIIl mutants misses the extracellular domain
of EGFR (exons 2-7), leading this to a constitutive activation of the receptor.
The answer to this question will be achieved by the direct sequencing of EGFR

exons 2-7.

e Have the new EGFR point mutations any biologic role in gastric
carcinogenesis?

For see this, we will use recombinant plasmids encoding either wild- type EGFR

or this new mutated forms, into a cell line not expressing this gene. Then we will

perform functional assays with those cells.

e Have the intronic sequence variants in the regulation of EGFR
overexpression?

To investigate this question we will search for a possible role of the intronic

regions where the sequences variants were present, like an alteration in a stop region

important in the transcription process or in regions that harbour miRNAs.
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